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We investigated the stability of the supercooled liquid in Zr-based glassy aloys by examination of their transformation behavior. The
primary phase is an fcc ZraNi phase in a ZregsAl75NijoCusz s glassy aloy with high glass-forming ability (GFA). By substitution of Ag, Pd,
Au or Pt for only 1at%Cu, an icosahedral quasicrystalline phase (I-phase) precipitates with the fcc ZroNi phase. The primary phase changes
to the single I-phase at higher noble metal contents. It is further found that the I-phase precipitates by a small amount of substitution for Cu
with other elements as well as the noble metals, which have aweak or positive chemical affinity with one of the constitutional elementsin the
Zr—-Al-Ni—Cu glassy dloy. Thus, the slight deviation from the three component rules for high GFA is effective for the I-phase formation. The
I-phase is also formed as a primary phase in the ZrgsyAl75Ni1oCui75_y (y = 1-7) glassy aloys. A dight change in the composition has
the similar effect as the addition of element such as noble metals and so on. An icosahedron is contained as a structure unit in the fcc ZroNi
and I-phases and hence the glassy structure is correlated with the local icosahedral atomic configuration. The high-resolution transmission
electron microscopy image of the Zr7oAl75Ni1pCui2 5 glassy alloy reveals a possibility of the existence of the icosahedral ordered regions. It
is therefore, concluded that the icosahedral short- or medium-range order exists in the supercooled liquid as well as in the glassy phase and it
stabilizes the supercooled liquid state in the Zr-based aloys. An |-phase also precipitates as a primary phase by substituting Pd, Au or Pt for
only 1at%Cu in the Zr;oCusg glassy alloy. From these results, the appearance of the supercooled liquid region is attributed to the existence of

the icosahedral atomic configuration consisting of Zr and Cu.
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1. Introduction

Recent discoveries of a number of bulk glassy alloys with
high GFA in Zr-based multicomponent alloy systems' have
attracted much attention in the aspects of scientific interests
in a high stability of glassy state as well as industrial ap-
plications. Among Zr-Al-TM (TM = transition metals)
alloy systems, the ZrgsAl7.5NioCui7 5 glassy alloy has an ex-
tremely high GFA as is evidenced by the largest value of
the supercooled liquid region which is defined as the tem-
perature interval between glass transition temperature, Ty and
crystallization temperature, T,.% The stable supercooled lig-
uid state contributes to the production of bulk glassy aloy. It
is suggested that the stability of the supercooled liquid state
is strongly correlated with their local structure.®” Very re-
cently, the precipitation of an I-phase was reported in the
ZresAl75NioCus7 s glassy aIon by addition of 5 to 10at%
noble metal substituted for the Cu element.89 The I-phase
has a fine grain size in the diameter less than approximately
50 nm, which exhibits a high nucleation rate. The authors
have reported the I-phase formation by addition of other el-
ements such as V, Nb, Ta and Mo, which have positive or
nearly zero mixing enthalpies against major constituent ele-
mentsin the Zr—Al-Ni—Cu alloy.1%:1? It isinterpreted that the
I-phase can be formed by deviating the three component rules
for high GFA in the Zr-based multicomponent alloy, which
are described as: (1) multicomponent systems consisting of
more than three elements; (2) significant differencein atomic
size ratios above about 12% among the three main constituent
elements; and (3) negative heats of mixing among the three
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main constituent elements.’® These discoveries also imply
the correlation between the local icosahedral order and the
high thermal stability of supercooled liquid state.!® In the re-
cent studies,'® it wasrevealed that ordered regions exist in the
glassy state of the Zrs, 5 Ti7 5CuoNigAlg multicomponent al-
loy. However, the ordered regions were too small to identify
their structure.

In this paper, we investigate the stability of the supercooled
liquid state in Zr-Al-Ni—Cu glassy alloys by the detailed ex-
amination of the transformation behavior. Especially, we have
focused on the structure of the primary phase, which reflects
the local structure in the glassy or supercooled liquid state.
From these studies, we intend to clarify the dominant factor
for high GFA and high stability of supercooled liquid state in
the Zr-based glassy alloy.

