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Abstract

Amorphous Al Ni Y, La, . aloy powder with the particle size of —500 mesh was produced by gas atomization. Crystallization
kinetics of the amorphous phase were studied using differential thermal analysis (DTA), X-ray diffraction (XRD), and scanning electron
microscopy. Crystallization occurred in the temperature range 230—450°C in three exothermic reaction steps. The onset and peak
temperatures for these reactions shifted toward higher temperatures when the heating rate was increased; this alowed the activation
energies of the mechanisms controlling each step of the crystallization to be determined as 148, 336, and 274 kJ/mol, respectively. XRD
and SEM analysis of the powder heated to different temperatures showed that precipitation of Al-based particles occurred during the first
exothermic reaction, crystallization of the Al ,La phase and an increase in the volume fraction of the Al-based phase took place during the
second exothermic reaction, and development of the Al ;Ni phase occurred during the third exothermic reaction. After annealing at 550°C,
the powder consisted of Al-based matrix reinforced with very fine intermetallic particles of different morphologies. The mechanism of

crystalization is discussed. [ 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

High-strength and light-weight aluminum-based alloys
have attracted rapidly increasing interest of scientists and
manufacturers [1,2]. An upper strength limit of about
500—600 MPa can be achieved in conventional aluminum
aloys strengthened by conventional strengthening mecha-
nisms, i.e. solid solution, grain size refinement, dispersion/
precipitation, work hardening and/or fiber/particle rein-
forcement [3]. Producing far-from-equilibrium structures,
such as amorphous or nanocrystalline structures, can
increase the properties considerably [4—7]. Ultimate tensile
strength exceeding 1000 MPa was reported for severa
Al-based amorphous aloys and maximum strength of 1560
MPa was achieved in specially designed aluminum aloys
containing an amorphous matrix and dispersion of Al-
based nano-particles [1]; although these data were obtained
in thin ribbons.

Amorphous aluminum alloys are a relatively new class
of materials containing =80 at.% Al, with the remainder
consisting of a rare earth metal and transition metals [4,8].
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A high critical cooling rate of above 10*°C/s is typically
required to form a fully amorphous product in ribbon,
flakes or powder forms, and special low-temperature
compaction techniques are required to produce bulk parts,
limiting potential applications. Unique microstructures can
be produced by controlled crystalization of the fully
amorphous product. In some systems, both strength and
ductility increase in the partidly crystalline state [1,4].
Other amorphous aloys produce intermetallic or
guasicrystalline precipitates upon crystallization, providing
a credible path for increasing the specific stiffness. From
these points of view, study of the crystallization kinetics is
very important to control compaction processes and to
achieve good microstructure—property combinations.

In the present work, kinetics of crystallization in an
amorphous AlgNi, Y, .La, . aloy powder was studied
using a differential therma analysis (DTA) technique
complimented with X-ray diffraction (XRD) and scanning
electron microscopy (SEM).

2. Experimental

Gas atomized (GA) —200 mesh powder of a nominal
composition of 85Al, 10Ni, 2.5Y and 2.5La (in atomic
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Table 1

Actual chemical composition of the gas atomized powder

Element Al Ni La Y Fe Mo O N C
Concentration (wt.%) Base 16.86 10.37 6.46 0.23 <0.05 0.372 <0.003 0.025

percents) was supplied by DWA Al Composites, Chat-
sworth, CA. High purity helium at a pressure of 690 MPa
was used for atomization. The actual chemical composition
of the powder is given in Table 1. The powder was sieved
into three grades with particle sizes —500 mesh (=23 pum),
—325/+500 mesh (=38 wm/>23 pm), and —200/ +325
mesh (=70 wm/>38 um). Microstructura analysis
showed that the —500 mesh powder was essentially
amorphous, although single crystalline dendrites were
present in some particles. The powder of —200/+325
mesh size was fully crystalline, and the intermediate grade
powder (—325/+500 mesh) was less than 40% amor-
phous, containing crystalline dendrites in an amorphous
phase, Fig. 1. Crystallization kinetics of the amorphous
phase were studied in the —500 mesh powder. DTA was

Fig. 1. SEM back-scattering images of cross-sections of the powder
particles of different size grades: (8) —200/ + 325 mesh, (b) —500 mesh.

performed on heating in the temperature range of 50—
650°C in an argon atmosphere using a Universa V2.3C
TA unit. Heating rates of 5, 10, 20 and 50°C/min were
used to determine the activation enthalpy of the processes
controlling crystallization by Kissinger's method [9,10].
Heat of reactions was determined using a differential
scanning calorimeter DSC Q1000 V2.45 at a heating rate
of 20°C/min. Microstructural characterization was per-
formed on powder heated to a selected temperature with
the rate of 10°C/min and then immediately cooled with the
rate exceeding 20°C/min. The phases present in the
powder were examined with the use of a Rigaku Rotaflex
X-ray diffractometer and a Leica 360FE scanning electron
microscope.

