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Abstract: The systematical studies of Zr-based BMGs were summarized in terms of their compositional design and their structural
characterization. In particular, several key issues of BMG materials were focused, including initial alloy design and subsequent
composition optimization, solidification microstructure characterization and crystallization process specification. The results show
that a compositional designing approach is successfully developed and, through extensive microstructure characterization using
transmission electron microscopy, several new crystalline phases are discovered in these newly developed Zr-based BMG alloys.
Crystallization behavior of Zr-based BMG is also determined based on the microstructure analysis.
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1 Introduction

Metallic glass was firstly developed in the
1960s[1]. Extremely high cooling rate (about 10°K/s)
was required to avoid crystallization during the melt
cooling process, which could only be achieved through
highly specific equipments and, in general, the
dimensions of resultant glasses were less than tens of
micrometers. These disadvantages have restricted the
study of metallic glasses till the discoveries of
Pd-based[2] and Ln-based [3] metallic glasses in the
1980s, whose critical dimensions are in the scale of
millimeter and consequently open the door for the
research of so-called bulk metallic glasses(BMGs) that
have a much higher glass forming ability and can be
fabricated via conventional casting facilities. Since then,
numerous BMG systems have been developed due to
their superior properties over the crystalline counterparts,
which make them a promising candidate as structural and
functional materials for many engineering applications.
Among them, Zr-based BMGs have shown several
outstanding characters[4—7]: high glass forming ability;

high thermal stability; superior mechanical properties,
including high strength at room temperature and
super-plasticity at room and high temperatures. These
advantages make Zr-based BMGs one of the most
favorite BMG systems scientifically and technologically.

Although enormous progresses have been achieved
so far in the development of BMGs, there are still several
fundamentals that deserve further investigations, such as
alloy designing, solidification and crystallization analysis.
In this work, some fundamental issues were summarized,
including alloy designing and  microstructure
characterization in the Zr-based BMGs.

2 Compositional design

How to design alloys that favor the glass formation
rather than crystallization is probably the most important
issue in the BMG field. On this point, several
well-known experimental principles, such as “Three
Empirical Principles”[8] and “Confusion by Design”[9]
have been well accepted and applied in the BMG field.
However, these approaches still require a large amount
of tedious experiments. Following these routes, extensive
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searching and screening processes for glass forming
alloys are still unavoidable.

In order to determine the BMG compositions more
efficiently, based on the study of binary phase diagrams
associated with compositions in the Zr-based BMG
systems, we have developed a composition design
approach that can predict high glass forming ability of
BMG forming alloys with very limited experiments. The
principle of this approach[10] can be summarized as
follows. It is well documented that the glass formation
requires suppression of the nucleation and growth of the
competing crystalline phases. If the chemical affinity
between the atomic pairs of the constitutional elements
can be balanced in a certain degree (instead of forming
crystals), the designed alloys would have a strong ability
to prevent the precipitation of any crystalline compounds
from the melt during the cooling process. In this newly
developed approach, we have demonstrated that such a
balance in the chemical affinity can be achieved by
proportionally mixing the corresponding binary eutectic
compositions with low eutectic points.

By applying this newly developed approach to the
Zr-based alloys, we have successfully developed several

Zr-based BMGs with high glass forming abilities[10—13].

Table 1 lists a few representative alloys. Among them,
Zrs5;Cuyo7Nij2Al 63 shows an extremely high T, (the glass
transition temperature) value and significant mechanical
properties. Furthermore, the composition-tuned alloys
(Zro.503Cuq.187Nig.12Al0.10)96 iy and  (Zro.51Cug207Nip.12-
Alg163)995Y0s can be easily cast into rod-shaped
amorphous samples with a diameter up to 10 mm via
conventional casting facilities, which make them ones of
the best glass forming alloys in Zr-based BMGs.

This compositional design approach has also been
applied to other BMG systems, such as Cu-[14] and
Ni-based[15] BMGs. The significance of this approach
lies in its efficiency and easiness to locate a specific
composition that favors the glass formation in a given
system. Based on the designed alloy, the subsequent
composition optimization by appropriately adjusting the
contents of the constitutional elements or by adding

alloying elements can further improve the glass forming
ability. Some examples are shown in Table 1, ie.,
Zrs51Cuzo7Ni12Al16 37> (Z10.51Clg.207Nig.12Al0.163)99.5 Y 0.5 and
Zrso 3Cuyg 7N Aljg—(Zr0.503Cug.187Nig.12A10.10)96 Tis, OF in
Ref.[16].