2. Experimental Procedure

Melt-spun Zr65+yAI7_5Ni10Cu17_5,y (y = 0 to 9) a-
loys with a cross section of 0.03 x 1 mm? were produced
from alloy ingots prepared by arc melting high-purity met-
as of 99.9mass%Zr, 99.999 mass%Al, 99.9mass%Ni and
99.999 mass%Cu. The aloy ribbons substituting Ag, Pd,
Au or Pt for 1 to 4at%Cu in the Zr65A|7'5Ni10CU17.5 alloy
were also prepared. The aloy compositions represent nom-
inal atomic percentages and the sample preparation was car-
ried out in a purified argon atmosphere. Thermal properties
were measured by differential scanning calorimetry (DSC)
at a heating rate of 0.67Ks™. The samples were annealed
in the DSC cell in an argon atmosphere at a heating rate
of 1.67Ks 1. The annealed structure was examined by X-
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ray diffractometry with Cu—Kea radiation and field-emission
transmission electron microscopy (FE-TEM) with an acceler-
ating voltage of 300kV (JEOL JEM-3000F). The sample for
TEM observation was prepared by the ion milling technique.
The compositional analysis was performed by nanobeam en-
ergy dispersive X-ray spectroscopy (EDX) with abeam diam-
eter of approximately 5nm. The observation of an ordered
region was performed for the as-spun Zr7pAl75NipCuizs
alloy using a high-resolution transmission electron micro-
scope (HREM). The sample for HREM was cooled with lig-
uid nitrogen during ion milling. The oxygen content of the
as-quenched ribbon samples was analyzed to be less than
800 mass ppm by inductively coupled plasma spectroscopy,
where the influence of oxygen impurity on the transformation
behavior can be disregarded.'®

3. Results

3.1 Change in transformation behavior by addition of
noble metal

Figure 1 shows DSC curves of the melt-spun ZrgsAl7 5Niqo-
Cuy75 and ZresAl75NiCuiss (Ag, Pd, Au and Pt); glassy
alloys. All of the curves clearly indicate the glass transition,
followed by alarge supercooled liquid region. The glasstran-
sition temperatures, Ty are nearly the same among the alloys.
A sharp single exothermic peak is observed asamain crystal-
lization reaction in the ZrgsAl75NioCui75 glassy aloy. By
substituting Ag, Pd, Au or Pt for only 1at%Cu, the main
exothermic peak becomes broader. The crystallization tem-
peratures in the noble metal-containing aloys are in range of
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Fig. 1 DSC curves of met-spun  ZrgsAl7sNippCuizs  and

ZresAl7.5Ni1oCuis 5 (Ag, Pd, Au and Pt); glassy dloys.
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747 to 753K, which are dightly higher than that (744K) in
the ZrgsAl75NipCuizs aloy. In order to examine the pri-
mary phase in these samples, annealing was performed at a
temperature near Ty. The X-ray diffraction (XRD) patterns
of the ZrgsAl75Ni1oCuUsg 5 (Ag, Pd, Au and Pt)]_ glassy aIonS
annealed for 30s at the temperatures of 750 and 755K are
shown in Fig. 2. The XRD pattern of the ZrgsAl75Ni1oCus7s
glassy aloy annealed for 30sat 740K isalso shown for com-
parison in the figure. Some sharp diffraction peaks are ob-
served in addition to ahalo peak corresponding to the residual
glassy phase for all the samples. In the ZrgsAl75NipCuszs
glassy aloy, the primary crystaline phase is identified as
a single fcc ZrpNi with a large lattice parameter of a =
1.227nm.1) In the ZrgsAl75NioCuis s (Ag, Pd, Au and Pt)l
glassy dloys, the diffraction peaks recognized as an I-phase
are observed in addition to the fcc Zr,Ni phase.

For further identification of the microstructure of the
primary phase, TEM observation was performed. The
bright-field TEM images ((@) and (c)) and selected-area
electron diffraction patterns (SADP) ((b) and (d)) of the
ZresAl75Ni1oCusg sPdy glassy alloy annealed for 30s at
750K are shown in Fig. 3. Two types of particles are ob-
served in Figs. 3(a) and (c). The particlesin Fig. 3(a) have a
dendrite structure in the diameter range of 200 to 1000 nm
in the glassy matrix. The SADP taken from the precipi-
tated particles shown in Fig. 3(b) clearly indicates the quasi-
periodic twofold axis, which is identified as an I-phase. In
contrast, nearly cuboid particles in the diameter of approxi-
mately 500 nm are also observed in the glassy matrix in Fig.
3(c), of which SADP is characterized as the fcc Zr,Ni phase
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Fig. 2 X-ray diffraction patterns of the ZrgsAl7s5NigpCuizs and
ZresAl75Ni1oCuss s (Ag, Pd, Au and Pt); glassy alloys annealed for 30s
in atemperature range of 740 to 755K.
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Fig. 3 Bright-field TEM images ((a), (c)) and selected-area electron
diffraction patterns ((b), (d)) of the ZrgsAl7.5NijoCuissPd; glassy aloy
annealed for 30s at 750K. The beam diameter for the selected-area elec-
tron diffraction is 1 um.

