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ABSTRACT

In this research, thermal stability, corrosion performance, hardness (H), and Young modulus (E) of Ni Nb, , Ni_ Nb_ 7r, ,
and NiZr, amorphous ribbons were evaluated during the differential scanning calorimetry (DSC), electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization tests, and nanoindentation technique, respectively.
Results showed that the onset crystallization temperatures (T ) of Ni Nb,, Ni  Nb, Zr,  and Ni_Zr, amorphous
ribbons were 632 °C, 593 °Cand 476 °C, respectively. It is determined that the higher Nb content increases the thermal
stability against crystallization. Evaluation of corrosion resistance during potentiodynamic polarization test showed
the polarization resistance value of 936, 49, and 16 MQ.cm? for Ni_ Nb, , Ni_ Nb, Zr, - and Ni_Zr, alloys, respectively.
These results imply that the substitution of Zr with Nb enhances the thermal stability and corrosion resistance of Ni-
Nb-Zr amorphous ribbons. Moreover, the H and E for Ni_ Nb,, Ni_ Nb, Zr., , and Ni_ Zr, amorphous ribbons were 171.3
and 15.01 GPa, 160.41 and 12.16 GPa, and, 188.52 and 14.13 GPa, respectively. It means complete substitution of Zr
by Nb in Ni-Nb-Zr amorphous ribbons shows the highest hardness which is related to the Ni_ Nb, amorphous ribbon.

Keywords: Ni-based amorphous alloys, thermal stability, corrosion resistance, nano-indentation.

1. Introduction

Amorphous alloys have several unique
characteristics such as good mechanical properties,
high corrosion resistance, and enhanced magnetic
properties, which lead to a wide variety of
applicationsin differentindustries [1]. Furthermore,
it is possible to produce nanocrystalline structures
or nanocrystalline-amorphous composites by
controlled crystallization of amorphous structure
[1-3]. Among various amorphous alloys, Ni-based
amorphous alloys have a combination of properties
such as good thermal stability, high mechanical
properties, and desirable corrosion resistance that
make them suitable for engineering applications
such as precision gears, pressure sensors in

automobile, hydrogen membrane, separators in
fuel cells and so forth [1, 4]. The most studied Ni-
based amorphous alloys are Ni-Nb [5-7], Ni-Zr
[6, 8], Ni-Mo [9], Ni-Ti and Ni-Hf [10], Ni-P [11,
12], Ni-Nb-Zr [6, 13-20], Ni-Nb-Ta-Zr [21], Ni-
Zr-Ti and Ni-Zr-Hf [10]. Among many Ni-based
alloy systems, Ni-Nb, Ni-Zr and Ni-Nb-Zr alloy
systems are the most widely studied in terms of
glass-forming ability (GFA), mechanical properties
and hydrogen permeability [6, 8, 16, 22]. Based
on binary phase diagrams of Ni-Nb, Ni-Zr, and
experiment results, the highest GFA was obtained
to be around 60 % at. Ni content. Furthermore,
Kimura et al. [16] showed that in the ternary Ni-
Nb-Zr system, alloy containing ~ 60 % at. Ni, 20 %
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at. Nb, and 20 % at. Zr had the highest GFA. Alloys
with their GFA are shown in the ternary Ni-Nb-Zr
phase diagram in Fig. 1.

Dolan et al. [23] reported that for binary and
ternary Ni-early transition metals (ETM) - eutectic
alloys, the addition of ETM elements such as Nb
and Zr lead to a dramatic change in properties of
Ni-based amorphous alloys. The presence of Zr
element in Ni-based amorphous alloys increases
the hydrogen permeability but descends the
thermal stability [18]. The effect of Zr content on
the mechanical properties of Ni-based amorphous
alloys is contradictory [21, 24]. On the other side,
the addition of Nb to Ni-based amorphous alloys
improves some mechanical properties such as
Young modulus and hardness, as well as increases
thermal stability [18, 20]. It is also reported that
the addition of Nb in Ni-Zr amorphous alloy
systems had beneficial effects such as increasing
crystallization temperature (T,), fracture strength,
hardness[16] andreduced susceptibilitytohydrogen
embrittlement. Furthermore, the Ni-based metallic
glasses have desirable corrosion resistance in
natural freshwater and alkaline media like sodium
and potassium hydroxide due to passive film
formation [25]. However, it is generally susceptible
to pitting corrosion in chloride environments. It
is reported that the Cl ion, because of its smaller
diameter, is more aggressive than other halide ions
which are readily adsorbed on weak areas of the
passive film, resulting in the initiation of pitting
[26] which is the most hazardous form of corrosion
[27].

