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The pressure effect on the crystallization of the Al89La6Ni5 amorphous alloy has been investigated
by in situ high-pressure and high-temperature x-ray powder diffraction using synchrotron radiation.
The amorphous alloy crystallizes in two steps in the pressure range studied~0–4 GPa!. The first
process, corresponding to simultaneous precipitation of fcc-Al crystals and the metastable bcc-
(AlNi) 11La3-like phase, is governed by a eutectic reaction. The second process corresponds to the
transformation of a residual amorphous alloy into fcc-Al, Al11La3 , Al3Ni, and as yet unidentified
phase~s!. The applied pressure strongly affects the crystallization processes of the amorphous alloy.
Both temperatures first decrease with pressure in the pressure range of 0–1 GPa and then increase
with pressure up to 4 GPa. The results are discussed with reference to competing processes between
the thermodynamic potential barrier and the diffusion activation energy under pressure. ©2000
American Institute of Physics.@S0003-6951~00!00951-7#

Al-based amorphous alloys with an Al concentration of
about 90 at. % have attracted much attention due to their
mechanical properties.1,2 The mechanical properties of par-
tially crystallized amorphous alloys with nanometer-sized Al
crystals could even be enhanced.3–5 These excellent me-
chanical properties make this new family of Al-based amor-
phous alloys promising candidates as advanced engineering
materials. The Al-based amorphous alloys prepared are nor-
mally either thin ribbons or powders because of the high
critical cooling rates required. For most engineering applica-
tions, therefore, consolidation of the amorphous ribbons or
powders is applied to form bulk materials.4,6 In the consoli-
dation process, one of the fundamental issues is the pressure
effect on thermal stability of the amorphous phase. This is
critical for optimizing the consolidation parameters to obtain
bulk samples with the desired structure and properties. It has
been demonstrated in many amorphous alloys that applied
pressure affects the crystallization process.7–9 For Al-based
amorphous alloys, Chenet al.10 suggested that the local
atomic rearrangement instead of the long-range atomic dif-
fusion is responsible for the formation of Al nanocrystals
during deformation, while Ye and Lu suggested a diffusion-
controlled primary reaction for the Al precipitation.11 They
also investigated the effect of pressure on the crystallization
process of an Al89La6Ni5 amorphous alloy by means of
piston-cylinder measurements in a pressure range of 0–1
GPa.8 Based on the analysis of the pressure-temperature
curves obtained, they observed a reduction of the primary
crystallization temperatureTx1 and an enhancement of the
crystallization temperature of the residual amorphous alloy
Tx2 with pressure. Volume change, instead of atomic diffu-

sion, during the primary reaction was employed to explain
their results. Furthermore, they predicted that Al precipita-
tion may occur even at room temperature when applying a
pressure of about 2.5 GPa.8 In this work, we report here onin
situ high-temperature and high-pressure x-ray powder dif-
fraction ~XRD! measurements using synchrotron radiation.

Ingots, with nominal composition Al89La6Ni5, were pre-
pared by arc melting a mixture of pure Al~99.99 wt. %!, La
~99.9 wt. %!, and Ni ~above 99.96 wt. %! in a purified argon
atmosphere. Amorphous ribbons (;1.330.02 mm2) were
prepared from the master alloy ingots by a single roller melt-
spinning apparatus. Differential scanning calorimetry~DSC!
measurements were performed in a flowing purified argon
atmosphere using a Perkin Elmer DSC-7 at a heating rate of
40 K/min. The amorphous alloy exhibits two exothermic
crystallization reactions with the onset temperaturesTx1 and
Tx2 of 494.1 and 611.9 K, respectively.In situ high-pressure
and high-temperature XRD measurements were performed
by synchrotron radiation using the Paris–Edinburgh large-
volume apparatus at the ESRF in Grenoble, France with a
wavelength of 0.20215 Å.12 The sample, 2 mm in height,
was encapsulated in a cylindrical hexagonal boron nitride
container with an internal diameter of 0.8 mm, which was
used as a pressure-transmitting medium. The temperature
was measured by means of aK-type thermocouple with a
stability of 61 K. The average heating rate in the tempera-
ture range from 298 to 673 K was roughly estimated to be 3
K/min. The pressure of the sample is calculated from the
equation of state of BN.13

