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The present paper considers the formation of crystalline phases during
solidification and crystallisation of the Zrs3Cu,y;AljoNigTig alloy.
Solidification was carried out by a copper mould casting technique,
which yielded a partially crystalline microstructure comprising a ‘big cube
phase’ in a dendritic morphology and a bct Zr,Ni phase. Detailed high-
resolution microscopy was carried out to determine possible mechanisms
for the formation of the crystalline phases. Based on microstructural
examinations, it was established that the dendrites grew by the attachment
of atomistic ledges. The bet Zr,Ni phase, formed during solidification and
crystallisation, showed various types of faults depending on the crystallite
size, and its crystallography was examined in detail. It has been shown that
the presence of these faults could be explained by anti-site occupancy in the
bet lattice of the Zr,Ni phase.

Keywords: bulk metallic glass; big cube phase; dendrites; Zr,Ni; transmis-
sion electron microscopy (TEM)

1. Introduction

Since the advent of bulk glass in multicomponent Zr-based alloys, a large number of
studies have been focused on the formation of various phases in the as-solidified
microstructure [1-14]. These as-solidified microstructures in bulk glass-forming
alloys can be broadly classified into three categories:

(1) Those showing complete formation of a glassy phase with or without any
quenched-in-nuclei of the crystalline phase.

(2) Those which show a composite of nanocrystals and glassy matrix due to
limited nucleation followed by very limited growth of crystals.

(3) Those showing few crystals within the amorphous matrix due to limited
nucleation but extensive growth of crystals.

Microstructures of type (2) and (3) arise when cooling rates achieved during
solidification are lower than the critical cooling rate required for the formation of
glass in a system. In bulk glass-forming systems, lowering of cooling rates below the
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critical rate will not necessarily lead to the formation of large numbers of crystals as
these systems are known for their low steady-state, homogeneous nucleation
frequency. The dominating crystallisation event, competing in these systems, is
heterogeneous nucleation [15-18]. As a result, upon cooling, crystals, which nucleate
on heterogeneous nucleation sites, can grow to different dimensions depending on
the prevailing cooling rates and growth rate of the phase. Several characteristic
features of the early stages of the solidification process, which are otherwise difficult
to observe under normal solidification, are preserved in these partially crystalline
solids and can be revealed upon examining the morphology of the crystals embedded
in the amorphous matrix.

In Zr-based bulk glass-forming systems, the role of oxygen is critical, as it
promotes the formation of oxygen-stabilised phases even when rates of cooling are
higher than the critical cooling rate. These phases act as catalytic sites for
heterogeneous nucleation of other crystalline phases [19]. This reduces the glass-
forming ability of the system substantially. In addition, oxygen also influences the
crystallisation behaviour of the glassy phase during ageing of the as-solidified
microstructure. In binary TM—Zr metallic glasses (TM = Fe, Ni, Co), oxygen has
been found to initiate the crystallisation process via the formation of oxygen-
stabilised metastable cubic phases instead of equilibrium compounds [20-23]. The
presence of oxygen leading to the formation of the ‘big cube phase’ or
nanocrystallisation of metallic glasses is reported in literature [24-26]. The formation
of the ‘big cube phase’ has also been reported in melt-spun NiZr, ribbons [22], as well
as in bulk glass forming Zr—Al-Cu—Ni alloys [26-28]. Small amounts of oxygen even
promote the formation of metastable quasicrystalline phases which act as hetero-
geneous nuclei for the formation of equilibrium compounds during the crystal-
lisation of metallic glasses [29]. Although the role of oxygen in degrading the glass
formability of Zr-based systems is well known, to date, detailed crystallographic
studies establishing a mechanism for the role of oxygen in the formation of oxygen-
induced crystals have not been carried out.