In this research, to make the Ni-Nb, Ni-Zr,
and Ni-Nb-Zr alloy systems functional for a
broader range of applications, a comprehensive
investigation of thermal stability, corrosion
resistance, and nano-indentation behavior of three
Ni Nb,, Ni /Nb, Zr , and Ni Zr, amorphous
ribbons were assessed. While, in the previous
researches the corrosion environment of Ni-based
amorphous alloys was selected H,SO, and HCI,
in this study, the corrosion media was selected
NaCl Solution to analyze the effect of Cl™ ion on
corrosion resistance of these alloys for application
of them in seawater and the importance of being
safe in this environment.

2. Materials and methods

Pieces of elemental Ni (99.99% purity), Nb
(99.8% purity), and Zr (99.7% purity) rods, from
Johnson Matthey, were used as raw materials. Alloy

153

ingots with the nominal compositions of Ni_ Nb, ,
Ni, Zr,, and Ni_ Nb, Zr (at. %) were prepared by
arc melting method. Melt spinning was performed
on a Cu wheel rotating with a tangential speed of
50 m/s in an inert Ar atmosphere. Melt spinning of
Ni Zr,, Ni_ Nb, Zr, , and Ni_ Nb, alloys resulted
in continuous ribbons with typical dimensions
of 20-30 pum in thickness and 1-1.5 mm in width.
The compositions of the samples were determined
using a Cameca Su30 electron microprobe analyzer
with a wavelength-dispersive X-ray spectrometer
(WDX). The results are shown in Table 1. The
presence of Si element in compositions is due to the
cleaning of ingots via SiC grinding paper followed
by ultrasonic cleaning in methanol.

Melt-spun ribbons were characterized by X-ray
diffractometer (Philips XPERT-MPD) with Cu
Ka radiation (A=0.1542 nm), time per step of
0.05 s at 20 = 20-100°, and differential scanning
calorimetry (DSC) in a TA2200 thermal analyzer
fitted with a 2010 DSC module using a constant
heating rate of 10 °C/min from 150-670 ‘C
under a dynamic Ar atmosphere. The corrosion
characteristics of Ni Zr,, Ni Nb, Zr , and
Ni, Nb, amorphous ribbons were evaluated by
potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) tests using an

Table 1- The chemical compositions of alloys (at. %)

Sample Ni Nb Zr Si

NisoZrao 60.67 -—- 39.21 0.12
NigoNbzoZr2o 60.24 20.39 19.17 0.20

NisoNbao 60.10 39.85 --- 0.05

Zr | [ Glass-forming range

1! f
o] o ,.IIF/J o o

20

T N n
40 Npni; 50 o, 80
Ni content (mol%)

(yf) Ni

Fig. 1- The calculated liquidus surface projection of the Nb-
Ni-Zr system, together with the observed glass-forming
compositional range (shaded area) and boundaries for
amorphous-forming (dash-dotted lines) [16].
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Ivium potentiostate/galvanostat. Potentiodynamic
polarization experiments were performed at a
potential scan rate of 1 mV/s in a potential range
from -250 mV from OCP potential to 1.0 V. EIS
measurements were performed at the open circuit
potential (OCP) over a frequency range of 100 kHz
to 10 mHz. The obtained EIS data were analyzed by
curve fitting and electrical circuit modeling using
Zview software. All the tests were performed in a
three-electrode cell arrangement with a platinum
plate as the counter electrode, Ag/AgCl electrode
as the reference electrode and samples (0.6 cm? in
area) as the working electrodes. The schematic of
the used cell is shown in Fig. 2. The test solution
consisted of 1 M NaCl, according to ref. [28] and all
the samples were immersed in this solution for 20
min before each test.

The hardness and elastic modulus of samples
were measured by the nano-indentation test. Prior
to indentation, the samples were polished to a
mirror-like appearance using a diamond paste,
down to 1 pm-diamond particles. 15 measurements
were done on each sample and the average of data
was reported. The nano-indentation tests were

Platinum

Ag/AgCl Electrode
gag % Electrode

_ Platinum wire

1 M NacCl Solution

——  Platinum Plate

Reaction area Amorphous ribbon sample

Fig. 2- The schematic of a three-electrode cell arrangement.
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Fig. 3- XRD patterns of as-melt-spun ribbons of Ni_Zr,
NiGDNb Zr._and NisONbaoalloys.
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performed using a nano-indentation tester (CSM
instrument) with a Berkovich indenter tip and
the maximum load of 20 mN. Olivier and Pharr’s
method [29] was used to determine the elastic
modulus and hardness of samples. The equation
(1) was used to calculate the elastic modulus [29].