XRD patterns were recorded every 10 K to observe the
onset temperature of crystallization within an uncertainty of
10 K in the pressure range of 0–4 GPa. It is found that the
crystalline phases formed and the sequence of phase forma-
tion during crystallization processes of the amorphous alloy
are identical in the pressure range used. Figure 1 exemplifies
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XRD patterns recorded at 1.5 GPa and various temperatures.
A broad amorphous peak, located at 2u'4.8°, together with
Bragg peaks from BN marked in Fig. 1 and from the gasket
in the 2u range of 2°–3°, are observed in the XRD patterns
recorded at 298, 373, and 463 K. A new tiny crystalline peak
(2u55°) appears at 473 K. At 483 K, four new Bragg peaks
located at 2u'2.47°, 4.26°, 6.98°, and 8.59° together with
Bragg peaks from fcc-Al crystals are detected. The four new
Bragg peaks can be indexed to a body centered cubic~bcc!
structure with a lattice constant of 6.64 Å and a space group
Im3m. The observed and calculated interplanar spacings of
the cubic phase are listed in Table I. These Bragg peaks are
very close to the corresponding peaks for the orthorhombic
Al11La3 phase. The atomic radius of Ni is close to that of Al.
Thus, it is not unreasonable to suggest that the new cubic
phase could be a bcc-~AlNi !11La3-like phase, which decom-
poses into some intermetallic compounds at higher tempera-
tures. This cubic phase together with the fcc-Al phase are
observed in all XRD patterns recorded after the first crystal-
lization process at various pressures. These results indicate
that the first crystallization process of the Al89La6Ni5 amor-
phous alloy might be governed by a eutectic reaction rather
than a primary reaction, which was suggested in the
literature.11 A similar two-phase precipitation process was
also reported in the Al85Y11Ni4 amorphous alloy after the
first crystallization process.14 More Bragg peaks appear in
the XRD pattern recorded at 573 K, indicating that the re-

sidual amorphous phase begins to crystallize and the
bcc-~AlNi !11La3-like phase starts to decompose. At 673 K,
fcc-Al, Al 11La3, and Al3Ni, together with a few tiny peaks,
are detected while the bcc-~AlNi !11La3-like phase disappears.
No room-temperature precipitation of fcc-Al crystals was ob-
served recorded at pressures up to 4 GPa. Figure 2 displays
Tx1 andTx2 of the Al89La6Ni5 amorphous alloy as a function
of the applied pressure, in which the values ofTx1 andTx2 at
ambient pressure were estimated from DSC at a heating rate
of 40 K/min. The applied pressure strongly affects the crys-
tallization temperatures of the amorphous Al89La6Ni5 alloy.
However, pressure has no significant influence on the tem-
perature difference betweenTx1 andTx2 . Both temperatures
first decrease with increasing pressure (P,1 GPa), and then
increase up to 4 GPa. The applied pressure has a similar
effect on both crystallization processes in the pressure range
studied.

Crystallization of an amorphous alloy is normally re-
garded as a process proceeding by nucleation and subsequent
growth of crystals. During the initial stage of nucleation of
crystals in the amorphous phase, the effect of pressure on the
crystallization kinetics is associated with the atomic diffu-
sion process and the volume change effect. The crystalliza-
tion temperature of an amorphous alloy may be governed by
the thermodynamic potential barrier of nucleation and diffu-
sion activation energy. According to crystallization kinetics
theory, the nucleation rateI can be written as,I 5I 0

3exp (2(DG*1Qn)/kT), whereI 0 is a constant,DG* is the
free energy required to form a nucleus of the critical size,
i.e., the thermodynamic potential barrier of nucleation,Qn is
the activation energy for the transport of an atom across the
interface of an embryo, andk is the Boltzmann’s constant.
The sumDG* 1Qn is called the nucleation work. For homo-
geneous nucleation,DG* at a given pressureP can be ex-
pressed by

DG* ~T,P!5
16ps3~Vm

c !2

3@P~Vm
a 2Vm

c !2~DGa→c~T,P!1E!#2 . ~1!

whereVm
c and Vm

a are the molar volumes of the crystalline
and amorphous phases, respectively,DGa→c(T,P) is the
molar free energy change for the transformation from the
amorphous to the crystalline phase,E is the elastic energy
induced by the volume change during the amorphous-to-
crystalline phase transformation, ands is the interfacial en-
ergy. At ambient pressure, crystallization of an amorphous

FIG. 1. In situ XRD patterns recorded at 1.5 GPa and various temperatures
for the Al89La6Ni5 amorphous alloy.

