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Abstract In the present study, the effect of Nb addition on
mechanical behavior and glass formation in (ZrssCopg
AllG)lOOf}CN‘b(/‘C=O,2,4) bulk metallic glasses was studied. The
differential scanning calorimetry (DSC) was used to
investigate thermal properties of samples. Further,
mechanical behavior of prepared samples was analyzed
using quasi-static compressive tests. The results showed
that 2 at.% minor addition of Nb enhances the glass
forming ability (GFA), but larger amount of Nb (4%)
deteriorates GFA. The X-ray diffraction patterns also
confirmed that the structures of whole of studied compo-
sitions are amorphous. In addition, the compressive test
results revealed that 2% addition of Nb significantly
improves compressive ultimate strength (up to 2.5 GPa)
and increases the plastic strain from 1.1% in the compo-
sition having no Nb content to ~ 6%. The observation of
shear band branching and also the increase in the density of
vein-like patterns in the fracture surface (studied by scan-
ning electron microscopy) also confirm the improvement of
plasticity in (ZrsgCoygAli6)ogNb, sample. Our finding
highlights the effect of minor alloying on the formation and
mechanical properties of bulk metallic glasses.
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1 Introduction

Bulk metallic glasses (BMGs) show excellent mechanical
properties such as large elastic limit and giant yield stress,
but they frequently fail in a brittle manner during com-
pressive or tensile loading at room temperature. This
shortcoming is the major restriction for the development of
BMGs as advanced engineering materials [1-5]. In order to
extend the application of BMGs and overcome their brit-
tleness, various methods such as thermomechanical pro-
cessing [6] and the minor addition of alloying elements
(microalloying) have been developed. The microalloying
strategy enables us to control the glass formation and
improve the plasticity of BMGs. Thus, this technique can
be used as a suitable way to develop new BMG composi-
tions with high GFA and prominent mechanical properties
[7-12].

Zr-based BMGs have been widely used for structural
applications in recent decades due to their excellent prop-
erties such as high GFA, superior mechanical properties,
good corrosion resistance, good biocompatibility, and high
wear resistance [13—17]. Among various Zr-based BMGs
developed, the ternary Zr—Co—Al alloy system is a good
candidate for biomedical applications mainly due to its
suitable mechanical properties and also lack of the toxic
elements such as Ni and Be [18-21]. While the previous
studies on the minor alloying of Zr—Co—Al BMG have
mostly focused on improving thermal and biomedical
properties, less attention has been so far paid on the
enhancement of mechanical properties. For instance,
Zhang et al. [22] investigated the influence of Ag addition
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on the enhancement of GFA and bio-corrosion resistance in
Zr—Co-Al BMG, but the mechanical response of Ag-doped
BMG was not reported. In addition, the extent of com-
pressive ultimate strength achieved after minor alloying of
Zr-Co-Al BMG is often unsatisfactory. For example,
Rahvard et al. [23] studied the effect of substitution of Co
by Cu on the thermal and mechanical properties of Zrsg
Coys_,Cu,Alj¢ BMG and reported a maximum compres-
sive strength of ~ 2.1 GPa in ZrssCo,,CugAl;g alloy
composition. In the present work, we systematically study
the effect of Nb content on the mechanical properties and
glass formation in (ZrsgCoygAl;6)100—xNb, BMG samples.

2 Materials and Methods

Ingots of (ZrseCoysAl16)100—xNb(x=02.4) (at.%) were pre-
pared by arc melting of high-purity elements in Ti-gettered
and Ar atmosphere in a water-cooled copper crucible. Here,
we denote the compositions containing 0%, 2%, and 4% of
Nb as Nb-0, Nb-2, and Nb-4 samples, respectively. Zr and
Nb elements were first melted together, and then, other
elements were added to the Nb-Zr ingot and remelted sev-
eral times to form a homogeneous alloy. In the next step, the
prepared melted alloy was cast into a water-cooled copper
mold to make BMG rods with 2-mm diameter. The struc-
tural characterizations of as-cast rods were carried out using
an X-ray diffraction (XRD, Bruker D8) instrument with Cu-
K, radiation. In order to prepare samples for compression
test, the as-cast rods were cut by a low speed micro-cutter
into small cylinders, and then, both sides of each cylinder
were polished. The quasi-static compression tests were
performed using a SANTAM (STM-250) universal testing
machine at a strain rate of 10~ s~'. The gauge dimension of
specimens was 2 mm in diameter and 4 mm in height for
the compressive test. The thermal behavior of samples was
characterized using differential scanning calorimeter (DSC,
PerkinElmer STA 6000) at the heating rate of 20 K/min.
The microstructural observations on fractured samples after
compression test were performed using secondary electron
imaging in a field emission scanning electron microscope
(FE-SEM, Tescan Mira).