L:(l—vf)_i_(l—vsz) (1)
E E E

r 1 s

Where, v and E is the poison ratio and elastic
modulus, respectively. i and s stand for indenter
and sample. E, and v, were 1141 GPa and 0.07 for a
Berkovich indenter. The poison ratio of sample (v,)
was determined to be about 0.3 [29].

The Vickers hardness (H,) was calculated
using the equation (2), where F_and A, are the
maximum force in the nano-indentation test and
the developed area under indentor, respectively
[29].

H, =-» (2)

3. Results and discussion
3.1. Structural and
amorphous ribbons

XRD patterns of Ni  Zr,; NiGONbZOZrZO) and
Ni, Nb, melt-spun ribbons are presented in Fig.
3. Only a broad halo is observed on XRD patterns
for all three alloys suggesting a fully amorphous
structure.

The differential scanning calorimetry (DSC) was
performed to reveal the crystallization behavior of
the amorphous structure. Fig. 4 shows DSC traces
of melt-spun ribbons of Ni Zr,, Ni Nb,Zr,
and Ni Nb, alloys at a heating rate of 10 °C/min.
There is one exothermic crystallization peak for
Ni, Nb, alloy while the DSC traces of Ni_Zr, and
Ni, Nb, Zr, alloys show two exothermic peaks
from the two stages of crystallization.

thermal analysis of

= NisoZrao
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[ 2
E £
=] 3
= =
= =
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=
o
b
=]

LNif-uNhAm
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Fig. 4- DSC traces of as-melt-spun ribbons of Ni_Zr,
NisoNb Zr__and NiGONb40 alloys.

20720



Imani M, J Ultrafine Grained Nanostruct Mater, 55(2), 2022, 152-160

The onset temperature (T ) and peak temperature
(T,) of Ni_Zr,, Ni_ Nb, Zr, , and Ni Nb, alloys
are presented in Table 2. The onset temperature (T)
can be taken as a criterion to compare the relative
thermal stability of the amorphous alloys [6]. As
can be seen (Fig. 4), the onset temperature for
crystallization of Ni_ Nb, ,Ni_ Nb, Zr, andNi_Zr
alloys are 632, 593, and 476 °C, respectively. DSC
results have shown that substitution of Nb with
Zr reduces the thermal stability. As can be seen in
Fig. 4, the T in Ni_ Nb, Zr, alloy reduced for 39 °C
while 156 °C reduction in T was observed in case
of Ni_Zr, alloy in comparison with Ni_ Nb, . The
crystallization temperature of amorphous structure
is depended on the atomic radius, melting point
and the bond valence of alloying components [30].
The higher melting point, higher bond valence
and small atomic radius of Nb in comparison with
Zr inhibit the formation of the low temperature
intermediate crystalline phase and increase T in
Ni Nb, alloy.

The crystallization product(s) of Ni Zr,,
Ni Nb, Zr, , and Ni_ Nb, alloys are listed in Table
2. More observation about XRD and DSC analysis
is explained in a previous study from the authors
[31-33]. Based on estimated time-temperature-
transformation (TTT) curves for crystallization
of Ni,Nb, Ni Nb_ and Ni Zr , Tokunaga et al. [19]

calculated that Ni,Nb intermetallic compound
forms during the crystallization of Ni Nb, Zr
amorphous alloy which accord well with the
results obtained in this work. The crystallization
product of Ni Zr, amorphous alloy during
crystallization was Ni, Zr._intermetallic compound
[6]. Formation of Ni, Zr intermetallic compound
during crystallization of Ni Zr, amorphous
alloy reported in other researches [34, 35]. The
Ni, Nb, amorphous alloy forms Ni,Nb and Ni Nb,
intermetallic compounds during crystallization.
These results are in agreement with Gibbs free
energy-composition diagram of Ni-Nb alloy that
shows the lowest Gibbs free energy is achieved
when Ni,Nb and NiNb. crystalline compounds
produces. The formation of two Ni,Nb and Ni Nb,
phases implies that the crystallization of Ni_ Nb,
alloy occurs with an eutectic mechanism [31].

