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Abstract

We examine the effect of substituting Niobium (Nb), on the glass-forming abilities (GFA), mechanical and corrosion properties
of bulk metallic glasses (BMGs). BMGs are synthesized using the general formula of (Ni75Mo15Si10)100-xNbx (X=0, 5, 10 and
15 at.%, labeled as NMSNby, NMSNbs, NMSNb;, and NMSNb; ) that are synthesized using high energy mechanical ball
milling technique. Thermal, mechanical, and corrosion properties were enhanced significantly with an increase in Niobium (Nb)
content of 10 at.% (NMSNb; ). Using XRD analysis, the analysis related to phase attribution and crystallizability is scrutinized.
Alloying this BMG with Molybdenum (Mo) and Niobium (Nb) helped avoid embrittlement in the sulphuric acid environment,
overcoming strain cracking problems caused during welding, preventing pitting, crevice corrosion, and wet corrosion.
Applicability of the present BMG system is examined in light of the correlation between morphology, mechanical, and corrosion

studies.
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1 Introduction

Among the variety of glass-based material systems, bulk me-
tallic glasses (BMGs) are the modern classical engineering
material systems in this decade [1-3]. The structural and ex-
cellent functional characteristics (high strength, thermal,
mechanical, and anti-corrosion) of BMGs, create a lot of in-
terest to meet the technological significance in the modern
industry [1-3]. However, BMGs exhibit relatively brittle,
low mechanical, ductility, and corrosive properties at high
temperature due to their limited thermal stability against crys-
tallization, preventing them from being commercialized [4, 5].
More recently, the publication rate is being increased vertical-
ly to search for new multi-component BMG systems based on
tri-component rule validity [6]. Also, achieving ultra-high-
strength and thermal stability due to atoms’ random
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arrangement without long-range order in the structure can sig-
nificantly enhance their mechanical and corrosion properties
[6-8]. For instance, Aytekin Hitit et al. demonstrated Ni-based
BGMs with high thermal stability and hardness over high
corrosion resistance and the ability to be electroplated with
other metals as protective coatings [9]. The corrosion resis-
tance and nickel alloy strength can be highly enhanced by
alloying with Molybdenum (Mo) metal [10]. Silicon (Si) is a
primary fundamental element, demonstrating its essential role
in the glass formation of BMGs. Liang WZ et al. reported the
effect of Si addition on the glass-forming ability (GFA), which
exhibits a uniform plastic deformation and a considerable
plastic strain [11]. The advantages of doping with Niobium
(Nb) in BMGs include: (i) improving the GFA; (ii) enhancing
the properties including thermal stability, mechanical, physi-
cochemical properties of the BMGs [12]. Nevertheless, it is
well understood that minor alloying can significantly affect
the performance of BMGs. Inspired by all these significant
knowledge findings, we have examined in this article, the
glass-forming abilities, mechanical and corrosion properties
of the ternary alloy [Ni-Mo-Si], doped with Niobium (Nb) at
the concentrations, Nby (x=0, 5, 10 and 15 at.%) character-
ized by XRD, DTA, Vickers Hardness test, Polarization test
and then SEM before and after corrosion test. This investiga-
tion shows that even 0.1 % Niobium (Nb) can significantly
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enhance performance and offer excellent oxidation and corro-
sion resistance. A variety of synthesis methods have been
adopted: magnetron sputtering, melt spinning, pulsed laser
spinning, high energy ball milling, etc. [13—15]. Among them,
a high energy ball milling technique is regarded as a flexible
and straightforward technique. The same approach is
employed in this investigation to synthesize [Ni-Mo-Si];oq
—_«Nb, BMG glass systems due to the following advantages;
(1) during the process of milling, microstructure determines
plastic deformation which will help to determine fracture mor-
phology and particle welding systematically, (ii) milling pro-
cess generates stress in the powder mixture which controls the
degree of crystallization to a required degree [16, 17].