3 Solidification microstructure characteriza-
tion

Since materials property depends strongly upon
their microstructures, it is essential to determine
materials microstructures so as to fundamentally
understand their properties. In the case of BMGs, it is
critically necessary
microstructures to justify the amorphous state as well as

to specify the resultant products of the solidification

to evaluate the solidification

process. If
very earlier stage, identifying the crystalline phase(s) is
critically important to avoid them in the future alloy
design. In a recent study, HUFNAGEL[17] stressed the
importance of the study of fine microstructure in

in-situ crystallization takes place, even at

amorphous materials. Our previous studies[5,13] have
shown that the investigation of quenched-in crystalline
phases can provide insights on which phases are the
competing phases to the amorphous structure, which is
vital to understand the impurity effects.

Table 2 lists crystalline phases found in Zr-based
BMGs[18-36]. It should be noted that some of these
phases were reported as the quench-in phases while the
others were observed in the annealing process. However,
an attempt to clearly differentiate them remains
impossible, because, in fact, these phases could be
formed in both processes. From Table 2, one can also
realize the complexity of identification of these
crystalline phases. This complexity mainly results from
two aspects: 1) most of Zr-based BMGs contain more
than three components and their relative compositions
vary; 2) the quenching process and/or the annealing
process can vary significantly, too.

Traditionally, the X-ray diffraction (XRD)
technique has been the primary technique to determine

Table 1 Thermal data for representative Zr-based BMGs developed in our group with well-known alloy ZrssCu,7.5NijgAl; 5 for simple

comparison
Zr-based BMGs T/K T./K AT /K T/K Ty D/mm Ref.
Zrs93Cuyg7NijpAlyg 670 772 102 1 080 0.620 ~3 [11]
(Zry.593Cug,187Nig 12Alg 10)96 T4 669 747 78 1029 0.650 ~10 [12]
Zrs51Cuy 7NijpAl63 722 800 78 1132 0.638 ~3 [13]
(Zry.51Cuyg.207Nig.12Alg.163)99.5 Y 0.5 725 802 77 1130 0.642 ~10 [13]
Z165Cu,7.5NijgAl; 5 657 736 99 1168 0.562 ~5 [13]

Ti: Liquidus temperature; D: Largest achievable diameter with amorphous structure
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Table 2 Crystalline phases reported in some Zr-based BMG forming alloys

Phase Zr-based BMG Crystal structure and unit cell parameters (in nm) Ref.

Al ;Nig3Zr Zrsy sCuy;NigAljoTiy s C, Fd3m: a=0.738 [18]
AlZr ZrgsAl; sNijoCuypsAgs NM, PDF: O, Cmcm: a=0.335 9, b=1.088, ¢=0.427 [19]

ALZr (Cuig 50Zt0 50)osA L NM, PDF: H, P63/rr117r:gj7(12=1(’).c5:22(3),. :;).874; 0:a=0.104, [20]

AlyZry Zrs, sNij46Al10Cuy79Tis NM, PDF: H, P(bar 6): a=0.543, ¢=0.539 [21]
Cu(Al Ni)Zr, ZrssAl7 5NijoCuy T, [4/MMM: a=0.323 8, ¢=1.111 [22]
CuypZry Zrs55A115Ni;oCuyg NM, PDF: O, C2ca: a=1.267, b=0.931, ¢=0.935 [23]

Cus Zryy4 (Cuyg50Zr950)98Al, H, P6/m: a=1.123, ¢=0.827 [20]

NiZr ZrgsAl; sNijoCuypsAgs NM, PDF: O, Cmcm: a=0.326, b=0.997, ¢=0.408; X-type phase [19]

NiZr, Zrs7TigNb, sCuy39Nij 1Al s T, I4/mcm: a=0.651, ¢=0.524 [24]
NigZr; Zrs, sNijg6Al10Cuy79Tis 0O, Ab2a: a=0.922, b=1.229, ¢=0.915 [21]
Zr(Ag, Ni) ZrgsAl; sNijoCuypsAgs NM, no data in PDF database [19]
ZrAl Zrs, sNijg6Al10Cuy79Tis 0O, Cmcm: ¢=0.335 9, b=1.088, ¢=0.427 4 [25]

ZnAl ZrgoAliCuzy Pd,(x=0, 10) L o Pomme: ¢ AR [26]

Zr3Al Zrs5525Cuyg sNiy 75Alg s Tas C, Pm3m: ¢=0.437 2 [27]

