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Preparation and properties of Nigs sW17.9B13.5 metallic glass
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Abstract: A novel Ni-based metallic glass, i.e., Nigg sW;79B13 5 (mole fraction, %), was prepared using melt spinning method. The
results showed that the element B has much effect on the glass forming ability of the Ni-W—B metallic glass. Ni-W—B metallic glass
could not be fabricated with lower content of B, whereas a higher content of 13.5% B could easily lead to the fully amorphous
structure. The glass transition temperature and the onset temperature of crystallization are as high as 768 K and 781.5 K, respectively,
and the crystallization activation energy calculated by Ozawa model is (637+60) kJ/mol, which showed strong thermal stability of
Nigg sW17.9B13.5 metallic glass. This novel Ni-based metallic glass also exhibited good mechanical properties with the tensile strength
of about 2331 MPa. The results indicate that this metallic glass should have a promising application in high strength material.
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1 Introduction

Due to their high strength, strong thermal stability
and good corrosion resistance, Ni-based metallic glasses
are attracting increasing attention [1]. To date, many
Ni-based metallic glasses with excellent properties have
been reported [2—6]. However, most of the Ni-based
metallic glasses are developed in the order of Ni—Zr [3],
Ni—Nb [4], Ni—Ta [5] and Ni—Ti [6], other new system of
the Ni-based metallic glasses has seldom been reported.
On the other hand, Ni-based metallic glasses are
metastable phase. The thermal stability of metallic
glasses is determined by the crystallization
temperature [7]. They will transform into crystalline
alloys, when the applied temperature is higher than the
crystallization temperature. Few of the Ni-based metallic
glasses could be used at the temperature higher than
1000 K [2—6]. In order to be used in higher temperature
fields, it is desirable to enhance the crystallization
temperature of Ni-based metallic glasses. It is known that
refractory elements such as Nb, Ta and W can improve
the thermal stability of metallic glasses [8]. The
W-Ru-B ternary metallic glass with high tungsten
content was fabricated by OHTSUKI et al [9], they
found that the crystallization temperature of this metallic

glass was higher than 1000 K. Therefore, in this study,
the new ternary Ni-based metallic glass, NiggsW79Bi35
(mole fraction, %), was explored based on eutectic
compositions and fabricated by melt spinning method for
the first time. The thermal stability and mechanical
properties were investigated. It was found that this
metallic glass possessed higher crystallization kinetics
and higher tensile strength up to about 2331 MPa.

2 Experimental

Based on the eutectic compositions of Nizg3Wag 7,
B,;W7; and B4;sWs; (mole fraction, %), the Ni-W-B
ternary compositions as Ni;; ;W 9,B7 and NiggsW7.9-
B35 (mole fraction, %) were selected, respectively. The
alloy ingots of both compositions were prepared by arc
melting a mixture of pure metals in a Ti-gettered purified
argon atmosphere. In order to improve chemical
homogeneity, the ingots were remelted three times. The
melt-spun ribbons were prepared by remelting the ingot
in a quartz tube and ejecting onto a Cu wheel rotated
with the surface speed of 30 m/s.

The NiggsWi79B135 ribbons with the width of
2—4 mm and the thickness of 25—35 um were cut into
samples with the length of about 30 mm, and then fixed
onto sample clamps. The uniaxial tests were carried out
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on a mechanical testing machine (INSTRON—-3369) at a
strain rate of 0.05 mm/min. The areas of the specimens
fracture during tensile testing were examined by a
scanning electron microscope (SEM, FEI Nova
Nano—230). The samples were performed for testing, and
the one close to the average value was adopted for the
curve of tensile stress—strain. The structure of the
melt-spun ribbons was examined by X-ray diffraction
(XRD, RIGAKU-3104). The thermal stability was
investigated by differential scanning calorimeter (DSC)
at different heating rates ranging from 10 to 40 K/min.
The microstructure was examined by a transmission
electron microscope (TEM, ZOEL—-2100F).