2 Experimental

Ni-Mo-Si pure metal powders with high purity, Nickel (Ni,
99.99 at.%), Molybdenum (Mo, 99.99 at.%) and Silicon (Si,
99.99 at.%) and Niobium (Nb, 99.99 at.%) were mixed well
with a formula (Ni;5sMo15Si19)100-xNbx (x=0 to 15 at.%, la-
belled as NMSNb,) for about 30 min to form a homogenous
mixture. These metal compositions are mixed further and
crushed to micro and even nano-size, using a high energy ball
milling apparatus, using a tungsten carbide crucible, with
powder to balls ratio taken as 1:10, for about 30 h with a speed
of 300 rpm. The vials are evacuated and purged with Ar gas at
a pressure of 3 x 10> Pa, initially. Owing to control agglom-
eration of particles, milling is carried in a wet medium by
adding 30 ml of hexane. Vials are generally be opened inside
the glove box and cleaned every time to manage the powder
mixture’s uniform homogeneity; however, a little contamina-
tion is observed. ICP Spectroscopy is used to analyze the as-
prepared powder mixture where the iron and oxygen contents
approximately 0.4 and 1.0 mol%, respectively. This sample’s
amorphous nature was investigated by XRD analysis, before
and after ball milling by X-ray powder diffraction (XRD)
using PANalytical diffractometer (Cu-K « radiation) at a scan-
ning step of 0.01° in the 20 range.

The thermal properties are characterized using a DTA
(Differential Thermal Analysis) under Ar atmosphere with a
10 K/min heating rate. The prepared BMG milled powders are
then pressed with a pressure of 1.2 GPa using a vacuum hot-
pressing machine between T, and T, for about an hour to
attain green pellets. The samples are then made into 10mm x
2mm pellets using an automatic pelletizer. Hardness tests were
done using Vickers indenter (Wolpert Wilson, Universal 930/
250 N DigiTestor) with 10 s dwell time at a load of 1 kg. 3369
Uniaxial Compression Testing machine is used to perform the
compression tests at a loading rate of 2 x 10~ %/s and an aspect
ratio of 2:1.

The crystallite sizes were studied using SIRION SEM
(Scanning Electron Microscopy) apparatus at 20 kV before
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and after the corrosion test. An electron microscope is used
to analyze the TEM-scanned images and study all the samples
(Jeol JEM-1010). The samples to be tested are maintained dry
and electrically conductive. The prepared samples’ corrosive
nature was investigated using electrochemical polarization
technique with RST500F device in HCL aqueous solution
from —2.5 V~5.5V at a potential sweep rate of 0.05 mV/s.
This test is done with a standard SCE (Saturated Calomel
Electrode) as a reference electrode. A three-electrode cell,
along with a platinum foil, is taken as a counter electrode.

3 Results

During the milling process, the energy absorbed by the metal
powder mixture will be utilized to monitor its crystalline ratio
to an amorphous phase as a function of milling time.
Subsequently, phase details, size of unprocessed crystallites
and strain attained by a lattice can be obtained. The XRD
profiles of all synthesized, (Ni;5sMo015S1;0)100-xNbx BMG
powder mixtures, before and after ball milling for 2 h, 15 h,
and 30 h, respectively, are shown in Fig. la, b and c.
Rietveld’s refinement is applied to analyze the powder full
peak pattern matching. The diffraction peaks corresponding
to Nickel (Ni), Molybdenum (Mo), Silicon (Si) and Niobium
(Nb) crystalline phases (nickel (Ni, ICSD PDF No: 98-005-
2852), molybdenum (Mo, ICSD PDF No: 98-005-2852), sil-
icon (Si, ICSD PDF No: 98-005-2852 ) and niobium (Nb,
ICSD PDF No: 98-005-2852 )) can be observed in the XRD
peak profiles for 2 h of milling time (Fig. 1).