TABLE I. Interplanar spacings of the metastable bcc-~AlNi !11La3-like phase
with a lattice constant of 6.64 Å and a space group of Im3m obtained from
the in situ XRD pattern recorded at 1.5 GPa and 483 K for the Al89La6Ni5
amorphous alloy.

hkl dcal ~Å! dexp ~Å!

110 4.695 4.69
200 3.320a

211 2.711 2.72
220 2.348a

400 1.660 1.66
422 1.355 1.35

aPeaks are overlapped with those of BN or fcc Al.

FIG. 2. Pressure dependences of the crystallization temperatures estimated
from in situ XRD measurements for the Al89La6Ni5 metallic glass. The data
at ambient pressure were estimated from the DSC measurement at a heating
rate of 40 K/min.
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alloy involves the formation of crystalline phase~s! with
higher density,15 i.e., Vm

c ,Vm
a . For the Al89La6Ni5 amor-

phous alloy, they areVm
c 510.0 cm3/mol for the fcc-Al and

Vm
a 511.6 cm3/mol for the amorphous alloy.8 Both Vm

c and
Vm

a have a similar pressure dependence.16 Assuming a negli-
gible pressure dependence ofDGa→c(T,P), E, ands, it fol-
lows thatDG* decreases with increasing pressure, thus pro-
moting crystallization. On the other hand, applied pressure,
in general, reduces the atomic mobility, suggesting thatQn

increases with increasing pressure. When the amorphous al-
loy crystallizes in a eutectic mode, atoms in the amorphous
alloy need to rearrange. Thus, the enhancement ofQn with
pressure retards the crystallization process. Therefore, the
role of pressure on the nucleation during crystallization pro-
cess of the Al89La6Ni5 amorphous alloy might be governed
by the two factors. The competing processes can be applied
to qualitatively explain the experimental results obtained
here for the Al89La6Ni5 amorphous alloy. Figure 3 schemati-
cally illustrates the variation ofDG* , Qn , and DG* 1Qn

with pressure, in whichQn (P50!51.53 eV~Ref. 17! and it
is assumed to gradually increase with pressure.DG* is cal-
culated from Eq.~1! for the Al89La6Ni5 amorphous alloy
using s50.108 J/m2 and DGa→c(T,P)5144 J/cm3.8

E'G«2Vm
c /2, where G is Young’s modulus of 75 GPa for the

amorphous alloy18 and«5(Vm
a 2Vm

c )/(3Vm
c ). The elastic en-

ergy during the amorphous-to-crystalline phase transforma-
tion could be smaller than the estimated value due to struc-
tural relaxation, which does not alter the following
qualitative explanation. At low pressures~0–1 GPa!, DG* is
much larger thanQn and the dominant factor. Thus, the
nucleation work decreases with pressure. This results in an
enhancement ofI and a reduction of the crystallization tem-
perature with pressure, as observed in our study. With in-
creasing pressure,DG* rapidly decreases whileQn increases
so that atomic diffusion becomes dominant factor in the
nucleation process. Hence, the nucleation work increases
with pressure. Consequently, nucleation rate decreases with
pressure and an enhancement of crystallization temperature
is expected, as observed for the Al89La6Ni5 amorphous alloy
in the pressure range of 1–4 GPa.

In summary, the crystallization of the Al89La6Ni5 amor-
phous alloy has been investigated byin situ high-pressure
and high-temperature x-ray powder diffraction measure-
ments using synchrotron radiation in the pressure range of
0–4 GPa. The first crystallization process of the Al89La6Ni5
amorphous alloy, corresponding to simultaneous precipita-
tion of fcc-Al crystals and the metastable
bcc-~AlNi !11La3-like phase, may be a eutectic reaction. The
second one corresponds to the transformation of the residual
amorphous alloy into fcc-Al, Al11La3 , Al3Ni, and as yet uni-
dentified phase~s!. Tx1 andTx2 first decrease with pressure in
the pressure range of 0–1 GPa and then increase with pres-
sure up to 4 GPa. The results were discussed with reference
to competing processes between the thermodynamic poten-
tial barrier and the diffusion activation energy under pres-
sure.
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