In this study, the Zrs;Cu,;AljgNigTig alloy was processed through a copper
mould casting technique. The as-solidified structure showed a ‘big cube phase’,
present in a dendritic morphology, and a Zr,Ni phase with a high density of defects.
A detailed microstructural examination was carried out to reveal the atomistic
mechanism of solidification of the ‘big cube phase’ and to characterise and establish
the reason and possible mechanism for the formation of defects in the Zr,Ni phase.
The latter also forming during crystallization annealing of the as-solidified alloy was
compared with that present in the as-solidified microstructure.

2. Experimental

The Zrs3Cu,;AlNigTig alloy was prepared by melting pure elements in stoichio-
metric amounts in a vacuum arc furnace. To ensure low oxygen content in the alloy,
iodide zirconium crystal bars were used. Table 1 shows the composition of the alloy
analysed by electron probe microanalyser (EPMA). A copper mould casting
technique was selected to synthesise metallic glass in bulk form, wherein pieces of
arc-melted buttons were remelted by induction heating and subsequently cast within



Downloaded by [Indian Institute of Science] at 22:48 16 March 2014

2138 S. Neogy et al.

Table 1. Composition of the arc-melted button analysed by EPMA.

Zr (at%) Cu (at%) Al (at%) Ni (at%) Ti (at%)

53.38£1.5 21.1£1.1 9.88£0.6 7.92£0.6 7.72+£0.4

5

)

BT

Figure 1. Optical micrograph showing the microstructure of the BMG sample. Note the
presence of two regions marked A and B. Inset on top right shows a magnified view of region
B, where dendrite arms are seen. Inset on bottom left shows a magnified view of region A, with
the presence of a flower-like morphology.

a cylindrical cavity of 6 mm in diameter and 50 mm in length in a Cu mould under a
10~ mbar vacuum. In this technique, oxygen pick-up (2800 ppm of O was measured
in the sample) was relatively higher due to the lower level of vacuum in the chamber
and also due to pick-up from the silica crucible holding the liquid melt. Bulk glass
produced via this route is henceforth referred to as BMG.

The as-solidified structure was characterised using X-ray diffraction (XRD),
electron probe microanalysis (EMPA), conventional (CTEM) and high-resolution
transmission electron microscopy (HREM). Crystallisation studies were carried out
in a differential scanning calorimeter (DSC). TEM specimens of the bulk glass were
prepared by a twinjet electropolishing method. The specimens were examined in
JEOL 2000 FX and JEOL 3010 transmission electron microscopes. For high-
resolution work, samples were cleaned by ion milling in a Gentle Mill™ operating at
0.25kV. The chemical composition of the various phases was determined by energy
dispersive spectrometer (EDS) attached with JEOL 2000 FX.

3. Results
3.1. Microstructure of as-solidified BMG

Figure 1 shows an optical micrograph of the microstructure of a cross-section of the
BMG sample. The entire cross-section can be broadly divided into two regions
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marked A and B on the micrograph. Region B, which appeared nearly featureless at
low magnification, showed the presence of a dendritic phase at relatively higher
magnification (inset on top right). The peripheral region (marked A) showed the
distribution of a phase with a flower-like morphology. The size and density of this
phase increased upon moving towards the edge of the sample.

TEM examination of the same specimen shows that the as-solidified microstruc-
ture of BMG was comprised of three distinct phases (Figure 2a); the featureless
matrix (marked A), the dendritic crystalline phase (marked B) and a crystalline phase
having faults of complex morphology (marked C). Selected area electron diffraction

Figure 2. Bright-field TEM micrograph showing (a) the as-solidified microstructure of BMG
where regions marked A, B and C represent amorphous, dendrite and faulted phases,
respectively. SAED pattern shown in the inset is a halo diffraction pattern obtained from
region A, (b) cross-section of the dendritic phase showing the core and faceting of the interface
with the amorphous matrix, (c) dendrites exhibiting both faceted and rounded interfaces.
Single and double arrows indicate the rounded and faceted interfaces of the dendrites,
respectively. Inset shows the faulted crystalline phase present between the dendrites.