3 Results and Discussion

Figure 1 shows the XRD patterns of the as-cast BMG
samples. Since there are no sharp and narrow peaks (as the
characteristics of crystalline structures), the structure of
prepared samples is amorphous. The only peak observed
for all samples is a broad, low-intensity peak occurring at
20 in the range of 35°-40°, which is a signature of the
amorphous nature of structure in this alloy system [19, 20].
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Fig. 1 The XRD patterns of as-cast Nb-0, Nb-2, and Nb-4 samples

Therefore, the addition of Nb even up to 4% would not
cause crystallization in the as-cast 2-mm BMG rods.

The DSC signals of the as-cast BMG samples are shown
in Fig. 2. By heating up the samples, various physical
transitions occur for the as-cast samples, including glass
transition, crystallization, and melting. The onset temper-
ature of glass transition (7,), the onset temperature of
crystallization (7y), the solidus temperature (7,,,), and the
liquidus temperature (71 ) are determined from DSC curves
and summarized in Table 1.

As can be seen from Fig. 2a, the onset temperature of
glass transition (7,) and the onset temperature of crystal-
lization (T,) decrease monotonically with the increase in
the Nb content. In addition, while Nb-O sample has two
overlapped crystallization peaks, Nb-2 and Nb-4 samples
have two distinct crystallization peaks. This observation
reveals that Nb addition dramatically changes the crystal-
lization behavior of ZrsgCo,gAl;e BMG. Further, it is
evident from Fig. 2b that the Nb content decreases the
width of the melting transition (i.e., the difference between
T, and T7).

We have evaluated the GFA of prepared samples using
different GFA indicators [1], including the y parameter
(y = T{/(Ty + Tp)), the reduced glass transition tempera-
ture (T, = Ty/Ty), the o parameter (o = (T/Ty)), the o
parameter (8 = T/(Ty, — T,), and new [ parameter (new
B=Tx x T/(Ty, — T, )?). Further, the thermal stability
upon heating from the glassy state is examined by mea-
suring the width of the supercooled liquid region
AT, =Ty — Ty).

The calculated values of the above indicators are given
in Table 1. While the y parameter is almost the same for all
samples, the other GFA indicators (7,s, o, new f, and ¢
parameters) show increasing trend in Nb-2 sample. This
increasing trend in various GFA parameters denotes that
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Fig. 2 DSC thermographs of as-cast Nb-0, Nb-2, and Nb-4 samples
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Table 1 Thermal properties of Nb-0, Nb-2, and Nb-4 BMG samples. The maximum error for determining 7Ty, T, Ty, and T, is &= 2 °C

Sample T, (°C) T, (°C) T (°C) Ty (°C) AT, Trg o Y 0 new f
Nb-0 480.0 542.8 932.3 1000.12 62.8 0.591 0.640 0.402 1.568 2.937
Nb-2 472.7 528.2 937 971.40 55.5 0.599 0.644 0.402 1.607 3.041
Nb-4 450.3 512.5 930.8 966.20 62.2 0.583 0.634 0.400 1.522 2.760

GFA has improved by adding 2 at.% of Nb. However,
adding larger amounts of Nb (4 at.% in Nb-4 sample)
sensibly reduces the values of these parameters, suggesting
the deterioration of GFA in Nb-4 sample compared to the
other samples. Among the studied parameters, the varia-
tions in the GFA induced by Nb minor alloying are more
evident by considering new f§ and ¢ parameters. It can be
therefore concluded from the data in Table 1 that Nb-2 has
the highest GFA among the studied compositions.