aong the [116] zone axis shown in (d). These two kinds of
precipitates are isolated from each other and distributed ho-
mogeneously. The precipitation behavior implies the low nu-
cleation rate considering thelow distribution density and large
grain size at the high annealing temperature near Ty. Similar
precipitation has been confirmed in the ZrgsAl75NigCusss
(Ag, Au and Pt); glassy aloysannealed for short time at near
Tx. Thus, itisclarified that the fcc ZroNi and |-phases are pre-
Cipitated as primary phases by substituting Ag, Pd, Au or Pt
for 1at%Cu in the ZrgsAl7 5Ni1oCuiz s glassy aIon Figure 4
shows XRD patterns of the ZrgsAl75NigCui7s5_xPdy (X = 0
to 4) glassy alloys annealed for 30s at near Ty. With increas-
ing Pd content, it is found that the primary phase changes to
the single I-phase. The minimum noble metal content for the
precipitation of single I-phase is approximately 2 at% in the
ZrgsAl75Ni1oCus7 5 glassy aloy.

3.2 Formation factor for the I-phasein Zr-based glassy
alloy

It is well known that the noble metal has a weak or posi-
tive chemical affinity with Cu and Ni.'® The addition of no-
ble metal in the Zr-Al-Ni—Cu glassy aloy is recognized as
the deviation from the three component rules for high GFA.
One can, therefore expect the formation of 1-phase by addi-
tion of a small amount of element except noble metal which
has a weak or positive mixing enthalpy with one of the con-
stitutional elements in the Zr—AI-Ni—Cu glassy alloy. Figure
5 shows XRD patterns of the ZrgsAl75NioCuizs (V, Nb or
Ta)s glassy alloys annealed for 120's at temperatures of 700
and 710K. Since the V, Nb and Ta have a weak or posi-
tive chemical affinities with Zr and Cu and relatively strong
affinity with Ni,® we can expect the similar effect to those
in noble metal addition. All of the diffraction peaks are
clearly identified as an I-phase. Bright-field image (a) and
nanobeam electron diffraction (NBD) patterns ((b)—(d)) of
the ZresAl75Ni1gCuio5Tas glassy alloy annealed for 120s at
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Fig. 4 X-ray diffraction patterns of the ZresAl7 5Ni1oCui75-xPdy (X = 0
to4) glassy alloysannealed for 30 sin atemperature range of 720to 750K .
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Fig. 5 X-ray diffraction patterns of the ZrgsAl75NioCuizs (V, Nb and
Ta)s glassy alloysannealed for 120 s at the temperatures of 700 and 710K.
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710K are shown in Fig. 6. Very fine particles with nearly
spherical morphology in the diameter of 10 to 50 nm are ob-
served in (8). The NBD patterns taken from the precipi-
tated particles with abeam diameter of approximately 2.4 nm
denote five-, three- and two-fold symmetries, indicating the
I-phase formation. These results are the same as those in
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Fig. 6 Bright-field TEM image (a) and nanobeam electron diffraction pat-
terns ((b) to (d)) of the ZresAl75Ni1oCuiz5Tas glassy aloy annealed for
120sat 710K. The beam diameter for nanobeam diffraction is 2.4 nm.
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Fig. 7 X-ray diffraction patterns of the ZrgsAl75NijpCuizs-xTax (x = 1
to 4) glassy aloys annealed for 120s in a temperature range of 720 to
740K.

the ZI’55A|7.5Ni]_oCU12_5 (Ag, Pd, Au and Pt)5 glm aIons.g)
Figure 7 shows the XRD patterns of the samples annealed for
120s at Ty in the ZrgsAl75NipCuizs xTax (X = 1to 4) al-
loys. In the 1 at%Ta-containing alloy, the primary phaseisan
fcc ZroNi as a main phase accompanying the weak peak cor-
responding to the I-phase. It is realized as the same results as
those with the noble metal addition inthe ZresAl7 5NigCuiz s
glassy aloy. In the 2at%Ta alloy, the I-phase is observed as
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a main precipitation phase together with a small amount of
the fcc Zr,Ni phase. Subseguently, it is found that only the
I-phase is formed as a primary phase in the aloys with Ta
contents above 3at%. Thus, it is found that the main pre-
cipitates change drastically from the fcc Zr,Ni phase to the
I-phase with increasing Ta content. The additional elements
for the I-phase formation in the Zr-Al-Ni—Cu glassy alloy
are summarized in Table 1.8.9111219-24) The table contains
the atomic radius and mixing enthalpies with Zr, Al, Ni and
Cu of the additional elements. It is found that all additional
elements have weak or positive mixing enthalpies with one
congtitutional element at least in Zr-Al-Ni—Cu glassy alloy.
These results indicate that the slight deviation from the three
component rulesis very effective for the I-phase formation.