Downloaded by [Indian Institute of Science] at 22:48 16 March 2014

2140 S. Neogy et al.

(SAED) from the featureless matrix gave a halo pattern (inset in Figure 2a),
confirming its amorphous nature. Figure 2b shows the distribution of the dendritic
phase with core and primary arms of the dendrite in the amorphous matrix. The
presence of a sharp faceted interface could be noticed from this figure. Figure 2¢
shows another micrograph where dendrites having both faceted and rounded
interfaces are noticeable. The faulted crystalline phase, which showed up as flowers
at low magnification, could be seen to be present between the dendrites in this
micrograph. To understand the distribution of these phases, detailed crystallographic
and high resolution microscopy examinations were carried out.

3.1.1. Dendritic phase and its interface structure

SAED patterns (one as inset on the top right of Figure 3a), taken from the dendritic
phase, could be indexed in terms of a OZ NiTi, prototype- ZrNi ‘big cube phase’
(also known as E93) with lattice parameter ~1.227 nm (space group: Fd3m). The
chemical composition of the dendritic phase determined by EDS showed nominal
variation in the bulk concentration of the major elements in the dendritic and
interdendritic regions. However, the dendritic phase was found to be enriched with
~7wt% oxygen compared to negligible oxygen in the interdendritic region.
Detailed HREM analysis of a dendrite arm with a nearly flat interface on one
face and a curved interface on the other showed that the flat edges were {111} planes
of the ‘big cube phase’ (Figure 3b). A closer examination of both the faces revealed
the presence of several ledges. The density of such ledges was found to be much
higher on the curved interface compared to the flat one. Crystallographic analyses
between the flat facets in a large number of such interfaces showed that nearly all

Figure 3. (a) Bright-field TEM micrograph showing the distribution of the dendrites in the
amorphous matrix of BMG. SAED pattern (top inset) is from the dendritic phase (zone
axis =[112]). (b) HREM micrograph showing a dendrite arm having a flat interface on one
side and rounded on the other. Ledges can be seen at both the interfaces with a higher density
on the rounded one (shown in a magnified view of the marked region). Accumulation of ledges
of different widths resulted in the formation of steps at the interface (shown in a magnified
view). The lattice planes making up the interfaces correspond to sets of {111} planes as
indicated in the figure.
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facets are made up of planes belonging to a family of either {111} or {110} or {113}
planes.

3.1.2. Internal structure and interface structure of the faulted phase

SAED patterns (typical patterns shown as insets in Figure 4a), obtained from the
faulted phase, could be indexed in terms of the D}} body centred tetragonal Zr,Ni
(space group: [4/mcm) phase with lattice parameters a¢=0.6483nm and
¢=0.5267nm. Detailed analyses revealed that each SAED pattern is, in fact, a
composite pattern arising due to the superimposition of several variants of the phase.
Microdiffractions confirmed such findings as, by combining several microdiffrac-
tions with one reciprocal vector ((110)*) common amongst them, the composite
SAED patterns could be reconstructed.

All the SAED patterns obtained from the Zr,Ni phase were invariably associated
with streaking, originating mainly due to the prolate morphology with a high aspect
ratio of the coherently scattering domains, exhibited by the faulted phase (Figure 4a).
The arrangement of these faults varied in orientation as one moved to different
regions. For ease of description, each region having a single orientation of faults will
be called a domain in the rest of the text. The domains were found to impinge on
each other at different orientations (varying from a few degrees to as high as 90°)
within a colony, thus resulting in intersection of streaks in the diffraction patterns at
varying angles from a few degrees to 90°. A typical example of impingement of these
domains is shown in the bright field-dark field combination of TEM images in
Figure 4b where two neighbouring domains (marked 1 and 2) were found to impinge
at around 65°. Based on the detailed HREM examination, regions within domains
could be divided into three categories:

(1) Regions carrying a high density of faults: In some domains, a uni-directional
arrangement of planar faults was noticed (Figure 5a). Most of these faults
were atomistically flat. The density of the faults was so high that a typical
separation between two faults was in the range 0.5-1nm. However, the