From 2 h to 15 h, it is noteworthy to understand that Ni,
Mo, and Si’s peak intensities are gradually decreasing and can
be seen slightly at 15 h of milling time. Whereas the peak
intensity of ‘Nb’ appeared to be more and more broaden at
20 =37° to 43°. This is evidence of grain growth refinement
mechanism, occurred in BMGs against milling time.
Additionally, the grain growth refinement is gradually shaped
into a complete amorphous phase along with the co-existence
of ‘Nb’ nanocrystallites unprocessed up to 30 h of milling
time. These unprocessed ‘Nb’ crystallites promote
nanocrystallization in the present (Ni;sMo;5Sij0)100-xNbx
BMG system, resulting in precipitated nanocrystalline phases.
As precipitated, nanocrystalline phases will activate the blend-
ing of powder mixture to a greater extent to meet the perfect
chemical homogeneity.

Nevertheless, TEM images are recorded for all the
NMSNb, samples for 30 h milling time, and among all,
Nb;o sample displays a clear presence of ‘Nb’ crystallites
coupled with perfect amorphous nature. Further, there is no
appreciable modification in the morphology, even up to 80 h,
which confirms that 30 h of milling time is adequate to
achieve best supercooled region of BMGs. To justify this,
we have recorded the TEM image and its SAED pattern for
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the Nb;o sample at 30 h of milling time (Fig. 1d). Where
precipitation of crystalline phases around amorphous back-
ground can be seen, resulting in its chemical homogeneity
(Fig. 1d). Eventually, it is also essential to explain why
XRD traces are seemed to be irregular, which reveals that
the present BMG powder mixture is oxidized partially
(Fig. 1a, b and c). Hence, it again proved that the high-
energy ball milling method is an adequate one to prepare
(Ni75Mo015S110)100-xNbx BMG within the limit of composition
[18, 19]. The crystallite size and lattice strain of all Nb, sam-
ples can be calculated from peak broadening of XRD using
the Scherer formula (Eq. 1) and Williamson—Hall analysis

(Eq. 2).

0.94)\
D= 1
B cosb (1)
0.94)\
ﬂcosH:T+4ssin9 (2)

Where (3is FWHM (Full-Width Half Maximum) value, 6 is
Bragg angle, D is the size of the crystallites (nm), ¢ is lattice
strain, and )\ is the wavelength (0.1540562 nm) of X-ray,
respectively. The average size of the crystallites varies from

Fig. 1 XRD traces of all the as-prepared Nby (x =35, 10, and 15 at.%) BMG powder mixture for milling times 2 h, 20 h and 30 h. d TEM bright-field
image for 30 h of milling time for NMSNb;q BMG sample

35 nm to 50 nm as a function of x. These values are appropri-
ate in size due to perfect mechanical deformation for 30 h of
milling time [20] (Table 1).

Now, FE-SEM images are utilized to monitor all the Nby
BMG samples’ morphology for 30 h milling time (Fig. 2).
Here, the presence of ‘Nb’ nanoparticles with size ranges from
35 nm to 50 nm can be seen against an amorphous back-
ground, which is directly related to hot consolidation of pow-
der mixture [21]. It is also evident that this hot consolidation
technique is an effective one to make of dense BMG network.
Hence, it is again proved that hot consolidation process is a
successful one to make dense BMG network [21]. Therefore,
it is well understood that the process of milling migrates the
fresh powder mixtures into a BMG network due to cold
welding and further variation of powder particles from micro

Table 1 Crystallite size and lattice strain of all NMSNby (x=0, 5, 10
and 15 at.%) BMG samples for 30 h of milling time

BMG Crystallite size (nm) Lattice strain (%)
NMSNb, 60 1.5
NMSNbs 40 1.5
NMSND, o 35 0.9
NMSNb; 5 42 1.2
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Fig.2 FE-SEM images for all the
Nb, (x=35, 10 and 15 at.%) BMG
networks for 30 h of milling time

to nano. Eventually, it can be noted down that the energy
supplied to the powder mixture during the process of milling
favors converting an ordered intermetallic structure to an
amorphous glass structure as justified in XRD result analysis.