There is a possibility that an |-phase is precipitated by the
slight change of the alloy composition with high GFA instead
of addition of the element deviated from the three compo-
nent rules. Figure 8 shows DSC curves of the melt-spun
Zr65+yA|7.5Ni10CU17_5,y (y = 0to 9) glas@/ a”oyS. A sin-
gle sharp exothermic peak is clearly seen after the glass tran-
sition at y = 0to 3. Although the peak temperature of the
first sharp exothermic reaction decreases with increasing Zr
content, the supercooled liquid region defined by the temper-
ature interval between the glass transition temperature Ty and
crystallization temperature, T, is almost constant at approx-
imately 110K. The first sharp exothermic reaction is divided
into two peaks above y = 5 accompanying a significant de-
crease in the supercooled liquid region. In order to examine
the primary phase crystallized from the glassy state, the glassy
aloy ribbons were annealed at Ty. Figure 9 shows XRD pat-
terns of the samples annealed for 120 s at Ty. Mixture phases
of fcc ZroNi, ZroCu and ZrgNiAl, areformedat y = 0. Itis
reported that the nearly single fcc Zr,Ni phaseis precipitated
as the primary phase in the ZrgsAl75NioCuyzs glassy aloy
annealed for 30s at 740K as shown in Fig. 2. It is, there-
fore recognized that the Zr,Cu and ZrgNiAl, phases appear
immediately after the precipitation of the fcc Zr,Ni phase. A
weak diffraction peak corresponding to an I-phaseis observed
in addition to the mixture phases of fcc ZroNi, Zr,Cu and
ZrgNiAl, at y = 1. Subsequently, the primary phase changes
to the single I-phase in the range of y = 3to 5. Theintensity
of diffraction peaks corresponding to the I-phase decreases
significantly and the bce Zr phaseis precipitated abovey = 7.
Finally, no I-phase is observed at y = 9. Bright-field TEM
image and SADP of the ZryAl;5Ni;oCuizs (y = 5) dloy
annealed for 60s at 710K are shown in Figs. 10(a) and (b),
respectively. Dendritic particle with a diameter of approxi-
mately 2000nm is observed in the bright-field image. The
number of the precipitated particleis very few, which implies
low nucleation rate and/or large grain growth rate. The SADP
clearly reveals afivefold symmetry, which is characterized as
the icosahedral structure.

It is concluded that the slight deviation from the three com-
ponent rules for high GFA by either addition of the element
with aweak or positive chemical affinity with one of the con-
stitutional elements or a change from the aloy composition
with high GFA, is an important factor for the formation of the
I-phasein the Zr-based glassy alloy.
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Table 1 Additional elements for the I-phase formation in the Zr-Al-Ni—Cu glassy alloy. The atomic sizes and mixing enthalpies with
Zr, Al, Ni and Cu are also denoted in the table.
Additional Atomic radius Mixing enthalpy (kJ-mol—1)
element (101 nm) Zr Al Ni Cu Reference
Ag 1.44 —-20 —4 +15 +2 8)
Pd 1.37 —91 —46 0 14 9)
Au 144 —74 —22 +7 -9 9)
Pt 1.39 —100 —44 -5 —-12 9)
Ir 1.35 —76 -30 -2 0 19)
Re 1.37 -35 -9 +2 +18 20)
Zn 1.33 —29 +1 -9 +1 21)
Mo 1.36 -6 -5 -7 +19 12)
\ 1.32 -4 —16 —18 +5 11)
Nb 143 +4 —18 —-30 +3 11)
Ta 143 +3 -19 -29 +2 11)
Cr 1.25 —12 —-10 -7 +12 22)
Sn 141 —43 +4 —4 +7 23)
Y 1.82 +9 -38 -31 —22 23)
Ti 147 0 -30 -35 -9 24)
T T T T T T T T T
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Fig. 8 DSC curves of the Zrgs, yAl75NijoCuizs_y (y = 0to 9) glassy
aloys.

4. Discussion

4.1 Effect of noble metal on transformation from glassy
to I-phase

The effect of noble metal on the transformation be-
havior from the glassy to I-phase is examined. Figure
11 shows the change in DSC curves of the melt-spun
ZrgsAl7 sNipCuy7 5« Pdy (X = 0to 4) glassy alloys. As
shown in Fig. 4, the primary phase changes drastically from
the fce Zr,Ni to I-phase with increasing Pd content. Corre-
sponding to the change in the primary phase, the crystalliza-
tion reaction changes from a sharp single exothermic peak
into more than two peaks and the temperature gap between
the two exothermic peaks increases with increasing Pd con-
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Fig. 9 X-ray diffraction patterns of the Zres yAl75Ni1oCui7s_y (y = 0to
9) glassy alloys annealed for 120 sin atemperature range of 635 to 740K.