Figure 4. (a) Bright-field TEM micrograph showing the morphology of the faulted phase in
BMG. The SAED patterns shown as insets could be indexed in terms of the bet Zr,Ni phase.
The top inset shows a superimposition of three hexagonally oriented twin variants I, IV and V
in [110], [113] and [113] orientations, respectively, rotated & 120° around [110]. The bottom
inset shows superimposition of two sets of [110] and [110] rotation twins at right angles to each
other. (b) Bright-field/dark-field combination of TEM micrographs showing the impingement
of two faulted domains (marked 1 and 2) at ~65°. Arrows indicate the orientation of faults in
the domains.
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separation between the faults was not periodic (as marked by the single arrow
in Figure 5a). Crystallographic analyses showed that these fault planes are
parallel to the {110} planes.

Regions carrying a low density of faults: In some domains, the fault density
was interrupted by relatively flat regions (Figure 5b). Two such regions are
marked A and B in this figure. Microdiffractions obtained from these two
regions and their interface (shown as insets in Figure 5b) revealed that these
regions, which are located side-by-side and separated by a thin interface
(~1nm), have different crystallographic orientations. Detailed analysis
confirmed them to be micro-twins having the following orientation relation-
ship (OR): (110)o//(110)g and [111]4//[001]g. In Figure 5b, narrow bands of
such micro-twins could be seen at many places. Feng et al. [30] have proposed
a +120° rotation twinning around (110) diad occurring due to anti-site
occupancy of Zr and Ni atoms on {110} plane of Zr,Ni. For a [110] Zr,Ni
crystal orientation, the ORs amongst the three hexagonally oriented twin
variants and the ORs existing between these three variants with the variants
generated after a £120° rotation around [110] have been worked out.
Similarly, ORs have been worked out for the orthogonally oriented twins for
a [001] crystal orientation. These ORs are presented in Table 2. In the present
study, microdiffraction and HREM analysis have confirmed the formation of
a few of these variants. For example, the top inset in Figure 4a is a SAED
pattern comprising hexagonally oriented twins, where superposition of three
twin variants I, IV and V has taken place, maintaining the following ORs:

Figure 5. HREM micrographs of the faulted bet Zr,Ni phase showing (a) arrangement of
planar faults within a domain. Single arrow marks an aperiodic distribution of faults in the
structure. Double arrows indicates a region carrying a high density of dislocations and the
region marked by triple arrows shows the development of a defect-free region by annealing out
of faults. The inset shows a magnified view of the dislocated region. (b) Narrow_micro-twin
bands within a domain where regions A and B represent intergrown twins in [111] and [001]
orientations, respectively, with {110} composition plane. The microdiffraction patterns
corresponding to regions A, B and C are given as insets. A magnified view of the microtwin
variants is also added as an inset.
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Table 2. Orientation relationships among twin variants.

[110] Crystal orientation [001] Crystal orientation

(hexagonally oriented twins) (orthogonally oriented twins)
(112),//(112)u, [110]¢//[110]y (110)//(110)rv, [001]y//[11 1]y
(112)1//(112)1yy, [110]1//[110]ny (110)1//(110)y, [001]y//[111]v

(110)y//(110)yy, [110];//[113]1y
(110)//(110)v, [110]y//[113]v

(110);//(110)yy.y and [110];//[113]y, [113]y. In fact, the micro-twin bands
(A, B) shown in Figure 5b, correspond to orthogonally oriented twins, where
superposition of two twin variants, either I and IV (OR: (110);//(110)yy,
[001]y//[111]y) or T and V (OR: (110)y//(110)y, [001];// [111]y), has taken
place. The SAED pattern in the bottom inset of Figure 4a shows
superposition of two sets of orthogonally oriented [110] and1 [110] rotation
twins. In addition to the hexagonal and orthogonal arrangements of variants,
as reported by Feng et al. [30], random arrangement of variants was also
observed in the present study, which is in agreement with the findings of Liu
et al. [31] and Brauer et al. [32].