Zr;3Al, ZrgoAl;oCuso-,Pd,(x=0, 10) T, P4)/mnm: a=0.762, ¢=0.699 [26]
ZrAlCu, ZrssCuz0Al;oNis C, Fm3m: ¢=0.621 5 [28]
ZrsAINi, Zrg5Al7 sNijoCuy H, p6(bar 2)m: a=0.792, ¢=0.334 [22]
Zr(Al, Ni), Zrsy sNijg6Al1oCuy79Tis C, Fd3m: a=0.612 3 [21]
Zr,Cu Zrg5Al7 sNijoCuy T, I4/mmm: a=0.453 6, ¢=0.371 6 [29]
Zry(Cu, Al) ZrgsAl; sCuyy s NM, C typed crystal, no data in PDF database [30]
Zry(Cu, Al) Zr65A1xCu35 NM, T typed crystal, no data in PDF database [31]
Zr;CuyAl;O ZrssAlysNijoCuy C, Fd(bar 3)m: a=0.57 [32]
Zr7,Cu;6AlgOy ZrgsCuyrsApr s Quasicrystal [30]
Z1354Cusq oNig3Al31 3 R: a=0.540, ¢=2.910 [33]
ZigoCun NingoAlsy 30 nzh oo s 0: 4=0.69, b=0.75, c=0.74 5
Zrs7.1Cuyy oNig 1Al g g M: a=0.951, b=0.546, c=1.015, =72° [33]
Zr4Cu,0 Zr55Cusz0Al oNis C, Fd(bar 3)m: a=1.227 [34]
Zr)Ni Zrgo sCuppNij Al s T, I4/mem: a=0.648 6, ¢c=0.527 9 [24]

Zrs5sAl sNi;oCuyg C, Fd3m: a=1.227 [22]

Zry(Nig.6700.33) (HfZr1)52.5Cu17.9Ni14 6AL10Tis T-type phase [25]
Z14Ni,O Zrs, sNijg Al oCuyyoTis C, Fd(bar 3)m: a=1.219 7 [35]

NM, PDF: M, P2/c: a=0.515, b=0.521, ¢=0.532, f=99.216";
Zr0O, ZrgsCuyr5A17 5 O, Pnam: a=0.547, b=0.634, ¢=0.325; [36]

T, P4,/nmc: a=0.360, ¢c=0.518

NM, PDF: Crystal structure not given in Ref. and data suggested by PDF database; C: Cubic; T: Tetragonal; H: Hexagonal, O: Orthorhombic; R: Rhombohedral;
M: Monoclinic; X: Unspecified structure

the crystalline phases.

However, there are

two

microstructure), XRD fails. 2) In general, several

fundamental limitations that have fatally restricted the
power of XRD in specifying the crystalline phases in the
field of BMGs: 1) XRD requires a considerable amount
of a crystalline phase to show up its diffraction peaks. If
the content of a crystalline phase is small (which is
particularly  true for a

partially  crystallized

crystalline phases co-exist in a BMG system, this
situation, in some cases, makes XRD an unreliable
technique to identify crystalline phases. This situation
can often be coupled with the fact that the crystalline
phases found in the BMGs are often not the pure phases
listed in the Joint Committee on Powder Diffraction
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Standards. This leads to the deviation of standard and
measured lattice parameter(s) for a given phase, which
enhances the complication in analyzing the XRD data.
To avoid these problems, we have successful employed
transmission electron microscopy(TEM) to investigate
the crystalline phases in BMGs as TEM is a powerful
tool to study local structure in the real (image) and
reciprocal (diffraction) spaces. Through applying TEM,
new crystalline phases[5,33] and the competing phases to
the amorphous structure[37—38] have been identified.
Fig.1 shows the bright-field TEM images and
corresponding selected area electron diffraction(SAED)
patterns for two recently discovered crystalline phases in
a slowly cooled Zrs;Cuy;NijpAlje; alloy. Based on the
diffraction information, they were determined as a
rhombohedral structured crystal with lattice parameters
(in hexagonal unit cell) of @=0.540 nm and ¢=2.910 nm,

and a monoclinic structured crystal with lattice

parameters of a=0.951 nm, 5#=0.546 nm, c=1.015 nm and
p=72°. The energy dispersive spectroscopy facility
averaged

attached in the TEM confirmed their

compositions as Zrzs4CuyoNig3Alz13 and Zrsy1Cuyg -
NigAlypg, respectively. In addition, an orthorhombic
phase, with lattice parameters of a=0.69 nm, 5#=0.75 nm
and ¢=0.74 nm, was also determined in the yttrium
doped Zrs;Cuyy7NijpAljgy  alloys[5]. From these
examples, we anticipate that there should be many new
phases existing in the BMGs, and TEM should be the
unique tool in their identifications.

