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bstract

Two Zr65Al7.5Ni10Cu12.5Ag5 amorphous specimens were prepared from the mother ingots with different solidification microstructures. Obser-
ation by high-resolution electron microscopy (HREM) revealed that there existed numerous nano-sized short-range order regions (SRORs) in
he as-cast specimens although their amorphous nature had been verified by X-ray diffraction (XRD). The average size of the SRORs decreased
ignificantly as the solidification microstructure of the mother ingot became finer. The transformation from amorphous to icosahedral phase (I-
hase) in the Zr65Al7.5Ni10Cu12.5Ag5 metallic glass was systematically investigated by differential scanning calorimetry (DSC) under isochronal

nd isothermal conditions. The results indicated that the transformation kinetics slightly changed, and that the formation of I-phase was triggered
y the growth of those SRORs as the pre-existing embryos. It was strongly suggested that the atomic configuration of the unit structure in the
etallic glasses showed an icosahedron-like one.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The amorphous atomic configuration is a long-standing issue
n solid-state physics and materials science [1–5]. Attempts to
nderstand the properties of metallic glasses have resulted in the
reation of some structural models, of which the most success-
ul one is the polytope model [6]. The polytope model derives
rom the hypothesis that an icosahedron has the lowest energy
or all kinds of clusters consisting of 13 atoms if atomic interac-
ions according to a Lennard–Jones potential are assumed. The
iscovery of icosahedral phase (I-phase) in rapidly quenched
l86Mn14 shows the existence of the icosahedral configuration

7]. Later, molecular dynamic computer calculations based on
mpirical potentials further indicate that the icosahedral struc-
ures prevail in supercooled liquids [8,9]. Within the frame of
nergy landscape, the inherent structures of metallic glasses are
he same as that of supercooled liquids [10], which implies that

he amorphous structure is similar to the supercooled liquid.
ecently, experimental results indicate the prevailing of the five-

old symmetry in the supercooled liquids and metallic glasses
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11–14], which may well be attributable to the presence of
mbryos of I-phase. However, there is no direct experimental
vidence for this aspect.

Since I-phase precipitates as the product of phase trans-
ormation during the cooling of some liquid alloys, the
nderstanding of the formation mechanism of I-phase will help
o understand the structure correlation between the pre- and
ost-transformation phases of supercooled liquids [15,16]. It is
omewhat a pity that the cooling rate of liquid alloys is gen-
rally too quick to provide an experimental time window for
nvestigation. It has been found that I-phase reproducibly pre-
ipitates as the primary phase during the crystallization of some
etallic alloys, such as Zr–Al–Ni–Cu–NM (NM = Ag, Pd, Au,
t) and Zr–Al–Ni–M (M = Pd, Au, Pt) multicomponent metallic
lloys [17–19]. Furthermore, the I-phase shows high thermal
table against decomposition during a relatively broad tem-
erature span, which provides an accessible experimental time
nd temperature window to investigate the phase transformation
echanism.
In the present work, Zr65Al7.5Ni10Cu12.5Ag5 amorphous
pecimens with different microstructure were prepared first.
hen their kinetics of transformation from amorphous to

cosahedral phase was investigated by differential scanning
alorimetry (DSC) under isochronal and isothermal conditions,
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at the scanning rates of 10, 20, 30 and 40 K/min are shown in
Fig. 4, and the detailed DSC data are shown in Tables 1 and 2,
respectively. All the DSC curves show an endothermic event,
60 Z.J. Yan et al. / Journal of Alloys

hrough which the formation mechanism of I-phase was
evealed.

. Experimental

Two ingots with a nominal composition of Zr65Al7.5Ni10Cu12.5Ag5 (at%)
ere prepared by arc melting the mixture of pure metals Zr (99.9 wt%), Al

