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Structural evolution and property changes in Nd 60Al10Fe20Co10 bulk metallic
glass during crystallization
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The structural evolution and property changes in Nd60Al10Fe20Co10 bulk metallic glass~BMG! upon
crystallization are investigated by the ultrasonic method, x-ray diffraction, density measurement,
and differential scanning calorimetry. The elastic constants and Debye temperature of the BMG are
obtained as a function of annealing temperature. Anomalous changes in ultrasonic velocities, elastic
constants, and density are observed between 600–750 K, corresponding to the formation of
metastable phases as an intermediate product in the crystallization process. The changes in acoustic
velocities, elastic constants, density, and Debye temperature of the BMG relative to its fully
crystallized state are much smaller, compared with those of other known BMGs, the differences
being attributed to the microstructural feature of the BMG. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1525053#
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Recently, many glass forming alloys were discovered1,2

Previous studies show that the crystallization in various b
metallic glasses~BMGs! is characterized by the appearan
of intermediate metastable phases. The formation of icos
dral phases as an intermediate product of the crystalliza
process in BMGs indicates that there is a structural relat
ship between the BMGs and quasicrystalline.3,4 The Nd-
based BMGs have also evoked intensive interests due to
unique magnetic properties and anomalous crystalliza
behavior.1,5–7 It is found that the microstructural change i
duced by relaxation and crystallization has a very sensi
effect on the thermal and magnetic properties of the BM
This implies that the hard magnetic property of the BM
may be related to the formed intermediate phases prior to
crystallization. In this letter, the microstructural and prope
changes in the Nd60Al10Fe20Co10 BMG upon crystallization
are investigated by using ultrasonic method and density m
surement, which are effective and sensitive tools for study
the structural and vibrational characteristics of BMGs.8–11

The structural and property features, prior to and in the cr
tallization process, are connected.

Nd60Al10Fe20Co10 BMG was prepared by the die castin
method.6 The BMG rod was cut to a length of about 10 m
and its ends were polished flat and parallel. Afterward,
sample was stepwise isothermally annealed at various
peratures for 1.0 h in a vacuum of 1023 Pa, respectively.
After each annealing, the rod was cooled to room tempe
ture, and the acoustic velocities and density were measu
The acoustic velocities were measured by a pulse echo o
lap method using a MATEC 6600 ultrasonic system with
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10 MHz frequency.8,9 The density was measured by th
Archimedean technique and the accuracy is 0.1%. Ela
constants~e.g., Young’s modulusE, shear modulusG, bulk
modulusK, and Poisson’s ratios! and Debye temperatur
QD of the BMG were derived from the acoustic velocitie
and densities.12 The structure of the samples was charact
ized by x-ray diffraction~XRD! using a MAC M03 diffrac-
tometer with CuKa radiation. Differential scanning calorim
eter~DSC! measurements were carried out in a Perkin Elm
DSC-7. The high-resolution transmission electron mic
scope~HRTEM! performed on a JEOL-2010.