tent. The first exothermic reaction is corresponding to the
precipitation of an |-phase in the Pd content above 2 at%.
Although the exothermic reaction has a single peak in the
1lat%Pd aloy, the pesk is broader than that of the Pd-free
alloy and the fcc-ZroNi and |-phases precipitate simultane-
oudly at the initial crystallization stage. Considering that the
onset temperature of the first exothermic reaction decreases
with increasing Pd content, it is suggested that the nucle-
ation is enhanced by Pd addition. The authors have reported
that the grain size of the I-phase decreases significantly as
Pd content increases in the glassy aloy.? It is recognized as
a significant increase in nucleation rate of the I-phase with
an increase of Pd content. We have also reported the effect
of addition of noble metals such as Ag and Pd on the nucle-
ation and grain growth of the I-phase in the Zr-based glassy



Fig. 10 Bright-field TEM image (a) and selected-area electron diffraction
pattern (b) of the Zr7oAl75Ni1pCuiz s glassy aloy annealed for 60s at
710K. The beam diameter for the selected-area electron diffraction is
lpm.
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DSC curves of the ZrgsAl75NipCuizs5-xPdy (X = 0to 4) glassy

aloys.262) The nucleation rate increases significantly from
10'° to 102 m~3s~! and the grain growth rate decreases from
approximately 1078 to 10~°ms~! by addition of 10at%Ag
or Pd in the ZrgsAl7 5sNi1oCuz5sM 19 (M=Ag or Pd) glassy al-
loys. Based on the JM-A analysis,?%2®) the cal cul ated homo-
geneous nucleation rates, 1, of the primary phase at Ty in the
ZrgsAl7 sNipCuy7 5« Pdy (X = 0,5, 10 and 175) glasw a-
loysareplottedin Fig. 12. It increaseswith increasing Pd con-
tent, indicating a decline of resistance for crystallization by
the addition of Pd. The I, is (2.6 £0.3) x 108 m—3s~1 for the
precipitation of the fcc ZroNi phase at X = 0. Since the grain
size of the |-phase is similar to that of the fcc Zr,Ni phasein
the ZrgsAl75NipCuye sPd; glassy alloy, we can estimate the
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Fig. 12 Caculated homogeneous nucleation rate, |, of the primary phase
a Ty in the ZrgsAl75NipCuizs_xPdy (X = 0, 5, 10 and 17.5) glassy
dloys.

nucleation rate of the |-phase as an order of 10 m—3s1. The
l, increases significantly to (2.94 0.3) x 10 m~3s~1 for the
precipitation of the I-phase by the addition of only 5at%Pd
and increases almost linearly with increasing Pd content. The
ly increases to (1.1 £+ 0.3) x 10®°m=3s~! for x = 10 and
(2.940.3) x 102 m~3s~1 for x = 17.5. The nucleation rate of
thel-phase at Pd = 5at% isnearly equal to that of the I-phase
inthe Zrgg 5Al7.5Ni11 Cuy, glassy alloy, which containsalarge
amount of oxygen impurity.? It is therefore, concluded that
the significant increase in the homogeneous nucleation rate by
addition of a small amount of Pd leads to precipitation of an
I-phase, which implies an introduction of icosahedral short-
or medium-range ordered structures in the glassy state of the
Zr—Al-Ni—Cu alloy. It is also suggested that the significant
increase in the homogeneous nucleation rate occurs by addi-
tion of other elements as well as noble metal, which have a
weak or positive affinity with one of the constituent elements
in the Zr-Al-Ni—Cu glassy alloy.

Finaly, it is important to concern the possibility of the
drastic change of loca structure in the glassy state by
addition of noble metal in Zr-Al-Ni—Cu aloy. In the
ZresAl75Ni1oCusg sPdq glasw alloy, the fcc ZroNi and |-
phases are isolated each other and homogeneously distributed
in the glassy matrix. The average compositions of five data
points analyzed by nanobeam EDX for the fcc ZroNi, |-
and residud glassy phases are Zr69,3A|6'gNi11,6CU11'2Pd1'0,
Zr727Al73Nig9Cu120Pd1 1 and Zrez9Ale gNizg 1CuigsPdo 7,
respectively. Considering that the fcc Zr;Ni and 1-phases
have asimilar Pd content and the precipitates consisting of the
two phases are isolated each other at the initial crystallization
stage, it implies that the local structure does not change by
addition of 1at%Pd. Therefore, it isrealized that the I-phase
can be formed without a significant local structural change by
addition of Pd into the Zr-Al-Ni—Cu glassy aloy.