99.99 wt%), Ni (99.9 wt%), Cu (99.99 wt%) and Ag (99.9 wt%) in a water-
ooled copper crucible under titanium-gettered argon atmosphere. To enhance
he composition homogeneity, the two original ingots were all repeatedly melted
or 4 times at 1300 K first, and the resultant ingots were marked with A0. Then,
ne ingot A0 was further repeatedly melted for 12 times at 1580 K (marked with
12). The time of each melting operation was 60 s. The temperatures of melts
nder the definite conditions (i.e., the fixed weight of ingot, arc melting current
nd height of the tungsten electrode) were measured using the Pt–Ru (type B)
hermocouple coated with quartz tube, being embedded in the melts. The exper-
ments showed the precision of the temperatures measurement can be controlled
ithin ±10 K. Under the same cooling conditions, two specimens with a cross

ection of 1 mm × 10 mm and length of 50 mm were produced from these ingots
y suction casting in a copper mold. The specimens cast from the ingots A0
nd A12 were marked with G0 and G12, respectively. The amorphous nature of
he as-cast specimens and the crystallized phases after annealing were identi-
ed by X-ray diffraction (XRD) using Cu K� radiation (Rigaku Dmax-rc). The
morphous structure of the as-cast samples and the morphologies of icosahedral
uasicrystals were observed by high-resolution electron microscopy (HREM,
EM-2010) operated at 200 kV. The kinetics of amorphous-to-icosahedral (AI)
hase transformation was investigated by DSC under isochronal (NETZCH DSC
04) and isothermal (Perkin-Elmer Pyris Diamond) conditions. In the case of
sochronal conditions, the DSC plots were recorded at the scanning rates of 10,
0, 30 and 40 K/min. During the isothermal annealing, the amorphous samples
ere firstly heated to the preset annealing temperatures (683, 688, 693 or 698 K)

t a heating rate of 200 K/min, and then held for a certain period of time until
he completion of AI transformation. Al and Al2O3 pans were utilized during
he isothermal and isochronal conditions, respectively.

. Results

.1. Short-range order regions in the metallic glass

The results of chemical composition analysis indicated that
he compositions of the ingots did not change after the repeated
rc melting, excluding the influence of the variation of com-
ositions, especially the content of oxygen, on the subsequent
morphous structure and the phase transformation kinetics.
ig. 1 shows the solidification microstructures of the ingots A0
nd A12. The microstructure of A12 is obviously much finer
han that of A0. The as-cast samples G0 and G12 were verified
o be a single amorphous phase by the XRD patterns (Fig. 2).
he HREM images of the as-cast samples G0 and G12 (Fig. 3),
owever, show that there exist nano-sized SRORs with fringe-
ike contrast features enclosed by the white loops. It can be
learly seen that the atomic configuration in the glass G12 is
ore random than that in G0. Furthermore, the average size of

he SRORs in the glass G12 (about 3 nm) is much smaller that
f G0 (about 6 nm). From the images of Figs. 1 and 3, it can be
learly seen that there exists a close relation between the solidifi-
ation microstructure of the mother ingot and the corresponding
morphous structure. The finer ingot microstructure results in a

ore homogeneous atomic configuration. Here we are interested

n the role of these SRORs in the formation of I-phase, which is
xpected to help to understand the atomic configuration of the
morphous structure.
Fig. 1. Solidification microstructures of the mother ingots A0 (a) and A12 (b).

.2. Transformation kinetics under isochronal conditions

The isochronal DSC plots of the glasses G0 and G12 recorded
Fig. 2. XRD patterns of the as-cast samples G0 and G12.



Z.J. Yan et al. / Journal of Alloys and Compounds 452 (2008) 359–366 361

Fig. 3. HREM images of the amorphous samples G0 (a) and G12 (b).

Table 1
DSC data of the glass G0 recorded under isochronal conditions

Scanning rate, β (K/min)

10 20 30 40

Glass transition temperature, Tg (K) 632.8 637.2 641.9 645.7
Onset temperature of I-phase

precipitation, Tx1 (K)
696.2 711.9 722.5 731.0

Onset temperature of I-phase
decomposition, Tx2 (K)

733.0 744.5 753.4 757.2

Table 2
DSC data of the glass G12 recorded under isochronal conditions

Scanning rate, β (K/min)

10 20 30 40

Glass transition temperature, Tg (K) 634.3 639.3 644.7 647.8
Onset temperature of I-phase

precipitation, Tx1 (K)
699.5 711.9 722.7 731.4

Onset temperature of I-phase
decomposition, Tx2 (K)

738.8 745.2 754.5 758.2
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ig. 4. DSC curves of the glasses G0 (a) and G12 (b) recorded at different
canning rates.