(3) Regions carrying a high density of dislocations: Such a region is shown by the
double arrow in Figure 5(a). Although the presence of a heavy density of
faults made it difficult to identify the dislocations, they could be discerned by
the discontinuity of atomic planes and also by the presence of strain
associated with them, which is manifest by a variation in contrast at the
vicinity of the dislocations. Dislocation-like defects were also visible at the
boundary of the two aforementioned types of regions.

As during solidification, due to rapid growth of the Zr,Ni phase, it was not
possible to examine the whole crystal in one view under the HREM; therefore,
suitable heat treatments through DSC were provided to form nanocrystals of this
phase, allowing us to understand its growth mechanism.

Crystallisation of BMG led to the transformation of the leftover amorphous
matrix into nanocrystals of the bct Zr,Ni phase, whereas the dendritic ‘big cube phase’
and the faulted Zr,Ni phase, present in the as-solidified microstructure, remained
nearly unaffected. Figure 6 shows a high-resolution image of a crystallised nanograin.

In most cases, regions having high dislocation density were found to be located at
the periphery, whereas regions of low fault density were formed in the central part of
the domains. This situation was more apparent in a crystallised microstructure,
where the sizes of such domains were in nanometres. This issue is discussed in the
latter part of the paper.

4. Discussion
4.1. Formation of the ‘big cube phase’

The formation of the E9; ‘big cube phase’ in the as-solidified microstructure
of BMG is essentially due to oxygen contamination and low cooling rate
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Figure 6. HREM micrograph showing nanocrystal of the bct Zr,Ni phase in the crystallized
microstructure of BMG. Fault-like micro-twin bands (marked by arrows) could be seen within
the nanocrystal. The inset is a ring pattern obtained from the nanocrystalline microstructure.

[1-4,22,26-28,33-38]. Altounian et al. [22] have shown that even 1-4 at% O is
sufficient to induce the formation of the ZryNi>O ‘big cube phase’ in a Zr—Ni-based
system. Due to its strong affinity for oxygen, Zr has a tendency to pick oxygen at
various stages of fabrication and thus a certain amount of oxygen pick-up is always
expected during the synthesis of Zr-based glasses. To understand the mechanism of
‘big cube phase’ stabilisation by oxygen, it is pertinent to examine the crystal
structure of this phase. B

The big cube-related phases have Fd3m as space group with a unit cell containing
96 atoms (64 Zr and 32 Ni) [33,34]. Figure 7a shows a prospective view of the atomic
arrangement in the unit cell of ‘big cube phase’ from which three points could clearly
be noted: (i) Zr atoms form an octahedron, (ii) each Zr octahedron is centred by an
oxygen atom (marked in Figure 7a) and (iii) Ni atoms form a tetrahedron (marked in
Figure 7a). The size of the Zr octahedron is close to 3.9 x 10~ nm?, which is much
larger than the volume of one oxygen atom (~1.6 x 107" nm?). A unit cell of the ‘big
cube phase’, thus, can accommodate up to 16 oxygen atoms without introducing any
significant strain in the crystal. However, the formation of ‘big cube phase’ has been
seen in alloys with oxygen concentration as low as 1 at%, suggesting the existence of
a wide phase-field for this phase. Typical bond length between Zr and O in such
octahedron is nearly 0.21 nm, which matches closely with the bond length of Zr—O in
the ZrO; structure (~0.22 nm). Mackay et al. [33] have shown that the presence of
oxygen at the octahedral sites lowers the energy of formation of the ‘big cube phase’
over the Zr,Ni phase by nearly 137e¢V per oxygen atom. Thus, even a small
concentration of oxygen is sufficient for the formation of the ‘big cube phase’.
Figure 7b shows the atomic arrangement of the ‘big cube phase’ on an {111} plane.
As evident from the figure, oxygen atoms lie along one of (110) on an {111} plane,
with the least distance between two oxygen atoms on this plane approaching a/,/2
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(a)

Figure 7. Schematic diagram showing (a) atomic arrangement within a unit cell of the E9; ‘big
cube phase’. Zr atoms forming octahedron and Ni atoms forming tetrahedron are marked in
the figure. O atoms are seen to occupy the interstitial site within a Zr octahedron. (b) Atomic
arrangement on {111} plane of the ‘big cube phase’.