To further investigate the amorphous nature of the prepared
samples of BMGs for 30 h of milling time, DTA tests were
done at a heating rate of 10 K/min, shown in Fig. 3.

The exothermic and endothermic tendency profiles can be
seen clearly to make a note of glass transition and super cooled
regions [22]. DTA parameters such as (T, (glass transition
temperature), (T, (crystallization temperature)), (T; (liquidus
temperature)), (AT =T.-T,, (super-cooled liquid region)),
(T,g=T/Tg, (reduced glass transition temperature)), and also
(v = T/(Tg+T)), (parameter)) are obtained via profiles for all
NMSNb, BMG samples and listed in Table 2 [6, 16]. From
Table 2, it is noteworthy to mention that the values of super-
cooled liquid region and the parameter 'y are decreased from
NMSNb; o to NMSNb, [23, 24]. Figure 4 is presented to ex-
amine the relationship between AT and the parameter y as a
function of Nb content in the BMG powder mixture which
indicates that the NMSNb,, sample is observed to achieve
best glass-forming ability (AT) and 'y parameter and is direct-
ly supported by the value of T, (T,z > 0.5) [25]. According to
Turnbull, the value of T,, is higher than 0.5; better will be the
thermal stability and glass-forming ability, which is a signifi-
cant factor of this family of (Ni;sMo5Sijg)100-xNbx BMG
network as T,, values for all the NMSNb, sample are higher
than 0.5 [25].

The Vickers Hardness test results can be seen from Fig. 4,
for all the NMSNb, BMG samples. It can be concluded from
Figs. 3 and 4 that the NMSNb, ( sample relatively exhibits the
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highest glass-forming ability and highest hardness property.
This can be attributed to the large negative heating effect pro-
duced upon quantitative substitution of niobium (Nb,) over
the base (Ni;sMo15Si10)100-x BMG network, which favours

}
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Fig. 3 DTA profiles all as prepared NMSNb, BMG samples at 30 h of
ball milling
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Table2 DTA parameters of all as prepared NMSNb, BMG samples after 30 h of ball milling
BMG T, (K) T, (K) T, (K) T, (K) AT=T,T, (K) Y=TAT+T) T,=Ty/
T
NMSNb, 804 912 1135 1213 108 0.452 0.662
NMSNbs 813 965 1129 1181 152 0.483 0.688
NMSNb; o 815 976 1116 1168 161 0.492 0.677
NMSNb; 5 800 959 1120 1174 159 0.485 0.681

obtaining an appreciable change in hardness during hardness
test. The prepared samples’ mechanical behavior of all
NMSND, samples exhibit a unique behavior of increasing
stress with the increase of strain, which is also called work
hardening [1, 18-21]. Compressive stress-strain curves for all
the NMSNb, BMG samples for 30 h of milling are shown in
Fig. 5.

All these curves undergo elastic deformation and then a
serrated plastic deformation before the fracture failure; how-
ever, a specific yielding point connected to a definite strain
value can be shown (Fig. 5) [20]. The yield strength (oy) and
fracture strength (oy) values are obtained to be minimum,
whereas plastic strain (¢;,) and hardness are achieved to be
maximum for NMSNb;, sample (Table 3). The substitution
of optimal quantities of Nb content (10 at.%) in the
Ni;sMo;5Si; o BMG network triggers a positive heating effect,
resulting in the irregularity in the atomic size variations during
the blending of constituent elements in the present BMG net-
work. This tendency will create a heterogeneous environment
for the entire region of the amorphous part of the BMG net-
work, resulting in observing the sites related to shear bands’
presence and thin potential barriers. The compositional

dependence of plastic strain (¢,) and hardness reveals that
NMSNb; o BMG sample is achieved to be maximum, which
might be due to the formation of an adequate number of shear
bands across the amorphous region (Fig. 6).