hich is the characteristic of glass transition, followed by three
xothermic events corresponding to crystallization reactions.
hese thermal behaviors agree with the results of Chen et al. [20].
he second exothermic peak can only be seen in the DSC plots
t relatively low scanning rates, i.e., less than 10 K/min. As the

canning rate increases, the second and third exothermic peaks
verlap. The first exothermic peak is verified to correspond to the
I phase transformation by XRD patterns of the annealed sam-
le G0 at 673 K for 60 min (Fig. 5). As the specimens are heated
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the kinetic mechanism of the AI phase transformation. There-
fore, only the isothermal DSC traces of the first exothermic peaks
are shown in Fig. 7. The detailed isothermal DSC data of the
glasses G0 and G12 are shown in Tables 3 and 4, respectively.
Fig. 5. XRD pattern of the glass G0 annealed at 673 K for 60 min.

eyond Tx1 continuously, the residual amorphous phase (Tx2)
nd I-phase (Tx3) begin to decompose into stable phases, such
s CuZr2- and NiZr2-like ones [20]. Because of the overlapping
f Tx2 and Tx3, the stability of the I-phase against decomposition
an be evaluated by the value of �Tx12 defined as the temper-
ture span between Tx1 and Tx2. Under the same scanning rate,
he values of �Tx12 of G12 is larger than that of G0, which indi-
ates that I-phase precipitated in the sample G12 is more stable
gainst decomposition. The detailed discussion can be seen in
he reference [21]. The effective activation energy for the AI
hase transformation can be evaluated by Kissinger equation
22]:

n
T 2

β
= E

RT
+ C (1)
here T stands for the onset temperature of the formation of
-phase Tx1 and β is the heating rate and R the gas constant.
he Kissinger plots ln(β/T2) versus 1/T for the AI phase trans-

ormation of the glasses G0 and G12 are shown in Fig. 6.

ig. 6. Kissinger plots for the amorphous-to-icosahedral phase transformation
f glasses G0 and G12. The effective activation energies for the transformation
f the glasses G0 (EG0) and G12 (EG12) can be calculated by the slopes of
issinger plots. T stands for the onset temperature of the formation of I-phase

x1.
F
a

ompounds 452 (2008) 359–366

he effective activation energy for the AI transformation in
12 (EG12) is 192 kJ/mol, being larger than the value of G0

EG0 = 158 kJ/mol). Namely, the thermal stability of the amor-
hous sample G12 against formation of I-phase is higher than
hat of the sample G0, which agrees with the change of �Tx12.
he effective activation energies for AI phase transformation are
uch smaller than that for the transformation from amorphous

o the stable CuZr2- and NiZr2-like phases (about 356 kJ/mol
23]). This indicates that the structure of I-phase is more similar
o the amorphous matrix.

.3. Transformation kinetics under isothermal conditions

The isothermal phase transformation of the glasses G0 and
12 in the supercooled liquid region (at 683, 688, 693 and
98 K) was investigated by DSC. The DSC curves exhibit a
harp exothermic peak, followed by two very gentle exothermic
eaks. The first sharp exothermic peak corresponds to the AI
hase transformation. The interest of this work is to investigate
ig. 7. The first exothermic peaks of isothermal DSC plots of the glasses G0 (a)
nd G12 (b) at different annealing temperatures.
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Table 3
Isothermal kinetic parameters for amorphous-to-icosahedral phase transforma-
tion in the glass G0 at different annealing temperatures

Annealing temperature (K)

683 688 693 698

Incubation time, τ (min) 4.05 3.12 2.52 1.77
Avrami exponent, n 1.74 1.89 2.00 1.91
Reaction constant, k (min−1) 0.10 0.13 0.15 0.20
Reaction peak width, t95%–t1% (min) 17.69 14.04 11.80 8.65
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Fig. 8. Precipitated volume fraction of icosahedral quasicrystals as a function
o
t
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With the assumption that the precipitated volume fraction x of
-phase, up to any time t, is proportional to the corresponding par-
ial area of the exothermic peak, the volume fraction of I-phase
ith the transformation time can be evaluated by measuring

he partial area of the exothermic peak. The results at different
nnealing temperatures are shown in Fig. 8. Their shapes are typ-
cal sigmoid. The TEM images of the glasses annealed at 673 K
or 60 min show that spherical quasicrystals precipitate (Fig. 9),
hich further verifies the validity of the Johnson–Mehl–Avrami

JMA) equation to the AI phase transformation [24,25]. Based
n the facts above, the AI phase transformation can be modeled
y JMA equation as following [26,27]:

(t) = 1 − exp{−[k(t − τ)]n} (2)

here x(t) is the precipitated volume fraction, t the annealing
ime, τ the incubation time, n (called as Avrami exponent) a
onstant related to the behaviors of nucleation and growth during
hase transformation and k is the reaction rate constant.

