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Characteristics of microstructure and glass transition
of „Zr0.59Ti0.06Cu0.22Ni0.13…100ÀxAl x bulk metallic glasses

Ping Wen, Ru Ju Wang, Ming Xiang Pan, D. Q. Zhao, and Wei Hua Wanga)
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~Received 13 May 2002; accepted 14 October 2002!

The glass transition and the microstructural characteristics of (Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x

(10<x<16) bulk metallic glasses~BMG! are investigated as function of Al content. It is found that
the Al content has strong effects on the glass transition, microstructure, and properties of the alloy.
The marked increase of the Debye temperature and shear modulus with increasing Al content
indicates that the different Al incorporations result in microstructural change in atomic short range
of the BMG. The increase of the glass transition temperature with the increase Al content is
consistent with the large variation of properties with increase of Al content. The change of the
microstructure of the glass-forming alloy is responsible for the change of the properties. ©2003
American Institute of Physics.@DOI: 10.1063/1.1526153#
.
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The recent discovery of bulk metallic glasses~BMGs! is
significant for both fundamental and practical reasons1–5

Zr–Ti–Cu–Ni–Al bulk metallic glass-forming alloys belon
to the new families of BMGs that have been found to exh
exceptional glass-forming ability~GFA! and unique physica
properties. However, the formation mechanism of glass
the glass transition are still a physical challenge.6 The excel-
lent GFA of an alloy is usually explained by the confus
principle.7 However, it is found that the GFA is also strong
dependent on some constituents. In Zr–Ti–Cu–Ni–Al
loys; Al and Ti play a critical role in the formation of th
BMG,8 but not much information exists on the effects of
on the microstructure and the properties of the BMG. Aco
tic properties are particularly sensitive to the microstruct
of a solid, and the BMG is in a suitable form for measu
ments of elastic wave propagation. The structure and p
erties as well as the relation between them for the BMG
be investigated by the ultrasonic method.9–11 The determina-
tion of the acoustic velocities with the change of Al incorp
ration can provide useful information on the microstructu
characteristics of the BMG. In this letter, the effects of
incorporation~Al content varies from 10 to 16 at. %! on the
microstructure, glass transition, and properties of
(Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x alloys were investigated by
acoustic and density measurements, x-ray diffraction~XRD!,
and differential scanning calorimetry~DSC!. It is found that
a slight change in Al incorporation results in local structu
change, which results in a much higher glass transition t
perature, a denser atomic packing, and a marked increa
shear modulus and Debye temperature of the BMG.

(Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x (10<x<16) BMGs
were prepared by arc-melting a mixture of pure metals
purified argon atmosphere, that is then sucked directly in
water-cooled copper mold to form cylinders of 5 mm in d
ameter and 80 mm in length. The amorphous nature as
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as the homogeneity of the rod was ascertained with XRD
high-resolution transmission electron microscopy.12 XRD
measurements were performed using a Siemens D5000
fractometer with Cu Ka radiation. Thermal properties wer
studied by DSC performed in a Perkin-Elmer DSC-7 und
flowing purified argon at a heating rate of 10 K/min. Th
densityr was measured by the Archimedian principle. Ultr
sonic measurement was carried out in a MATEC 6600 ul
sonic system with a 10 MHz frequency and a measur
sensitivity is 0.5 ns. The details about the experiments
given in Ref. 9. The shear modulusG and the Debye tem-
peratureuD can be calculated from the longitudinal veloci
n l and transverse velocityns .11

Figure 1 shows the XRD curves obtained from the cro
section slice cut from the middle part of cylinder of the a
cast (Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x (x510, 12, 14.3, and
16! alloys. The broad and diffuse diffraction maxima witho
sharp crystalline diffraction peaks indicate that the alloys
almost single amorphous phase. Figure 2 presents the c
sponding DSC traces of the (Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x

BMGs. All the DSC traces exhibit the obvious endotherm
characteristic of a glass transition followed by an exotherm
crystallization peak. The glass transition temperatureTg ,
and crystallization temperatureTx of the BMGs increase
from 657 to 697 K, 751 to 793 K with Al increasing from 1
to 16 at. %, respectively. This demonstrates that the ther
stability of the BMG is improved with increasing Al conten
A large supercooled liquid region,DTx (DTx5Tx2Tg) is
found for these BMGs, and the values ofDTx are all above
85 K. An unusual phenomenon is thatTg increases by 40 K
for 6 at. % Al variation. In general,Tg is not sensitive to the
composition change of an alloy; for example,Tg shows only
minor difference with composition change for the ZrTiC
NiBe BMG.13 It might be expected that the increaseTg

mainly resulting from the addition of Al is due to the diffe
ent binding strength of Zr~Ti!–Cu~Ni! and Zr~Ti!–Al, which
is represented by the more negative heat of mixing of Zr
~245 kJ/mol! compared to Zr–Cu~224 kJ/mol!.14 The
il:
© 2003 American Institute of Physics
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change of the atomic configuration on a short-range s
originates mainly from the change in the chemical sho
range order by the dissolution of Al. The other effect of Al o
the thermal stability is the effect of atomic size, in which t
addition of the middle atomic size of Al in Zr–Ti–Cu
Ni–Al alloys leads to an increase of the packing density
the amorphous solid and in the supercooled liquid.15

The density and the acoustic velocities were measure
study the microstructural change with increasing Al conte
The values ofr, n l , andns of the BMGs are listed in Table
I. The number of the atoms in unit volumen can be calcu-
lated byn5r/A, whereA is the average atomic weight. Th
G and uD values, which can provide important informatio
about the microstructural characteristics of a solid, are de
mined by acoustic measurements. The relative chang
DY/Y05(Y2Y0)/Y0 (Y5n,G,uD ,Tg ;Y0 is a normal value
for the BMG with 10 at. % of Al! is shown in Fig. 3.n, G,
uD , andTg monotonically increase with increasing Al con
tent. It can be clearly seen from Fig. 3 that a small incre
of n leads to larger relative changes ofG, uD , andTg . The
relative increase ofn is 1.4% when Al content increases fro
10 to 16 at. %. The increase means that the atomic pac
becomes denser with increasing Al content in the BMG. T
relative increase ofG and uD when Al content increases t
16 at. % are 12.4% and 6.4%, respectively. In comparis

FIG. 1. The XRD patterns of as-cast (Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x alloys.