However, as the ‘Nb’ content increases beyond 10 at.%,
the repulsion between the intermetallics is activated due to the
aggregation of ‘Nb’ particles resulting from minimizing the
plastic strain (¢p) and hardness (Fig. 7), which is a prominent
characteristic feature of this (Ni;5sMoy5Sij0)100-x Nby family
of BMG network. Nevertheless, it is also equally important to
analyze the surface morphology of all NMSNb, BMG at 30 h
of milling time samples after compression test via FE-SEM
images (Fig. 8a-d). Herein, BMG network is critically precip-
itated with ‘Nb’ nanoparticles, leading to crystallization
around the amorphous background of BMG system (Fig. 8).
Also, the clustering region gradually diminished as ‘Nb’ con-
tent increases from 2 at.% and almost disappeared for 10 at.%
of ‘Nb’ content (Fig. 8c). Figure 8d is depicted that excessive
agglomeration can be viewed clearly because of uncontrolled
aggregation of single ‘Nb’ nanoparticles beyond 10 at.% of
‘Nb’ content, which hampers the corrosion resistance. This
behavior can be viewed very clearly from SEM image of
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Fig. 5 Stress-strain curves of all as prepared NMSNb, BMG samples

NMSNb;, sample (Fig. 8¢) where microstructural morpholo-
gy is appeared to have coexisted with the best plastic and
corrosive resistant relative to other samples.

To examine the corrosion tendency against ‘Nb’ concen-
tration, potentiodynamic polarization tests are employed by
mixing the 0.5 M HCl with an applied voltage and sweep rate
in the order of -2.5V ~5.5V and 0.05mV/s respectively.
Subsequently, polarization curves related to electrodes profile
for all Nb, BMG samples, as depicted in Fig. 9a and b. It is to
be noted from Fig. 9a and b that all these polarization curves
follow a uniform tendency. It is essential to know that all these
anode curves could not follow the path (active and passive
transition) of ‘Tafel’ curve since each curve’s slope extends
flipside to the corrosion potential [26]. Nevertheless, the
polarisation curve of NMSNb;, displays superior step height
and serration fluctuation relatively than other compositions
under investigation, which stands as an applicable property
of the present BMG system for potential applications.
Furthermore, potentiometric parameters such as electrode cur-
rent densities (both cathode (ic) and anode (i,)) with which
total positive current density be obtained by summing them
together (Fig. 9b). The summary of all the potentiometric pa-
rameters is listed in Table 4.

Table3  Yield strength (oy), fracture strength (oy), and plastic strain (e,,)
of all as prepared NMSNb, BMG samples

BMG oy (MPa) o7 (MPa) &y (%) Hardness (HV)
NMSNb, 1701+£22 1732+36 0.33+0.1 573

NMSNbs 1412433 1557+32  0.357+0.1 428
NMSNb;,  1262+21 1378+12  0.661+0.1 575

NMSND; 5 139617 1598+23  0.405+0.1 497
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Fig. 6 Compressive plasticity of all as prepared NMSNb, BMG samples