4.2 Structural correlation between fcc-ZroNi and |-
phases

By the investigation on the change in the nucleation behav-

ior of the I-phase with Pd content, we obtained the conclusion
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that Pd plays an important role in an increase in the nucle-
ation rate of the primary phase. Although the mechanism for
the I-phase formation seems to be not ssimple in spite of the
present results, we can point out that the I-phase formation
is attributed to an increase in the nucleation rate. Moreover,
the novel local structure in the glassy state of the Zr-Al-Ni—
Cu dloy is recognized as one of the important factors for the
precipitation of the I-phase. The structural analyses in the
ZrgsAl75NipCusy 5 glassy alloy indicate that the fcc ZroNi
phase precipitates as a primary phase. The primary phase
changes from the fcc Zr,Ni phase to the I-phase by adding
asmall amount of Pd. Asdiscussed in4.1., thelocal structure
does not change drastically by a small amount of Pd addi-
tion. Thisis also supported from the microstructure analysis
of the fcc ZrpNi and I-phases in the ZrgsAl7 5NioCuse sPdy
glassy alloy, where both the phases precipitate in the com-
pletely isolated state each other. This result suggests that the
fcc ZroNi and 1-phases are originated from the same loca
structure in the glassy state. Figure 13(a) shows a schematic
drawing of the unit cell of the fcc ZroNi structure.®® This
crystalline structure, which is sometimes called a big-cube
phase, has a large lattice constant of 1.227 nm and contains
64Zr and 32Ni atoms. The structure consisted of icosahedral
clusters of Zr and Ni atoms. As an example, two icosahe-
dral clusters around Zr and Ni are picked up from the unit
cell inFig. 13(b). Considering that the fcc Zr,Ni and I-phases
contain an icosahedron in the unit cell, 332 we can point out
that an icosahedral short- or medium-range order existsin the
Zr—Al-Ni—Cu glassy dloy, which can grow as an icosahedra
quasicrystalline phase under high nucleation rate by a small
amount of Pd addition. It is presumed that the Pd is effective
for the enhancement for the distortion of the icosahedron in
the unit cell of fcc ZroNi structure, which is also one of the
factors for the precipitation of I-phase by adding Pd in the
Zr—Al-Ni—Cu glassy dloy.

Based on the previously reported experimental datafor Zr-
based glassy alloys,® it has been clarified that the glassy al-
loys can have (a) higher degrees of dense randomly packed
atomic configurations, (b) new local atomic configurations,
which are different from those of the corresponding final crys-
talline phases, and (c) homogeneous atomic configurations
of the multicomponents on a long-range scale. Assuming
the existence of an icosahedral short- or medium-range or-

1.227 nm

Q0 = e
(a) (b)

Fig. 13 Schematic drawings of the unit cell of fcc ZraNi structure (a) and
examples of icosahedral clusters around Zr and Ni atoms in the unit cell

(0).
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der, it satisfies the above-described criteria. It is therefore,
pointed out that the icosahedral short- or medium-range order
may stabilize the glassy state in the Zr—Al-Ni—Cu glassy al-
loy where theicosahedral order restraints the long-range rear-
rangements of constitutional atomsto form the ordinary crys-
talline phases. Finaly, it isinterpreted that the mechanism for
the I-phase precipitation by addition of other noble metalsand
elementsisthe same as that by addition of Pd in the Zr-based

glassy aloy.

4.3 Observation of thelocal structurein the glassy state

In order to examine an icosahedral order in the glassy state,
we performed HREM observation for the as-quenched glassy
dloy. Figure 14 shows HREM image (a) and SADP (b) of
the Zr7Al75Ni;pCuiz s glassy aIon The SADP consists of
only a halo ring, indicating a glassy structure. It is found
that the image has some features of local regions in the as-
guenched sample, which are circled in Fig. 14(a). The size
of the encircled local regions is below 2nm. We could not
obtain any NBD patterns except a halo ring from the encir-
cled local region with the extremely small size. The encircled
local regions have a similar feature as those in the dense ran-
dom packed (DRP) structure in the glassy alloy. However, the
size of the region is considerably larger than that in the DRP
structure, indicating a possibility of the local ordered region.
Xing et al. have reported the similar HREM image in the as-
quenched Zr545Ti75CuxNigAlqg glassy aIon,lS) in which the
I-phase is also formed in the annealed state. They suggest
that the local region is recognized as the ordered structure,
which isindicative of icosahedral short- or medium-range or-
der. Moreover, a similar structure has been reported in the
simulation result where the icosahedral short-range order is
assumed to exist in the glassy state.3® Very recently, simi-
lar local ordered regions are confirmed in the quasicrystal-
forming Zr,oPds glassy alloy.®>30) Since the NBD pattern
taken from them reveals the fivefold symmetry, it is clarified
that the local ordered region has the icosahedral structure.®”)
It may be therefore, thought that the local region observed in
the as-quenched Zr;pAl;s5NioCuizs glassy aloy is realized
as an icosahedral short- or medium-range order.