3 Results and discussion

3.1 Structure analysis

In order to investigate the effect of B element on the
glass forming ability of the Ni-W—B alloy, two kinds of
ribbons Niy; ,W9,B7 and Nigg W 179B135 were prepared
in this study. Figure 1 shows the XRD patterns and
optical image of as-prepared Nis; ;Wi9,B71 and Nigge-
Wi7.9B13sribbons. It can be seen that there are crystalline
peaks of Nij;W3 on the XRD pattern of the Nizz7Wig -
B,.:. However, the XRD pattern of Nigg sW17.9B13.5
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Fig. 1 XRD patterns of as-prepared Ni;,Wi9,B;; and

Ni6846W1 749B 135 ribbons (a)
Ni6g'6W17,9B13,5 I'ibeIlS (b)

and optical image of

displays only broad diffraction maximum without any
detectable sharp Bragg peaks. This shows the typical
pattern of amorphous structure of Nigg W 7.9B)3.5. Figure
1(b) shows the optical photo of NiggsW179B3.5 ribbons,
it can be seen that the ribbons do not break when they
were bended to a certain angle. These results indicate
that the Nigg¢W179B135 ribbons have excellent ability of
ductility and can be regarded as fully amorphous phase.
To further investigate the structure of NiggsWi79Bi3s
ribbons, TEM image and the selected area electronic
diffraction pattern were preformed and shown in Fig. 2.
Clearly, no crystals were detected, further confirming its
fully amorphous structure. The results suggest that
13.5% B (mole fraction) can effectively suppress the
precipitation of the crystalline of Nij;W; and greatly
improve the glass forming ability of Ni-W—B alloy.

Fig. 2 TEM image of Nigg sW;79B135 ribbon (Inset is selected
area electronic diffraction pattern)

It should be noted that, in the NiggsWi79B13s
amorphous ribbons, the atomic size decreases in the
order of W (0.137 nm), Ni (0.125 nm) and B (0.079 nm),
resulting in dense packing in liquid state. The elements
of W and Ni can form the eutectic system with B, which
is in agreement with the principles of eutectic [10]. In
addition, the B element has large negative mixing
enthalpy with the other constituent elements [11],
implying strong cohesive forces among W, Ni and B
atoms. Thus, the Nigg sW17.9B135 amorphous ribbons can
be successfully prepared by melt spinning method.

3.2 Thermal stability

Figure 3 shows the DSC curve of the
NiggsW179B135 ribbons. It can be seen that the glass
transition temperature (T,) is 768 K, the onset
temperature of crystallization (Ty) is 781.5 K, and the
first exothermic peak temperature (T,) is 794 K. In this
study, due to the accuracy limit of DSC measurement in
our experiment condition, we cannot detect the melt
point of the NiggsW17.9B135 amorphous ribbons, only the
super-cooled liquid region AT (T,—T,)=13.5 K was
obtained. However, the glass transition temperature T, is
as high as 768 K, which is higher than that of most other
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metallic glasses, indicating a much higher thermal
stability of this metallic glass.
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Fig. 3 DSC curve of Nigg sW17.9B13.5 amorphous ribbons

To investigate the thermal stability of the
Nigs sW179B135 ribbons, the DSC curves obtained under
different heating rates are shown in Fig. 4. It can be seen
that with the increase of heating rate, the specific
temperatures of T, and T, shift to high temperatures, and
the exothermic peaks show an enhanced trend. The
values of T, and T, are listed in Table 1. As the heating
rate increases from 10 to 40 K/min, T, increases
from 781.5 to 792.5 K, and T, raises from 794.0 to
803.0 K, which shows that the crystallization behavior of
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Fig. 4 DSC curves of Nigg sW79B135 amorphous ribbons under
different heating rates

Table 1 T, and T, for NigcW179Bi35 amorphous ribbons at
different heating rates

Heating rate/(K-min ") T/K T,/K
10 781.5 794.0
20 788.5 798.5
30 790.6 801.6
40 792.5 803.0

Nigs.6W17.9B13.5s amorphous ribbons is closely associated
with the heating rate.

In general, the specific temperatures of T, and T,
can be simply assigned as the indicators of amorphous
forming ability, but the crystallization activation energy
(E) can reflect the energy barrier to overcome during
crystallizing. The higher the crystallization activation
energy is, the more stable the metallic glass will be. The
crystallization activation energy can be evaluated by
Kissinger equation and Ozawa equation, but due to the
consideration of the changes of the specific temperature
corresponding to the crystal fraction, the Ozawa equation
is more consistent with the actual crystallization process,
ie. [12],