It is observed from Table 4 that the passive current density
(ip) increases from NMSNb, to NMSNb,, and becomes al-
most plateau, can be stated as the corrosion tendency of the
present BMG system (Table 4). The variation of ‘E.’ (corro-
sion potential) and i, (corrosion current density) with ‘Nb’
content can be presented in Fig. 10a. The inverse correlation
reveals that a sample delivering the lowest current density (i),
gains the highest corrosion potential (E.) (Fig. 10a). Whereas
both passive current (i,) and potential (E,) exhibit similar
behavior and show minimum value for 10 at.% of Nb content
(NMSNDb ). As a result, all this data related to potentiometric
parameters (ic, E¢ and i,, Ep) reveals that the active sample
NMSNb, o achieved to be highest resistivity towards corrosion
and self-passivization tendency which barely forms passive
film than other sample of present (Ni;5Mo0;5Si10)100—x Nby
family of BMG network (Fig. 10b) ( Table 4) [27, 28].
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Fig. 7 Correlation between Vickers hardness and plastic strain values of
all as prepared NMSNb, BMG samples
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Fig. 8 a-d SEM images of all as
prepared NMSNb, BMG samples
at 30 h ball milling before
corrosion tests
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Fig.9 (a)Potentiometric analysis of NMSNb, BMG samples at 30 h of ball milling - Anodic current density with corrosion potential (b) Potentio-metric
analysis of NMSNb, BMG samples with 8 mm diameter- Magnification images of (a)

It is mandatory to examine the corrosion resistivity
retention even after the polarization test; we have record-
ed the FE-SEM images, as shown in Fig. 1la-d.
Figure 11a shows that the surface morphology appears
with an exact amorphous phase as there is no ‘Nb’ content
in the BMG system (NMSNb, sample). However, gradual
increment in the degree of crystallization due to the
crystalizable capability of ‘Nb’ nano-crystalllites base

(Ni75sMo15S110)100-x BMG network. Moreover, the pres-
ence of an oxide layer is also witnessed by unidentified
agglomeration on every surface, clearly stated in the XRD
analysis of the earlier section (Fig. 11a-d) [29]. Among all
the samples of (Ni75M015Si10)1()07XN‘bX BMG System un-
der investigation, NMSNb;, sample
((Ni75Mo0;5Si19)9oNbyo) exhibits superior corrosion resis-
tance and low current density, which confirms as a

Table 4 Corrosion potential (E,),

passive potential ( E), corrosion BMG E; (mV) E, (V) ic (A/em?) ip (Alem)

current density ( i), passive

current density ( i, ) of all as NMSNb, -109.21 1.331 4.6x1072 0.5687

prepared NMSNb, BMG samples ~ NMSNbs -80.46 0.72 2.1x1072 0.41
NMSNb; o -61.2 0.51 4.1x107* 0.0066
NMSNb; 5 -85.6 0.89 32x1072 0.51
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Fig. 10 (a) Compositional dependence between corrosion current density (i) and corrosion potential (E;) Values (b) Compositional dependence
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potential candidate for use in lightweight transportation  iii))  The substitution of optimal quantities of Nb content
applications relative to others. (10 at.%) in the (Ni;sMo;5Sijg)100-x Nby
(NMSNb;y) BMG network triggers a positive
heating effect resulting from forming the irregular-
ity in the atomic size variations during the blending

4 Conclusions of constituent elements.
iv)  Potentiometric parameters (i, E., and iy, Ep) reveal that
i) XRD analysis pointed out that the unprocessed ‘Nb’ the active sample NMSNb, o achieved the highest resis-
crystallites even for 30 h of milling time promotes the tivity towards corrosion and self-passivization tenden-
process of nanocrystallization to precipitate nanocrys- cy than all other samples present as evident from SEM
talline phases, which will activate the blending of pow- images before and after corrosion tests.
der mixture to a greater extent to meet the perfect chem-
ical homogeneity. Summing the results together, the present (Ni;sMo;5Si;0)100
ii)  Reduced glass transition temperature (T,,) values forall ~ _,Nb, BMG network is expected to attract special attention for

the Nb, samples are higher than 0.5; confirms their  lightweight transportation applications owing to its superior
superior thermal stability and glass-forming ability,  functional characteristics, reduced glass transition temperature
which is a crucial feature of this family of (T;g>0.5), hardness, resistivity towards corrosion, and self-
(Ni75sMo015S1;10)100-x Nby BMG network. passivization tendency.

Fig. 11 SEM micrographs of the
corroded surfaces of all as
prepared NMSNb, BMG samples
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