Based on Eq. (2), the following equation can be obtained

n[−ln(1 − x)] = n ln k + n ln(t − τ) (3)

According to Eq. (3), the JMA plots at different annealing
emperatures can be obtained by plotting ln[−ln(1 − x)] versus
n(t − τ) using the data of x = 15–85% (Fig. 10). These JMA
lots are nearly straight lines. The Avrami exponents n and the
eaction rate constants k can be calculated by the slopes and
ntercepts of these JMA lines. The detailed results are shown in
ables 3 and 4.
able 4
sothermal kinetic parameters for amorphous-to-icosahedral phase transforma-
ion in the glass G12 at different annealing temperatures

Annealing temperature (K)

683 688 693 698

ncubation time, τ (min) 4.75 3.64 2.97 2.49
vrami exponent, n 1.71 1.97 2.04 1.98
eaction constant, k (min−1) 0.12 0.16 0.19 0.22
eaction peak width, t95%–t1% (min) 15.96 11.37 8.96 8.21

t
p
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f annealing time in the glasses G0 (a) and G12 (b) at different annealing
emperatures.

. Discussion

.1. Correlation between the solidification microstructure
nd the short-range order regions

When a solid is melted, the liquid appears to retain a “mem-
ry” of the solid structure [28]. As a result, the characteristic of
olid state is reserved above the melting point in small regions,
orming the melting boundary between the order regions and
he surrounding amorphous ones. With the rise of liquid tem-
erature, the melting front gradually penetrates into smaller
rder regions and more atoms are fused into amorphous regions.
hese order regions inherited from the solid state in a liquid are

rozen as SRORs in the amorphous structure during the sub-
equent quenching. It should be emphasized that the atomic
onfiguration of the SRORs may change during the melting and
uperheating processing of an alloy. Up to a critical temperature,
bove which the liquid becomes a true solution with homoge-
ous distribution of atoms, the higher the liquid temperature is,

he smaller the average size of SRORs in the liquid is [29]. Thus,
he average size of SRORs in the Zr65Al7.5Ni10Cu12.5Ag5 liquid
t 1580 K is much smaller than that at 1300 K. After the subse-
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ig. 9. TEM images of the spherical quasicrystals precipitated from the glasses
0 (a) and G12 (b) annealed at 720 K for 60 min.

uent solidification, the solidification microstructure of the ingot
12 is much finer than A0 due to structure heredity.
When the mother ingots are remelted to the casting tempera-

ure (about 1300 K), the average size of SRORs in the liquid A12
s much smaller than that in the liquid A0 since the structures

f liquids have heredity to that of them. After the subsequent
uction casting, the liquid structures are “frozen” into the corre-
ponding amorphous structures. It is reasonable that the average
ize of SRORs in the as-cast sample G12 is much smaller than

c
b
[
a

ig. 10. JMA plots of the amorphous-to-icosahedral phase transformation of
he glasses G0 (a) and G12 (b) at different annealing temperatures.

hat in G0 (Fig. 3). This difference of the SRORs affects the crys-
allization kinetics, by which some information on the atomic
onfiguration of the SRORs is hoped to be derived.