(0.867 nm). The arrangement of octahedrons of Zr along the (110) direction is shown
in this figure also. Such an arrangement clearly demonstrates that the growth of the
‘big cube phase’ can be accomplished by quick alignment of octahedrons of Zr,
which are stabilised by oxygen, along (110) directions. If a ledge of one step is to be
created, the typical height of ledge turns out to be 1.5 nm, which matches closely with
the height of ledge observed on flat surfaces in this study. The growth of crystals by a
ledge mechanism during solidification is not unusual [39]. Generally, it is observed in
cases where a material has a high entropy of fusion [40]. Aziz [41] has proposed an
aperiodic stepwise growth model where, if solute partitioning shows strong direction
dependence, growth of the solid front depends upon the formation of ledges and on
ledge velocity. In the present study, the observation of flat interfaces of the dendrite
phase belonging to a family of either {111} or {110} or {113} planes indeed indicates
the existence of such low energy interfaces, and the presence of ledges in them points
towards a possibility of ledge-based growth of interfaces. This is the first observation
of this phenomenon in a metallic glass-forming alloy system.

As the transport of solute is essential for the formation of ledges, and the major
alloying elements did not undergo any partitioning during the formation of
dendrites, the motion of the interface depended on the diffusion of oxygen towards
the interface. A sharp increase in the viscosity of the melt with rapidly decreasing
temperature during solidification makes the diffusion of oxygen sluggish. Due to
inadequate availability of oxygen atoms, the interfaces either completely stopped or
grew marginally with a small concentration of oxygen available in the nearby region,
thus causing local instabilities in the solidification front.

4.2. Formation of the bct Zr,Ni phase

The presence of the bct Zr,Ni phase was noticed in both the as-solidified and
crystallised microstructures. The interesting feature associated with this phase is the
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presence of fine striations in the microstructure and corresponding streaks in the
SAED patterns, which have been explained by many researchers as internal strains
[42], stacking faults [43] or micro-twining [44]. Feng et al. [30] gave a geometrical
explanation for the combination of different twin variants observed, though the
origin behind the high density of faults was unexplained.

A unit cell of Zr,Ni (C16 CuAl, type structure) has Zr atoms at 8 2 and Ni atoms
at 4a Wyckoff positions. The positions of Zr atoms can be divided into two
categories: one on the 0.25 z-plane and the other on the 0.75 z-plane. In such a lattice,
a defect can occur in two ways:

(1) Change in the stacking sequence of Zr atoms at the 0.75 and 0.25 z-planes, as
shown in Figure 8a.
(2) Zr and Ni atoms occupying anti-sites in the lattice.

The first type of defect can appear during the growth of the phase if the stacking
sequence of Zr atoms changes by the introduction of a fault (%2[001]) leading to a
twin across {110} planes (Figure 8a). Most of the faults were found to be aligned
along (110) (Figures 5a,b and 6). The density of such faults would reach to a
maximum when every {110} plane undergoes faulting. Under such a situation, the
separation between two faults reaches to a value of 0.458 nm (~d, (), which is close
to the fault separation observed in Figure 5a. Peripheral regions of most of the
domains, representing a region close to the advancing front, showed relatively high
density of such defects (Figures 5a and 6).

Subsequent annealing of defects was achieved by the rearrangement of atoms
leading to defect-free central regions in most of the domain (Figure 5b). The presence
of such a central defect-free region has also been observed in the Zr,Ni nanocrystals
present in the crystallised microstructures (Figure 6). Figure 5a shows such a defect-
free region under development. The rearrangement of atoms on {110} planes can be
visualised in Figure 8b. As Zr atoms do not liec on the (110) plane in the lattice of the
Zr1>Ni phase, based on their positions with respect to the plane, a (+) or (—) sign has
been assigned. Due to a fault, the stacking sequence would change as shown in
Figure 8b. A displacement of "2(110) (~0.45nm) is sufficient to anneal out such a
stacking defect. In this way, the defect-free region can grow along the thickness in the
direction perpendicular to the {110} plane. A displacement along '2[001] can also
anneal out these faults, thereby increasing the length of such region.