FIG. 2. DSC curves of the (Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x BMG with a
heating rate of 10 K/min.
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the relative changes of G and uD for the
(Zr0.59Ti0.06Cu0.22Ni0.13)90Al10 BMG corresponding to its
fully crystallized state~annealed at 873 K for 1 h! are only
7% and 2.5%, respectively, even though the relative cha
of n ~1.45%! between the glassy and crystallized states
similar to that induced by Al incorporation. Al, like Be in th
ZrTiCuNiBe glass-forming alloy system,13 plays an impor-
tant role in the formation of the BMG. Like Al, Be has
large negative heat of mixing with Zr~269 kJ/mol! and Ti
~248 kJ/mol!.14 However, the change of Be content in ZrT
CuNiBe BMGs does not significantly change the glass tr
sition, G anduD .10,12 The present result indicates that mo
and more Al incorporation results in a very large change
properties, and the average atomic strength of the alloys w
higher Al content is greatly enhanced.11

To make clear what factors lead to the large change
the G and uD , the acoustic velocities of the
(Zr0.59Ti0.06Cu0.22Ni0.13)85.7Al14.3 BMG were measuredin
situ under applied pressure. The corresponding pressure
pendences ofG, uD , andn of the BMG are shown in Fig. 4
The investigation shows thatG and uD increase with the
increase in atomic packing density resulting from pressu
but the relative changes ofG anduD corresponding to 0.4%
change ofn are only about 1.2% and 0.5%, respective
Comparing the BMGs with increasing Al content fro
14.3% to 16%~the change ofn is 0.5%!, the relative changes
of G ~3.8%! anduD ~1.9%! are much larger than that resul
ing from pressure with similarn variation. The results indi-
cate that the increasedG anduD induced by the incorpora

FIG. 3. The relative change ofDY/Y05(Y2Y0)/Y0 (Y5n, G, uD , Tg , Y0

is a normal value for the BMG with 10 at. % of Al! upon Al content for the
(Zr0.59Ti0.06Cu0.22Ni0.13)1002xAl x BMG.

TABLE I. The thermal parameters obtained by DSC at a heating rate o
K/min and properties for as-cast (Zr0.59T0.06Cu0.22Ni0.13)1002xAl x BMGs.

Al content
at. %

Tg

~K!
Tx

~K!
n l

~km/s!
n t

~km/s!
r

~g/cm3!
n31022

~mol/cm3!
QD

~K!
G

~GPa!

10 657 751 4.777 2.155 6.749 9.22 278.9 31.
12 681 770 4.825 2.232 6.696 9.29 287.8 33.
14.3 689 786 4.890 2.269 6.593 9.30 290.9 33
16 697 793 4.845 2.319 6.553 9.35 296.4 35.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion of Al are not mainly attributed to the large change of t
atomic packing density. It is well-known that a softenin
effect exists when an alloy is formed into amorpho
state.16,17 The softening effect is due to the absence of lon
range order in metallic glasses, and the interaction of
atoms is restricted to short-range order effects.18 Correspond-
ingly, the very large change of properties resulting from
already small changes in the Al content is relative to
change of microstructure in the short-range. However, du
the multicomponents, small size, and random orientation
the short-range order~or building block! of the amorphous
alloy, what kind of microstructural change occurs has
mained experimentally inaccessible, and can be determ
only by indirect evidence.

The change ofTg with the increase of Al content in th
BMG has a correlation withuD , as shown in Fig. 3. The
glass transition is evidently associated with a certain den
of packing of the atoms and the energy state associated
this packing.19 The phonon–phonon interactions in metal
glass become dominant nearuD , and cooperative phono
interactions generate sufficient local energy to allow atom
cross the barrier-saddle energy, preventing their translati
motions from becoming possible. The saddle energy is
lated to the short-range structure.20 In most casesTg is not
equal to uD , indicating that the saddle energy is mos
higher than the energy of the atom atuD . In Zr-Ti-Cu-Ni-Al
BMGs, Tg is much larger thanuD . Our experimental results

FIG. 4. The relative change ofDY/Y05(Y2Y0)/Y0 (Y5n, G, uD , Y0 is a
normal value for the BMG at ambient pressure! upon pressure for the
(Zr0.59Ti0.06Cu0.22Ni0.13)86.7Al14.3 BMG.
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indicate that the increase in Al content stabilizes the sh
range structure more than the density of the atomic pack
Hence, the higher increases the value ofuD resulting from
the slighter Al content. Accordingly, the energy needed
change the energy state is larger, and the glass trans
shifts to higher temperatures with increasing Al content.

In conclusion, the glass transition, thermal stability, t
Debye temperature, and shear modulus of ZrTiCuN
BMGs exhibit marked changes with small changes in the
content. The results indicate that the microstructure in
short-range of the BMG is very sensitive to the Al content
slightly higher Al content results in the microstructur
change, which leads to a significantly higher glass transit
temperature, a denser atomic packing, and a marked incr
of the shear modulus and the Debye temperature of
BMG.
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