In contrast to the GFA, thermal stability upon heating
(AT,) decreases in Nb-2 to some extent (~ 7 °C), but the
value in Nb-4 is comparable to that of the Nb-free sample
(Nb-0). This implies that during heating, thermal stability
of the amorphous state against crystallization is reduced in
Nb-2 sample and the processability of this alloy within the
supercooled liquid region is slightly decreased. Thus, GFA
and thermal stability in the studied compositions are
decoupled and show divergent evolutions, as previously
observed in Ti—Zr—Cu-S [24] and Zr-Ti-Ni—Cu-Be alloy
systems [25].

Various parameters influence the GFA of BMGs,
namely type of the atoms and their interactions, the atomic
size, and the mixing enthalpy of the constituent elements.
The atomic radius for Zr, Co, Al, and Nb is 0.206 nm,

0.152 nm, 0.118 nm, and 0.198 nm, respectively. Clearly,
Nb has remarkable size difference with Co and Al, and this
is favorable for the glass formation [1]. Furthermore, the
mixing  enthalpy is —25kImol” for Co-
Nb, + 4 kJ mol™'for Zr-Nb, and — 18 kJ mol™" for Al-
Nb, respectively [26]. According to the first empirical rules
of Inoue, the formation of glass becomes easier with
increasing the number of components in the alloy system.
Therefore, increasing the number of alloy components to
four elements by minor addition of Nb increases the mixing
entropy of the alloy system, and as a result, the formation
of glass becomes easier [1, 27]. Indeed, the minor addition
of Nb can improve the GFA of (ZrssCoy3Ali6)9gNby by
stabilizing the liquid phase or destabilizing the competing
crystalline phases during solidification. On the other hands,
the addition of Nb makes the atomic mismatch larger in the
material and increases local random packing density.
Addition of an extra element (Nb) to a certain extent into
the base alloy highlights the confusion principle and for-
bids the crystallization [28]. But the larger content of Nb in
Nb-4 sample has deteriorated the GFA of (ZrssCopg
A116)96Nb4 (See Table 1)

The other analysis which can be extracted from DSC
signals in Fig. 2a is the sub-T, structural relaxation in the
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prepared samples. When as-cast MG samples are heated
within the DSC instrument, they show a broad exothermic
spectrum preceding the glass transition (see specific heat
exotherms in Fig. 3). The relaxation enthalpy (AH.),
which is a quantitative indication for the internal energy of
MG [29, 30], can be calculated by integrating from the heat
exotherms in Fig. 3 using the following equation [6]:

T,
AH, = /  AC,dT (1)
Tonset
where T is the onset temperature of relaxation, and C,
is the specific heat capacity of the sample.

As can be seen from Fig. 3, the specific heat capacity
curves become narrower as the Nb content is increased.
The calculated values of AH, for Nb-O, Nb-2, and Nb-4
samples are, respectively, 11.06, 8.35, and 2.83 J g_l. This
finding implies that the minor additions of Nb to the
Zr56Co,8Al ¢ alloy significantly reduce the internal energy
of MG and bring the glass to more relaxed states (i.e.,
lower AH,.). A previous study also shows that the cerium
and iron traces in La—Al-Ni MG rods reduce AH,. by ~

10% [31].

Figure 4 shows the quasi-static stress—strain curves of
the BMG samples. It is evident from Fig. 4 that Nb-2
sample has the best mechanical properties in terms of the
compressive strength and plasticity. The values of ultimate
compressive strength (o) and plastic strain (¢,) determined
from the stress—strain curves (Fig. 4) are summarized in
Table 2. The amount of g, in Nb-2 reaches ~ 2.5 GPa,
which is 21% larger than Nb-0 sample (o, of ~ 2.1 GPa).
Further, ¢, significantly increases from ~ 1.11% in Nb-0
sample to ~ 6% in Nb-2 sample. In addition, the value of
&p in Nb-4 (~ 2.1%) is also larger than Nb-0O sample. It is
to be noted that the values of ¢, and ¢, achieved for
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Fig. 3 DSC signals for Nb-0, Nb-2, and Nb-4 samples, highlighting
the sub-Tg structural relaxation
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Fig. 4 The quasi-static stress—strain curves of as-cast samples

Table 2 The quasi-static compressive test results of BMG samples

Sample g, (MPa) &p (%)

Nb-0 2073 £ 80 1.11 £ 0.25
Nb-2 2500 + 60 6+ 1.20
Nb-4 2008 £+ 50 2.1 £0.50

Zr56C0,3Al14Nb, BMG in this study are larger than the
previous data reported for the microalloyed ZrssCoygAlq
BMGs [18, 23, 32]. This fact highlights the key role of
optimum minor alloying (type and amount of doped ele-
ment) on the enhancement of mechanical properties in Zr-
based BMGs.