3.2. Corrosion behavior of amorphous ribbons
The potentiodynamic polarization curves of
Ni Nb,, Ni /Nb Zr , and Ni Zr, amorphous
alloys are presented in Fig. 5. As shown in Fig. 5,
there is an increase in current density of anodic
branches of all three alloys, due to the dissolution
of metal ions from the alloy surface in 1 M NaCl
solution, but with increasing potential, this active
dissolution region was followed by a constant

—— NicoNbao
—— Ni6oNb20Zr20

— NisZr4o

0.5

Potential (V vs Ag/AgCl)

-05

1

1E-11 1E-10 1E-09 1E-08 1E-07

1E-05 1E-04 1E-03 1E-02 1E-01

Current density (A.cm-2)

Fig. 5- Potentiodynamic polarization curves of Ni_ Nb

Ni,,Nb, Zr, and Ni_Zr, amorphous

40" 20720 60 40

alloys after 20min immersion in 1 M NaCl solution.

Table 2- T T, T
amorphous alloys.

P2’

and crystallization products of Ni_Zr

60 407 NiEOszoerO and NiEONbAO

Samples To(°C)  Trm(°C)  Tr2(°C) Crystallization products

NigoNbuo 632 658 --- Ni:Nb, NigNby [31]

NisoZrao 476 509 581 NioZr7 [6]
NigoNb2oZr20 593 --- 623 NizNb [19]
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current density region called passive range, due to
the formation of a thin oxide/hydroxide film on the
alloy surface. The existence of this active/passive
behavior could be due to the simultaneous Ni
dissolution, and continuous formation of Nb and
Zr oxide film, which reported similarly in ref. [36].
This passive film can cover the surface of alloys
and protects them from the further dissolution
of metal ions. This in turn prevents aggressive
ion penetration and more corrosion reflecting
better corrosion resistance [37]. The corrosion
potential (E_ ) and passive current density (ipass)
were estimated from the polarization curves and
reported in Table 3.

As known, the higher E__ and the lower
i show nobler and better corrosion behavior
therefore, according to Table 3, the highest E__and
the lowest i are obtained for Ni  Nb, alloy. This
appropriate corrosion behavior can be attributed

to the formation of a Nb-rich oxide film on the
surface of the alloy [38, 39].

Fig. 6 shows SEM images of surface morphologies
of corroded ribbons in the presence of chloride
solution after polarization test along with energy-
dispersive X-ray spectroscopy (EDS) analysis.

Fig. 6a, shows the corroded Ni Zr, ribbon,
which  accompanied by breakdowns and
development of pits. As illustrated in the Ni_Zr,
polarization plot (Fig. 5), breakdown occurs in
0.062 V in the presence of chloride solution.
Furthermore, Ni Zr, is heavily attacked by
chloride ions and half droplet-shaped features
appeared on its surface, as illustrated in
polarization plots. Previous studies reported that
Ni-Zr amorphous alloys are completely susceptible
to pitting in chloride environments [40, 41].
However, as can be observed in the Fig. 6, although
Ni Nb, Zr, alloy (Fig. 6b) appears to be severely

Table 3- Electrochemical parameters extracted from Figure 5

Samples Ecorr (V vs Ag/AgCl) ipass (LA.cm™)

NisoNbao -0.052 1.4
NicoNba2oZr20 -0.356 15

NisoZrao -0.572 360

t
SE 120

AccV  Spot Mag
200kV 45 1000x

Fig. 6- Surface morphologies and EDS of the corroded surfaces of alloys: a) Ni Zr, , b) Ni, Nb

156

Zr

207207

and c) NigNb, .
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damaged and corrosion products are observed
on the ribbon surface, pitting corrosion does
not occur in Ni Nb, Zr ~amorphous alloy due
to the higher stability of the passive films, which
stems from the presence of Nb [42]. Furthermore,
surface examination of corroded Ni  Nb, ribbons
after polarization test (Fig. 6c) revealed that
Ni Nb, shows a smooth morphology without any
significant attack attributed to the protective nature
of the passive film.

According to EDS analysis, the concentration of
Ni is more on the surface of corroded Ni  Zr, and
Ni Nb, Zr  ribbons rather than Ni, Nb, ribbon,
which indicate a lack of uniform passive film on
the surfaces. The higher Nb content in comparison
to Ni content in Ni_ Nb, EDS analysis shows not
only the lower diffusion of Ni in the surface but
also illustrates the positive role of Nb as a protective
element against corrosion damages [43]. Moreover,
the lower amount of Ni and high level of oxygen
in the corroded surface area in Ni6ONDb40 alloy
resulted from the formation of the stable passive
film due to the presence of Nb. Therefore, based on
potentiodynamic polarization test (Fig. 5) and SEM
images (Fig. 6), corrosion performance in all alloys
are in the following order: Ni_ Nb, > Ni_ Nb, Zr |
>Ni Zr, .