As an example of competing phase to the
amorphous structure, an oxygen stabilized face centered
cubic NiZr, (a=1.22 nm) was observed in 5 mm
Zrs51CuysNijpAl g3 alloy as the single phase surrounded
by the amorphous matrix. Figs.2(a) and (b) show its
bright-field TEM image and corresponding SAED
patterns. Based on this, yttrium was introduced as an
oxygen getter element. TEM analysis confirmed that the
formation of the body centered cubic Y,0; (¢=1.05 nm)
phase, as evidenced in Figs.2(c) and (d). TEM images
show that, apart from these Y,O; crystalline particles, the
remaining is adding

amorphous, confirming that

yttrium is a very effective route in enhancing the glass

Fig.1 TEM bright-field images and corresponding SAED patterns for two new phases observed in slowly cooled Zrs;Cu,g7NijpAljg3

alloy: (a), (b) Rhombohedral phase; (b), (d) Monoclinic phase
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Fig.2 TEM bright-field image (a) showing competing phase (NiZr, type) in d5 mm Zrs;Cu,q;Nij;Aljg3 alloy with series of SAED

patterns (b), and TEM bright-field image (c) showing body centered cubic Y,0O; phase found in yttrium-doped Zrs;Cuyg7NijpAljgs

alloy with series of SAED patterns (d)
glass forming ability.

4 Thermal stability and crystallization
behavior analysis

Since BMGs are in a thermodynamically metastable
state compared with their crystalline counterparts,
evaluating their thermal stability is necessary from a
viewpoint of their industrial applications. Conventionally,
there are several characteristic parameters can be used to
assess the thermal stability[8], they are: T, Ty (the
crystallization temperature) and ATy (= T:—T,), and the
calculated activation energies at certain temperatures,
such as £, (the activation energy at the glass transition
temperature), and £, (the activation energy at the peak
temperature of crystallization). While controversies are
often encountered when using different parameters due
to the inconsistence between them, more reliable and

more direct methods should be used to solve these
problems.

Fig.3 shows the high resolution TEM images and
SAED patterns for the as-prepared and annealed alloys
Zrs51CuyNipAlss and ZresCuyq5NijgAlss, respectively
[10]. Based on these TEM results, it can be clearly
understood that Zrs;Cu,o7Nij»Aljg; has better thermal
stability than ZrgsCuy75NijpAl;s under the identical
annealing conditions. However, if just judging from the
thermal data shown in Table 1, one cannot distinguish
which alloy is more thermally stable, since the former
alloy has higher 7, value, yet the latter one has a higher
AT, value.

The crystallization behavior study is another
important issue for BMGs. It is well known that the
devitrification and the crystallization of BMGs are
fundamental pathways to generate nano-crystals[39]. At
the same time, some partially crystallized BMGs show
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the increase of strength, and even ductility, when
compared with their fully amorphous counterparts, which
has attracted great attentions both scientifically and
technologically[8].

By using electron microscopy techniques, one can
obtain the information on the following aspects of the

crystallization behavior: the primary phases (including
the structures and compositions), the nucleation and
growth processes, and the crystallization products. Fig.4
shows the TEM results of the annealed alloy
(Zro.51Cug207Nig,12Alp.163)99.5 Y 0.5, which shows a
tetragonal structured phase with large lattice parameters

Fig.3 High-resolution TEM images and corresponding SAED patterns (insets) for as-prepared Zrs;Cuyy;NijpAlg; alloy (a),
as-prepared ZrssCuy7sNijgAl; s alloy (b), Zrs;Cuyg7NijpAljgs alloy annealed at 673 K for 60 min (c) and ZrgsCu,75NijpAl; s alloy

annealed at 673 K for 60min (d)

Fig.4 TEM results showing tetragonal structured
crystalline phase in (Zrys,Cug07Nig.120Alp.163)99.5Y 0.5
alloy annealed at 773 K for 30 min: (a) Bright-field
image; (b) Low indexed SAED patterns
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(a=0.96 nm and ¢=2.82 nm)[40]. Since this phase
disappears in the subsequent high temperature treatments,
suggesting that this phase is a metastable phase that will
transfer into other stable phases.

5 Conclusions

1) A BMG design approach has been developed and
has successfully predicted alloy compositions that favor
the glass forming process. The advantage of this
approach lies in its easiness of locating multi-component
alloy compositions. The efficiency of this approach has
been demonstrated in Zr-based BMGs as well as in other
glass forming systems.

2) By characterization of the solidification
microstructure using TEM, we determined three new
crystalline phases in the slowly cooled alloy

Zrs5;CuyNijpAljss and (Zros1Cug207Nig.12Alp.163)100-x Y x
(x =0.75 and 1), respectively. Based on the TEM analysis
of the competing phases to the vitrification, pathways for
optimizing the designed alloys have been suggested and
a greatly enhanced glass forming ability has been
achieved.

3) By characterization of the annealed BMG alloys
using TEM, we systematically studied the crystallization
behavior of a high GFA alloy, (ZrysCug207Nig 12-
Alp163)995Y0s, and specified its crystallization process
and crystallization products. Based on TEM results, we
has also verified that the alloy Zrs;Cuyy7Ni;;Ali¢; has a
higher thermal stability compared with a well-known
alloy ZrgsCuy75NijpAl; s, from which the power of TEM
is well demonstrated.
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