.2. Mechanism of the transformation from amorphous to
cosahedral phase

The AI phase transformation in a Zr–Al–Ni–Cu–Ag metallic
lass annealed at 663 K for various time has been investigated
y monitoring the quasilattice constant and the compositions of
uasicrystals [30]. It has been found that the quasilattice con-
tant decreases with annealing time and the contents of Zr and
g in the quasicrystals differ from those in the remaining amor-
hous matrix, which suggests that the AI phase transformation
n the Zr–Al–Cu–Ni–Ag metallic glass is a reaction involving
tomic diffusion [30]. All the Avrami exponents n in the trans-
ormation of the glasses G0 and G12 are nearly a constant of 1.8
Tables 3 and 4) within the experimental errors, which implies
hat the mechanism of the AI phase transformation does not

hange and that the formation of the quasicrystals is triggered
y the growth of those SRORs act as the pre-exiting embryos
31]. The results support the argument that the SRORs in the
morphous structure have the icosahedron-like configuration.
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.3. Influence of the short-range order regions on the
ransformation kinetics

The incubation times and the effective activation energies for
he AI phase transformation in the glasses G0 and G12 show
hat the formation of I-phase becomes more difficult as the aver-
ge size of SRORs decreases. The effective activation energy for
rystallization can be conceived as a weighted sum of the acti-
ation energies for nucleation and growth [32]. In the case of
I phase transformation of Zr65Al7.5Ni10Cu12.5Ag5 amorphous

lloy, the activation energy nearly all originates from that for
rowth since the AI phase transformation is activated by the dif-
usion of atoms that will adhere onto the surfaces of pre-existing
RORs. Experimental results have indicated that the underlying
tomic diffusion mechanism in the supercooled metallic liq-
ids is thermally activated collective hopping [33–35]. So, it
an be assumed that the growth of the pre-existing SRORs in
he Zr65Al7.5Ni10Cu12.5Ag5 glass is mainly dominated by the
ovement of atomic groups, during which the redistribution of

toms involves. The more uniform the distribution of atoms in
he metallic glass is, the more work for the redistribution of
toms is needed, which contributes to the larger effective activa-
ion energy for AI phase transformation and longer incubation
eriod in the glass G12.

The Avrami exponent of the AI phase transformation does
ot change with the variation of the states of the SRORs in
he Zr65Al7.5Ni10Cu12.5Ag5 glass, indicating that the size of
RORs has little influence on the mechanism of AI phase trans-
ormation. But the difference of SRORs results in the change
f crystallization rate. At the same annealing temperature, the
lass G12 exhibits a narrower reaction peak width (t95%–t1%)
nd a higher reaction constant k (Tables 3 and 4), which sug-
ests that the transformation rate in the glass G12 is quicker than
hat of glass G0. Compared with the annealed sample G0 (about
80 nm), the average size of the quasicrystals in the annealed
lass G12 (about 100 nm) is smaller, but the number per unit
olume is larger (Fig. 9). If it is assumed that those SRORs in
he amorphous matrix act as the pre-existing embryos of I-phase
uring the crystallization, it is reasonable to suggest that the
ensity of the SRORs per unit volume in the glass G12 is larger
han that in the glass G0. Once the crystallization is activated,
he probability of amorphous atoms to adhere onto the grow-
ng embryos (SRORs) in the glass G12 is larger than that in
lass G0. Therefore, the number of atoms captured by the grow-
ng quasicrystals (SRORs) per unit volume and per unit time in
he glass G12 is larger than that of the glass G0, resulting in a
igher transformation rate in the glass G12. This change of the
hase transformation rate further indicates that the pre-existing
RORs in the metallic glass, without structure readjustment, do
ct as embryos for icosahedral quasicrystals. In other words, the
RORs in the metallic glass show an icosahedron-like atomic
onfiguration.
. Conclusions

After the repeated arc melting at 1580 K, the solidification
icrostructure of the Zr65Al7.5Cu12.5Ni10Ag5 ingot is consid-

[

[

[
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rably refined. Due to the structure heredity, the average size of
RORs in the sample prepared from ingot with finer microstruc-

ure is considerably smaller. Kinetic analyses reveal that the
ffective activation energy for the AI phase transformation
ncreases as the average size of SRORs decreases, indicating an
nhancement of the thermal stability against crystallization. The
alue of the Avrami exponent is nearly a constant of 1.8 although
he average size of SRORs changes, which indicates that those
RORs in the metallic glass act as the pre-existing embryos
f the icosahedral quasicrystals, namely, the SRORs show an
cosahedron-like atomic configuration. The finer solidification

icrostructure gives rise to the increase of the SRORs in the
orresponding amorphous structure, leading to the increase of
he net flux of atoms from the amorphous matrix to the growing
uasicrystals during crystallization. As a result, an unexpected
ise of transformation rate occurs.
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