For further examination, EIS tests were
performed on the Ni Nb, ., Ni Nb, Zr . and
Ni Zr, amorphous alloys. The EIS results are
illustrated in Fig. 7. It is generally accepted that
amorphous alloys are uniform and free from any
crystalline defects such as segregations, dislocations,
grain boundaries, precipitates, stacking faults [37].
This nature of amorphous alloys is believed as one
of the reasons for their high corrosion resistance as
shown in Fig. 7. All the Nyquist and Bode modulus
plots exhibited one-time constant. Therefore, the
one-time constant equivalent electrical circuit
which is reported in recent researches [44, 45]
is used for fitting the impedance spectra of
ribbon samples (Fig. 6). R, Rp, and CPE indicate
the solution resistance, polarization resistance,
and constant phase element, respectively. The
impedance of CPE is given by equation [46]:

ZCPE: Yo(jw)in (3)

Where Y is a constant (Q~'S"), n is the power index
value of CPE, w is the angular frequency, and j is the
imaginary number equal to V-1. The conversion of
Y, to the capacitance value is described using the

following equation:
C=Y,(w ")"! )

Where C is the capacitance of the passive film and
w_" is the frequency at which the imaginary part
of the impedance Z" has a maximum. The CPE is
used for obtaining a better fit of the experimental
impedance plots and for all the conditions, the
power index values are in the range of 0.85-0.9
which suggested that the deviation from pure
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Fig. 7- a) Nyquist plots and b) Bode plots and c) bode phase
plots of amorphous ribbons after 20 min immersion in 1 M
NaCl solution.
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capacitance is relatively small. Obtained data are
summarized in Table 4. According to Table 4,
the higher polarization resistance and the lower
capacitance value of Ni Nb, compared to other
ribbon samples could be correlated to the high
stability of the passive film formed on Ni_ Nb, . The
stability of the passive film is attributed to the low
diffusion of ionic species and/or low charge transfer
and their accumulation across the film/solution
interface. It is noticeable that EIS and polarization
results show a similar trend.

3.3. Nano-indentation behavior of amorphous
ribbons

Fig. 8 shows the load (P)-displacement (h)
curves for Ni Zr,, Ni Nb, Zr , and Ni Nb,
amorphous ribbons.

The results of hardness and Young modulus for

20

Ni  Zr,, Ni Nb,Zr and, Ni /Nb, amorphous
alloys presented in Table 5 along with the results
reported in the literature. As can be seen (Fig. 8), the
maximum penetration depth at the end of the load
holding segment is higher for Ni_ Nb, Zr, alloy in
comparison with Ni_ Zr, and Ni_ Nb, amorphous
alloys. It means that Ni_ Nb, Zr, amorphous alloy
is mechanically softer. In fact, the hardness values
for the ribbons are very high (about 12-15GPa). The
maximum hardness (15.01 + 0.69) and minimum
hardness (12.16 + 0.75) were for Ni Nb, and
Ni, Nb, Zr, amorphous alloys, respectively. The
slope of the unloading segments is slightly slower
for Ni_ Nb, Zr, alloy in comparison with Ni_Zr,
and Ni  Nb, amorphous alloys, indicating that the
stiffness value of the Ni_ Nb, Zr, alloy is lower. The
calculated elastic modulus using nano-indentation
test are listed in Table 5 confirm that the elastic

~ NisoNb4o
—— Ni6oNi20Zr20

—— Ni60Zr40

Load (mN)

100 150

200 250 300 350

Displacement (nm)

Fig. 8- Load—displacement (P-h) curves for Ni Zr,, Ni_ Nb

Zr

L0215 and Nig Nb, amorphous ribbons.