As mentioned before, while Co-Nb and AI-Nb have
negative mixing enthalpies, the mixing enthalpy of Zr—Nb
is + 4 kJ mol™', and this large difference in mixing
enthalpies may cause chemical heterogeneities which fur-
ther lead to different local atomic packing and hard and
soft atomic regions. Since the shear band formation is a
heterogeneous nucleation process initiating on 3 regions
and is restricted to propagation by the surrounding harder
regions. The interaction of the shear bands with the hard
region may cause different phenomena such as shear band
deflection and branching. Consequently, the strength and
ductility of BMG will be improved [27].

Figure 5 shows the overall view of the fractured samples
after the quasi-static compressive test. As can be seen from
Fig. 5, the fracture angles in Nb-O and Nb-2 samples are
43.36° and 40.54°, respectively. It is worthy to note that the
larger fracture angle (closer to 45° in Zr-based BMGs)
reflects higher plasticity and improved mechanical perfor-
mance in BMGs [9], and this is in line with our mechanical
properties results (Fig. 4, Table 2) that Nb-2 has higher ¢,
as compared to Nb-0O sample. The fracture angle is related
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Fig. 5 The SEM micrographs for as-cast Nb-0 and Nb-2 samples. a, b An overall view of fractured samples. ¢ Shear band propagation and

branching in Nb-2 sample

to the rotation mechanisms of the primary shear band. At
the early stage of deformation, primary shear bands form at
the maximum shear plane (inclined at 45° with respect to
the loading direction). As larger deformation is imposed on
the sample, secondary shear bands are activated which can
strongly interact with the primary shear bands. With the
increase in the plastic deformation, a strong impingement
is created between the primary and secondary shear bands,
yielding a shear step on a shear plane as well as a rotation
of the primary shear band towards the horizontal direction

of the specimen. Therefore, the fracture angle of the sample
having larger ¢, is closer to 45° [9, 33, 34].

It is also evident from Fig. 5a, b that while no shear
banding is observed for Nb-O sample on the peripheral
surface (normal to the fracture surface), at least two pri-
mary shear bands are obvious for Nb-2 sample. In addition,
the SEM image at higher magnification for Nb-2 sample
(Fig. 5c) clearly shows that the branching of shear bands as
well as shear band multiplication occurs in this sample.
Hence, the large plasticity observed in Nb-2 sample can be
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Fig. 6 The SEM micrographs
of fracture surface for a Nb-0
and b Nb-2 samples

attributed to the propagation and branching of the shear
bands.

The SEM micrographs of the fracture surface for Nb-0
and Nb-2 samples are shown in Fig. 6. As can be detected,
there are two main regions in the fracture surface. The first
region is a vein-like pattern, being a typical fracture feature
for BMGs that is formed from the local melting within the
shear bands. The second region is the smooth pattern rep-
resenting the brittle fracture [1, 9, 23, 35]. It is clear from
Fig. 6a that Nb-0 sample has a smooth fracture morphol-
ogy containing large cracks and few veins. However, a
large density of vein-like pattern is observed for Nb-2
sample (Fig. 6b). These fracture morphologies in Nb-0 and
Nb-2 samples well correlate with their mechanical
response since the plasticity of BMG samples directly
depends on the density of vein-like patterns in fracture
surface [9, 34, 35].

4 Conclusions

The results of the present study showed that the best GFA
and mechanical performance (o, of ~ 2.5 GPa and ¢, of
6%) was achieved in (Zrs¢CoygAl 6)9sNby BMG sample.
Further, the existence of larger contents in Nb-4 sample
deteriorated both the GFA and mechanical properties. The
microscopic observations revealed the branching and
multiplication of shear bands in Nb-2 sample. Also, the
observation of large density of vein-like patterns in the
fracture surface of Nb-2 confirmed the improvement of
plasticity.
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