Fig. 14 High-resolution transmission electron microscopy image (a)
and selected-area electron diffraction pattern (b) of the melt-spun
Zr70Al7.5Ni10Cui2 5 glassy aloy. The beam diameter for the selected-area
electron diffraction is 1 um.
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4.4 Investigation of stability of supercooled liquid state
in Zr-based alloy

It iswell known that high GFA is attributed to a high sta-
bility of the supercooled liquid state.3® We obtain the conclu-
sions that the icosahedral short- or medium-range order ex-
istsin the glassy state and it retards the rearrangement of the
constitutional elements for crystallization, leading to the ap-
pearance of high GFA in the Zr-based alloys. It is, therefore
suggested that the icosahedral short- or medium-range order
stabilizes the supercooled liquid state. It is very important to
clarify the origin of the atomic pair for the appearance of the
stable supercooled liquid state in the Zr-based aloys. In the
Zr-based aloy systems, the Zr—Cu binary aloy exhibitsadis-
tinct glass transition in the wide compositiona range,®® im-
plying the existence of the novel local structure with an icosa-
hedral atomic configuration. Several studies on the I-phase
formation by a comparatively large amount of addition of 7
to 20at%Pd, Pt, Ir or Rhin the Zr—Cu glassy alloy have been
reported.*>3 These results are consistent with the sugges-
tion of the existence of icosahedral short- or medium-range
order in the Zr—Cu glassy alloy. For further confirmation of
the existence of the icosahedral short- or medium-range or-
der, change in the phase transformation behavior by substi-
tuting Pd, Au or Pt for 1at%Cu in the Zr;oCus glassy al-
loy is examined. Figures 15 and 16 show DSC curves of
the Zr,oCugzg and Zr7oCuyg (Pd, Au or Pt); melt-spun ribbons
and XRD patterns of the samples annealed for 120s at the
temperatures between 620 and 655K, respectively. The sin-
gle sharp exothermic reaction is observed after the significant
glass transition in the Zr;oCug aloy in Fig. 15. The onset
temperatures of glass transition, Ty and the exothermic pesk,
Tx are 627K and 676 K, respectively. It is observed that the
exothermic peak is clearly separated by addition of 1 at%Pd,
Au or Pt with remaining the glass transition. The separation
of the exothermic peak in the Au- and Pt-containing alloysis
more distinct than that in the Pd-containing alloy. In the XRD
patterns, very sharp diffraction peaks are observed and al of
them are identified as the Zr,Cu phase in the Zr7oCus, glassy
alloy. Meanwhile, it is found that the diffraction peaks in ad-
dition to the halo peak in the Zr;oCuyg (Pd, Au or Pt); aloys
are completely different from those in the Zr;oCusgg aloy. All
diffraction peaksin the ZrzoCuyg (Pd, Au or Pt); glassy aloys
can be identified as an icosahedral quasicrystalline phase.

For the confirmation of the icosahedral phase formation
and the examination of morphology of the I-phase, we per-
formed transmission electron microscopic observation for the
annealed glassy alloys. Figure 17 shows bright-field image
(8) and nanobeam electron diffraction (NBD) patterns with a
beam diameter of 2.4 nm ((b)—(d)) of the Zr7oCuxgPd; glassy
alloy annedled for 120s at 620K. A bright-field image of
the Zr7oCusgg glassy aloy annealed for 120s at 655K is aso
shown for comparison in Fig. 17(€). The coarse Zr,Cu parti-
cles with a nearly cuboid morphology are observed over the
whole areain the Zr,,Cug aloy. The particle sizeisin range
of 200 to 400 nm in diameter. In contrast, very fine particles
in the diameter range less than 50 nm are precipitated in the
Zr70CuygPd; aloy, indicating the high nucleation rate. The
particles have a nearly spherical morphology. The NBD pat-
terns taken from the particles shown in (b) to (d) clearly indi-
cate five-, three- and two-fold symmetries, which are identi-
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Fig. 16 X-ray diffraction patterns of the Zr7oCusp and Zr7pCuyg (Pd, Au
and Pt); glassy aloys annealed for 120s in the temperature range of 620
to 655K.

fied asthe icosahedral quasicrystalline phase. Similar images
and NBD patterns are obtained in the annealed Zr,Cuyg (Au
and Pt); aloysfor 120sat 645 and 630K, respectively. Thus,
we can conclude that the nano I-phase is formed as a pri-
mary metastable phase by substituting Pd, Au or Pt for only
1at%Cu in the Zr7oCuzg glassy alloy. These results are in
a good agreement with those in the ZrgsAl75NioCusss (Ag,
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Fig. 17 Bright-field TEM image (a) and nanobeam electron diffraction pat-
terns ((b) to (d)) of the Zr7oCuggPd; glassy aloy annealed for 120s at
620 K. The beam diameter for the nanobeam electron diffractionis 2.4 nm.
Bright-filed TEM image of the Zr;oCusg glassy alloy annealed for 120 s at
655K isaso shown for comparisonin ().