Table 4- EIS elements values from equivalent electrical circuit

Amorphous ribbons R (Q.cm?)  Rp (MQ.cm?)  CPEyg (uF.cm™s™ ") no X2
NicoNbao 6.91 936 1.77 0.88 0.018
NigoNb20Zr20 6.57 49 2.21 0.90 0.036
NisoZrao 4.56 16 2.77 0.86 0.043
Table 5- Mechanical properties of some related Ni-based alloy systems
Alloy system Methods S Mechanical properties - Ref.
Young’s modulus (GPa) ~ Hardness(GPa)  Hardness (Hy)
NisoNbao Nano-indentation 1713+ 8.14 15.01 +0.69 1531+70.36 Present Study
NisoNb2oZrzo Nano-indentation 160.41 + 8.19 12.16 £ 0.75 1240+76.47 Present Study
NigoZr1o Nano-indentation 188.52 + 7.33 1413+ 0.84 1441+85.65 Present Study
Niso.sNbao.s Nano-indentation 190+ 8 11.5+0.30 1173 + 30.6 [5]
Nig1.5Nbas.s Compression 170 - - [20]
Nig1.5NbassZrs Compression 130 - - [20]
Nis2Nbsz3Zrs.7 Compression 128 --- --- [20]
NissNbsi.45Zr5.55 Compression 127 --- --- [20]
NisoNbasZra2 Nano-indentation 89+3 9.5+ 0.30 968.7 + 30.6 [17]
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Table 6- Summary of obtained results from thermal analysis, corrosion resistance and mechanical properties for Ni. Zr, . Ni. Nb, 7r
and Ni Nb, amorphous ribbons

Alloy system Thermal analysis polarization resistance Mechanical properties
T, (°C) Tp1 (°C) Tr2 (°C) Ret (MQ.cm?) Young’s modulus (GPa) Hardness (Hv)
NisoNbao 632 658 --- 936 171.30 + 8.14 1531+70.36
NigoNb2oZr2o 593 --- 623 49 160.41 + 8.19 1240+76.47
NigoZr1o 476 509 581 16 188.52 +7.33 1441+85.65
modulus of the Niy Nb, Zr, ‘amorphous alloy is the appropriate corrosion resistance in NaCl solution.
minimum value (160.41 + 8.19 GPa). For example, the potentiodynamic polarization
It is asserted that one of the important results showed the polarization resistance value

mechanisms of plastic deformation in amorphous of 936, 49, and 16 MQ.cm2 for Ni60Nb40,
metallic materials is shear band mechanism. In Ni60Nb20Zr20, and Ni60Zr40 amorphous alloys,

this mechanism, due to the random arrangement respectively. Nano-indentation results indicated
of atoms in amorphous state, some zones have that the presence of Nb increased the hardness
higher density compared to the whole material. of amorphous structure to 15.01 + 0.69 GPa for

By applying an external loading, atoms in these Ni60Nb40 amorphous alloy.
dense areas can move on each other more easily

rather than other areas, thus a very tiny area (small References
bands) can be created. Since these small bands 1. C. Suryanarayana and A. Inoue, Bulk Metallic Glasses. CRC
Press, 2017.

carry inhomogeneous plastic deformation, they
. . 2. Dastanpour E, Masood A, Enayati MH, Strom V. Multi-alloying
are called shear band mechanism [1]. During ¢ . X . .

- . ) . of nanomet: conception and implementation of homogeneous
nanoindentation test in amorphous materials, nanocrystallization in high-flux density soft magnetic alloys.
pop-in events or serrations in P-h curve are related Journal of Materials Science. 2021;56(16):10124-34.
to this phenomenon. The clear serrations in the 3. Imani M, Enayati MH, Basak AK. A novel approach for

. . . mechanical alloying amorphisation in magnetic Fe-Co alloy
loading segment of curves (Fig. 8) of each Ni_Zr

40 system. Materials Research Express. 2019;6(7):076575.
Ni Nb, Zr, and, Ni_ Nb, amorphous ribbons are 4. Halim Q Mohamed NAN, Rejab MRM, Naim WNWA, Ma Q.
related to the formation and propagation shear Metallic glass properties, processing method and development
bands [5, 47, 48]. perspefctive: a {Fvi}elw. 1The Internati(znal)]ournal of Advanced
. . Manufacturing Technology. 2021;112(5-6):1231-58.
Table 6 lists a summary of obtained results from 5. Concustell i, Matterngl}:l, Wendrock H, Kuehn U, Gebert A,
the thermal analysis, corrosion resistance, and Eckert J, et al. Mechanical properties of a two-phase amorphous

Ni-Nb-Y alloy studied by nanoindentation. Scripta Materialia.

mechanical properties of Ni Zr,, Ni Nb, Zr, ,
2007;56(2):85-8.

and Ni Nb, amorphous ribbons. As can be ‘ ,
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