Figure 5b shows a HREM image where narrow bands having (111) orientations
were found to surround relatively larger regions having [001] orientation along (110)
directions. Such defects originate when Zr and Ni occupy anti-sites. On an {110}
plane, Ni atoms align along the [001] direction. If a Ni atom occupies Zr sites, there
are two possible ways it can be accommodated (Figure 8c), thus generating two
additional variants with the orientation relationship shown in Table 2. Additional
variants also appear from the other (110) plane. When a growing variant meets with
the variant lying on the other {110} plane (these planes are at 90°), they become
locked with {111} orientations surrounding the major variant along a common (110)
direction. Such {111} orientations were only a few atomic layers thick and
contributed to streaking along (110)* in the SAED patterns.

There were differences in the nature of the faults present within the Zr,Ni
nanocrystals formed during crystallisation and those present in the as-solidified
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Figure 8. (a) Schematic diagram showing the projection of the bet Zr,Ni unit cell along [001]
direction. The Zr atoms at different z positions (0.25, 0.75) are shaded with different colours.
If a fault is introduced in the arrangement of Zr atoms, twinning around (110) plane takes
place (marked by thick line). (b) Schematic diagram showing the arrangement of atoms on
{110} plane. The + and — signs on the Zr atoms indicate the up and down positions of the
atoms with respect to the plane of paper, respectively. The change in the sequence of stacking
among Zr atoms has been marked by broken ellipses and the arrow shows the displacement
required to restore the stacking sequence. (c¢) Schematic presentations of twin-variants arising
due to the anti-site occupancy of Ni and Zr atoms.

Zr,Ni phase in BMG. The major differences were that: (i) each nanograin had only
one domain, unlike many domains obtained during solidification; in agreement with
literature reports (e.g. [45]), and (ii) regions containing dislocations were nearly non-
existent in the nanocrystals.

In spite of these aforementioned differences, in either case, thin micro-twin bands
were seen (as shown in Figures 5b and 6) indicating a similar mechanism of crystal
formation operating in both cases. Taking account of these observations, it can be
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conjectured that the early stage of growth of the Zr,Ni phase is via the formation of a
single domain. As the growth process continues, the propensity for faulting increases
due to anti-site occupancy by Zr and Ni atoms. Simultaneous growth of these
multiple domains increases the propensity for aperiodic faulting (Figure 5). These
faults introduce random arrangement of twin variants, in addition to hexagonal and
orthogonal arrangements. All these necessitate the formation of different regions,
viz. a region of high fault density, a region of low fault density and a region of high
dislocation density, within a single domain and their interfaces.

5. Conclusions

In the present study, a detailed transmission electron microscopy investigation of the
as-solidified and crystallised microstructures of the Zrs3Cu,;Al1oNigTig bulk metallic
glass (BMG), synthesised using a copper mould casting technique, has been
systematically carried out. HREM analysis of interfaces of the dendritic ‘big cube
phase’ has shown that the phase grows via the attachment of atomistic ledges during
solidification. The ledge density at the interface, which was governed by oxygen
content and local conditions of cooling, could also explain the presence of the sharp
faceted and curved interfaces of this phase with the amorphous phase.

The faulted Zr,Ni phase consisted of different domains corresponding to
different orientations. A variety of interfaces were noticed between these individual
domains and also within a single domain itself. At least three different types of
faulted regions were identified to coexist in a single domain. The arrangements of
faults and defects were similar in nature in the Zr,Ni phase formed during
solidification or crystallisation. These similarities are essentially due to a similar
underlying mechanism for the formation of this phase in each case, which could be
explained on the basis of anti-site occupancy by Zr and Ni atoms in the lattice.
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