E 1
Inb=-—-—+C 1
R T M)

where T stands for the specific temperature, b is the
heating rate, E is the activation energy, R is the mole gas
constant, and C is numeric constant. It can be seen from
Eq. (1) that In b versus 1/T yields to approximate straight
lines with a slope of —E/R. Therefore, the activation
energy of the Nigg¢W79B135 amorphous ribbons can be
obtained from the slope of lines. In this work, the T, and
T, were adopted as the specific temperatures to calculate
the activation energy of the NiggsWi79B135 amorphous
ribbons. Figure 5 shows the Ozawa plots of the
NiggsW17.9B135 amorphous ribbons. It can be seen that
the crystallization activation energy (Ey) is
(637£60) kJ/mol, and the activation energy (E;) is
(798£31) kJ/mol. It should be noted that E, is higher than
those of Cu-based amorphous alloys (296 kJ/mol) [13],
Zr-based amorphous alloys (402 kJ/mol) [14], Co-based
amorphous alloys (452 kJ/mol) [15], Fe-based
amorphous alloys (535 kJ/mol) [16], and so on. This
further suggests the stronger thermal stability of the
Nigg 6W17.9B13.5 amorphous ribbons.

It is well known that the onset crystallization
temperature is related to the grain nucleation process and
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Fig. 5 Ozawa plot for Nigg ¢W79B13 5 amorphous ribbons
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the peak temperature is associated with the grain growth
process [17]. Thus, the activation energy E, and E,
represent the activation energy for nucleation and
growth, respectively. In Fig. 5, it can be seen that the
activation energy E, is about 150 kJ/mol higher than E,,
suggesting that grain growth is much slower than the
nucleation process in the NiggsW179B35 metallic glass.
Thus, it can be inferred that the Nigg W 179B 35 metallic
glass may have an advantage of forming the composite
materials with nanocrystallines and amorphous during
certain annealing conditions [17].

3.3 Mechanical properties

In order to investigate the mechanical behavior of
the Nigg¢W179B135 ribbons, sample clamps were
employed to fix the samples with the length of about
30 mm, and the uniaxial tensile tests were performed at a
strain rate of 0.05 mm/min. The fracture cross section
can be examined by SEM. Figure 6 shows the tensile
stress—strain curve of the NiggsW79Bi35 metallic glass.
One can see that almost no plastic deformation occurs in
the tensile stress—strain curve. When the elastic
deformation reaches about 1.17%, catastrophic failure
occurs. The tensile strength of the Nigg sW179B13.5 ribbon
is about 2331 MPa, much higher than those of tungsten
heavy alloys, whose tensile strength is usually 1000 MPa.
However, the elastic deformation of the NiggsW79Bi35
ribbon is not reliable, which may include the deformation
of the sample clamps. The elastic deformation in Fig. 6 is
not strictly linear, this is also because of the deformation
of the sample clamps during tensile testing.

2.50
2251
2.00F

1.75F
1.50

1.251
1.00|

sile stress/MPa

I
e =2
o~
(=T
5

0.25F

0 02 04 06 08 10 12
Tensile strain/%

Fig. 6 Tensile stress—strain curve of Nigg sW17.9B13.5 amorphous
ribbons

Figure 7 shows the SEM fracture microstructure of
the NiggsWi70B35 ribbons. It can be observed that the
venation pattern with the average diameter of about 2 pm
distributes uniformly in the fracture. When catastrophic
failure occurs, partial shear zones can be melted by the
high energy, leading to the formation of venation pattern.

It is interesting to find that a shear band fracture (as
marked by arrow) with the width of about 4 pm is
distributed at the edge of the sample fracture. This shows
that the Nigg¢W79B135 ribbon fractures along the shear
band during the tensile test, and few shear bands are
visible at the side perpendicular to the cross section,
which  suggests that the fracture process of
NigssW179B13.5 ribbons is substantially dominated by a
shear band. Because of the less shear bands, the overall
fracture mode of the NigsW;79B135 ribbon is brittle
fracture without significant plastic deformation.

10, pm| 10

Fig. 7 SEM image of fracture of NiggsWi79B135 amorphous
ribbons

4 Conclusions

1) The element B has effective effect on the glass
forming ability of the Ni-W-B alloys. The Ni-W—-B
metallic glass could be fabricated by adding 13.5% B.

2) The crystallization activation energy simulated
by Ozawa equation is (637+60) kJ/mol, suggesting a
high thermal stability of Nigg ¢W17.9B135 metallic glass.

3) The tensile stress of Nigg W 179B13.5 metallic glass
is about 2331 MPa. The fracture mode of Nigg sW179B135
amorphous ribbon is brittle fracture, and numerous
venation patterns are observed to distribute uniformly on
the fracture morphology.
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