The DSC curves of the Nd60Al10Fe20Co10 BMG at vari-
ous annealing temperatures (T) are shown in Fig. 1. For the
as-cast BMG, the DSC curve shows two exothermal pe
and an endothermal peak. The broad peak with onset t
perature (Tx1) at 610 K ranges from 610 to 776 K, and th
onset temperatureTx2 of the sharp peak is at 776 K. Th
broad exothermal phenomenon is common for rare e
~RE!-Fe–Al alloys~RE5Nd, Pr, Y, and Sm! but with alter-
native and even contradictory explanations for differe
researchers.1,7,13,14Previous work6,7 shows that the magneti
properties of the BMG have been correlated to the interm
diate metastable phase that already exists in the as-prep
samples. The hard magnetic properties remain almost
changed in the annealing-temperature range from room t
perature up to 740 K, and disappear after full crystallizat
of the BMG above 760 K.6 The results indicate that th
broad exotherm in the DSC curve corresponds to the prec
tation of the metastable phase, and the sharp exothe
peak near 776 K is related to the transformation of the me
stable to stable crystalline phases and the crystallization
the remaining amorphous phase. WhenT,593 K, Tx1 does
not show a significant change. WhenT.633 K, Tx1 shifts to
il:
1 © 2002 American Institute of Physics
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a higher temperature with increasingT, and completely dis-
appears at 783 K, whileTx2 keeps almost unchanged wit
increasing temperature. The XRD patterns of the BMG
various annealing temperatures are shown in Fig. 2.
T,593 K, XRD patterns confirm that no crystallization o
curs. At 633 K, the pattern shows the appearance of equ
rium and metastable phases as marked in Fig. 2. After
sample is successive annealed at higher temperatures,
as 663, 723, and 753 K, other metastable and equilibr
phases are formed as indicated in Fig. 2. The tempera
range for the metastable phase precipitation correspond
that of the broad exothermal peak in a DSC trace. The
mation of the metastable phase may be due to favorable
netics and pre-existing short-range order. At 783 K
(.Tx2), all the metastable phases transform into stable c
talline phases as shown in Fig. 2. The sharp exothermal p
near 776 K in the DSC curve is related to the transformat
of the metastable to stable crystalline phases and the cry

FIG. 1. DSC curves of a series of annealed Nd60Al10Fe20Co10 BMG~at a
heating rate of 20 K/min!.

FIG. 2. XRD patterns of a series of annealed Nd60Al10Fe20Co10 BMGs. The
sequent appearance of equilibrium phases with increasing temperatur
marked by symbolsa, b andc, for the metastable phase byj, l, and.

indicating that gradual crystallization of BMG and formation of metasta
phases with increasing temperature.

Downloaded 28 Apr 2009 to 159.226.231.70. Redistribution subject to AI
n
or

b-
e

uch
m
re
to

r-
i-

s-
ak
n
al-

lization of the remaining amorphous phase. Above 783
the BMG is fully crystallized. The some diffraction peaks
the crystallized BMG can be well identified by hexagon
Nd, and a phase corresponds to a paramagn
Nd~Fe,Co,Al)2 with a MgCu2-type structure, respectively.7

The values of ther, longitudinal velocity,Vl , transverse
velocity, Vs of the BMG at ambient condition were 7.04
g/cm3, 3.207 km/s, and 1.661 km/s, respectively. TheE, G,
K, s, anduD calculated from the acoustic data are 51.1 G
19.3 GPa, 46.2 GPa, 0.353, and 188.8 K, respectively. Ths
characterizes the relative value of the compressive and s
deformation of a solid. The value ofs of the BMG is close to
that of metals, e.g., Cu~0.37!15 and crystalline alloys, e.g
Monel ~0.33!,15 indicating that the BMG has a good plast
deformation. TheK/G of the BMG ~2.39! is similar to that
of metals, such as Cu and steel (K/G'2.5!. The results in-
dicate that metallic bond is retained even though the BM
lacks long-range order. In fact, the BMG does have so
isotropic metallic properties.2

The relative changes ofVl , Vs , and r as well as the
calculated elastic constantsE, G, K, s, and QD for the
BMG as a function ofT are presented in Fig. 3. All of the
properties exhibit dramatic changes at 575 K. In additi
one anomalous change is observed for the acoustic veloc
and elastic constants near 723 K. Ther increases with tem-
perature below 600 K, but exhibits obvious decreases
tween 600–750 K. The temperature-dependent properties
ascribed to the progressive ordering as the BMG stepw
undergoes structural relaxation, nanocrystals growth, m
stable phase formation and crystallization. It is worth noti
that E and G, Vl and K, andVs and QD exhibit a similar
temperature-dependent relationship and almost the s
relative variation, respectively, which is in an agreement w
other reports.10,11 Combining the DSC and XRD results, th
dramatic changes at 575 K roughly correspond to the sta
the precipitation of the metastable phases in the BMG,
formed metastable phases with lower density lead to
anomalous changes of density between 600–750 K;

are

FIG. 3. The relative changesDY/Ya5(Y2Ya)/Ya of variation ofVl , Vs ,
r, E, G, K, s, and QD with annealing temperature for Nd60Al10Fe20Co10

BMG. Y andYa stand for the properties of glass state and various anne
states of the BMG, respectively.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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TABLE I. A comparison of the properties of the glassy state (Ya) and crystallized state (Yc) for Nd60Al10Fe20Co10 , Pd40Cu30Ni10P20 and
Zr41Ti14Cu12.5Ni10Be22.5 alloys.