Pd, Au and Pt); glassy dloys.

It has been also reported that the Zr—Ni binary amorphous
alloysareformed in awide compositional range. However, no
obvious glasstransition is seen in the binary alloys.)) We have
compared the transformation behavior of Zr;oNizg amorphous
alloy substituting Pd, Au and Pt for 1 at%Ni with thosein the
Zr70Cuyg (Pd, Au and Pt); glassy aloys. Figure 18 shows
DSC curves of the Zr,gNizp and ZrzgNixg (Pd, Au and Pt)]_
amorphous alloys. Although the slight peak broadening and
increase in the temperature of exothermic peak are seenin the
noble metal-containing alloys as compared with the Zr,gNizg
amorphous alloy, all the curves have an only single exother-
mic peak without glass transition. The XRD patterns of the
Zr70Nizp and Zr7Niyg (Pd, Au and Pt); amorphous alloys an-
nealed for 120s in the temperature range of 640 to 670K
(near Ty) are shown in Fig. 19. All the aloys have a single
tetragonal Zr,Ni phase as a primary crystallization phase. It
is noticed that no fcc Zr,Ni and I-phases, which an icosahe-
dral cluster is contained in their structures are observed in the
Zr7oNizg and Zr7gNiog (Pd, Au and Pt); amorphous alloys.

Comparing the transformation behavior of the Zr7gNiyg
(Pd, Au and Pt); amorphous alloys with those of the Zr;oCuyg

1945

ZrqgNizg

Zl‘70 Ni 29 Pd 1

ZrygNijgAug

Exothermic (arbit. unit) =

A
A Zry Nigg Pty
. [ .
500 600 700 800
Temperature, T /K

Fig. 18 DSC curves of the Zr7gNizp and ZrzoNizg (Pd, Au and Pt); amor-
phous alloys.
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Fig. 19 X-ray diffraction patterns of the ZrzgNiszp and ZryoNiyg (Pd, Au
and Pt); amorphous alloys annealed for 120 s in the temperature range of
640 to 670K.

(Pd, Au and Pt); glassy alloys, we can redlize the correlation
between the appearance of the supercooled liquid state before
crystallization and the formation of fcc Zr,Ni or I-phase as
a primary phase. Therefore, it is concluded that the icosahe-
dral short- or medium-range order existsin the Zr—Cu binary
glassy alloy and stabilizes the supercooled liquid state by re-
tarding the atomic rearrangements for the formation of stable
crystalline phase.

5. Conclusions
The factor for the stabilization of the supercooled liquid

state in the Zr-based glassy aloysisinvestigated on the basis
of the examination of transformation behavior from the glassy
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phase. It is found that the primary phase is the fcc Zr,Ni
phase in the ZrgsAl7 5Ni1oCuy7.5 glassy aloy. With substitut-
ing Ag, Pd, Au or Pt for only 1at%Cu, the primary phase
changes to a mixture of fcc ZroNi and 1-phases accompany-
ing a broadening of crystallization reaction. The I-phase for-
mation is confirmed by addition of the elements which have
a weak or positive mixing enthalpy with one of the consti-
tutional elements in Zr—AI-Ni—Cu glassy dloys. Since the
icosahedral phase is also precipitated by increasing Zr con-
tent substituted for a few at%Cu in the ZrgsAl75Ni1oCusz s
glassy aloy, the important formation factor of the I-phase is
attributed to an enhancement of nucleation from the glassy
state by adding an appropriate element or slightly deviating
the alloy composition from that with high GFA. It is realized
that the slight deviation from the three component rules for
high GFA is effective for the I-phase formation in the Zr—
Al-Ni—Cu glassy alloy. Since the icosahedron is contained
as a loca structure in the unit cell in the fcc ZroNi and 1-
phases, we can propose the existence of the icosahedral short-
or medium-range order in the Zr—AI-Ni—Cu glassy alloy. The
HREM image of the as-quenched Zr70Al7sNi1pCusz 5 glassy
alloy contains local ordered regions which are suggested to
be the icosahedral short- or medium-range order. The icosa-
hedral order stabilizes the supercooled liquid state by sup-
pressing the redistribution of constitutional elements to form
the crystalline phase. The mechanism is concluded as a dom-
inant factor for high GFA of the Zr-based glassy aloys. It
is found that the I-phase is formed by substituting Pd, Au or
Pt for 1at%Cu in the Zr7oCugzg glassy aloy. Considering the
appearance of the supercooled liquid region before crystal-
lization in the Zr7oCus glassy aloy, we can point out the cor-
relation between the |-phase formation and appearance of the
supercooled liquid region. It is aso concluded that the icosa-
hedral short- or medium-range order is attributed to the stable
supercooled liquid state and is formed by the existence of the
Zr—Cu atomic pair.
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