State Sample
r

(g/cm3)
Vl

~km/s!
Vs

~km/s!
K

~GPa!
G

~GPa!
E

~GPa!
QD

~K!

Glassy
state

Zr41Ti14Cu12.5Ni10Be22.5
a 6.125 5.174 2.472 114.1 37.41 101.2 326.8

Pd39Ni10Cu30P21
b 9.152 4.750 1.963 159.4 35.3 98.5 279.6

Nd60Al10Fe20Co10 7.047 3.207 1.661 46.2 19.3 51.1 188.8

Crystallized
state

Zr41Ti14Cu12.5Ni10Be22.5
a 6.192 5.446 2.807 118.6 48.8 128.7 370.9

Pd39Ni10Cu30P21
b 9.209 4.902 2.208 161.4 44.9 123.3 314.0

Nd60Al10Fe20Co10 7.076 3.277 1.726 47.4 20.9 55.1 196.0

(Yc2Ya)/Ya(%) Zr41Ti14Cu12.5Ni10Be22.5
a 1.1 5.2 13.5 3.9 30.3 27.2 13.4

Pd39Ni10Cu30P21
b 0.62 3.2 12.5 1.2 27.3 25.1 12.3

Nd60Al10Fe20Co10 0.41 2.2 3.9 2.6 8.3 7.8 3.8

aData taken from Ref. 9.
bData taken from Ref. 8.
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anomalous changes observed in acoustic velocities and
tic constants around 723 K are attributed to the transfor
tion of the metastable phases. Because the DSC and th
nealed specimens for acoustic measurements have a diff
thermal treatment history, on which the crystallizati
strongly depends, the temperature variations of elastic c
stants just roughly correspond to the DSC curve.

The relative changes in acoustic velocity,r, elastic con-
stants, Pd39Cu30Ni10P21 and Zr41Ti14Cu12.5Ni10Be22.5 BMGs
QD between glassy and crystallized states of the BMG
summarized in Table I. After crystallization, the value ofr of
the Nd-based BMG increases only;0.41%, and much
smaller than those of Pd39Cu30Ni10P21 ~0.62%!,8

Zr41Ti14Cu12.5Ni10Be22.5 ~1.1%!9 BMGs and ordinary metal-
lic glasses~1% to 2%!.16 The relative changes inVs , G, and
QD are also much smaller than the corresponding value
Pd-based and Zr-based BMGs. The comparison indicates
the Nd-based BMG shows much smaller softening of
transverse phonon relative to its crystallized state. It
known that the softening of the transverse phonon is a c
mon phenomenon in glasses.17 The anomalous result can b
understood from the microstructure of the BMG. Figure
exhibits an HRTEM image of the as-cast Nd60Al10Fe20Co10

BMG. A large numbers of ordered regions~clusters and

FIG. 4. HR TEM image of the as-cast Nd60Al10Fe20Co10 BMG.
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nanocrystals! are dispersed in the glassy matrix. The size
these heterogeneous and disoriented ordered region
smaller than 10 nm, but the volume fraction is as large
50%. The BMG has more dense packing state and resul
the much smaller changes in density, acoustic properties,
smaller transverse phonon softening.

In conclusion, anomalous changes in ultrasonic velo
ties, elastic constants, and density are observed in
Nd60Al10Fe20Co10 BMG during crystallization, which corre-
spond to the formation of metastable phases as an inte
diate product. The changes in acoustic velocities, elastic c
stants, density, andQD relative to full crystallization are
much smaller compared with that of other known BMG
which are attributed to the mixture microstructure of nan
cluster and glass.
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