3. Results
31 Thermal analysis

Fig. 2 shows DTA curves of the gas atomized powder.
The curves were obtained at four different heating rates.
Three exothermic peaks corresponding to crystallization of
an amorphous phase are observed in the temperature range
of 230-450°C. The crystalization begins a a higher
temperature and the onset and peak temperatures for the
exothermic reactions responsible for the crystallization are
shifted toward higher temperatures when the heating rate is
increased. The values for the onset and peak temperatures
are tabulated in Table 2. It can be seen that the temperature
for the onset of initial crystallization, T, increases from
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Fig. 2. DTA curves of an AlgNi,Y,.La,s amorphous powder at
different heating rates.
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Table 2
Onset and maximum temperatures of the exathermic reactions for crystallization at different heating rates

Heating rate First peak Second peak Third peak

(°C/min) Onset (°C) Pesk (°C) Onset (°C) Peak (°C) Onset (°C) Peak (°C)
5 230.8 240.5 336.0 341.6 361.9 3714

10 237.0 248.6 3393 346.2 369.2 380.3

20 243.2 257.0 342.2 3517 376.1 388.3

50 253.9 274.6 352.7 362.8 387.7 400.8
231 to 254°C when the hesting rate increases from 5 to 3.2, Phase and microstructural analysis

50°C/min.

According to Kissinger [9], the activation energy, E, of 321 X-ray diffraction

the process controlling the transformation is given by the X-ray diffraction patterns of the —500-mesh

following equation:
E= —Rd[In@/T2)]/d(1/T,) (1)

where v is the heating rate, T, is the peak maximum
temperature, and R is the gas constant. Therefore, the
activation energy can be determined from slopes of the
curvesIn (v/Ti) versus 1/T ; these curves plotted in Fig. 3
for each of the three exothermic reactions show linear
dependencies. The activation energies were determined for
the first, second and third crystallization peaks to be 148,
336, and 274 kJ/mol, respectively, Table 3.

The hesat of reactions, AH, was determined using DSC,
and the AH values are given in Table 3. One can see that
the heats of the second and third reactions (22.6 and 27.2
J/ g, respectively) are more than 1.5 times higher than the
heat of the first reaction (14.5 J/g).
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Fig. 3. Dependencies of the logarithm of the heating rate (in K/min)
normalized to the square of the peak temperature T, on the reciprocal
peak temperature for the first, second and third exothermic peaks.

Table 3
Activation energy, E, and heat of reaction, AH, corresponding to the three
crystallization peaks

Peak no. 1 2 3
E, kJ/mol 148 336 274
AH, J/g 14.5 22.6 27.2

AlgNi Y, L&, powder in the as-GA condition and after
annealing at different temperatures are shown in Fig. 4. A
spread halo (in the 20 range of 30-50°) from an amor-
phous phase and separate peaks from three crystalline
phases, Al, Al;Ni and Al,La, were detected in the as-GA
condition. The positions of Al peaks were shifted in the
range of lower angles indicating the lattice expansion due
to solid solution of Y and/or La After heating to a
temperature of 290°C, i.e. just between the first and second
exothermic reactions, the halo intensity decreased, the
intensities of Al peaks increased and the intensities of
peaks from other phases remained almost unchanged, Fig.
4b, suggesting that the first exothermic reaction was
caused by precipitation of the fcc Al phase from the
amorphous matrix.

Annealing of the powder at a temperature of 360°C, just
above the second exothermic reaction and below the third
reaction, led to further decrease in the intensity of the halo
and increase in the intensity of peaks from Al phase and,
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Fig. 4. X-ray diffraction patterns of the Al (Ni Y, La,, gas atomized
powder in (8) as-received condition and after heating to (b) 290°C, (c)
360°C, and (d) 450°C with a heating rate of 10°C/min. The powder is
<23 pmin size.
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additionally, to an increase in intensities of peaks from the
Al,La intermetallic phase, Fig. 4c. One may therefore
conclude that crystallization of the Al,La phase, along
with further increase in the volume fraction of the Al
phase, is responsible for the second exothermic reaction.
When the powder was heated to a temperature above the
third exothermic reaction (450°C in Fig. 4d), the crys
tallization was completed and the XRD pesks from at least
three phases, Al, Al;Ni, and Al,La, were well defined on
the corresponding X-ray diffraction pattern. During this
stage, crystallization of the Al;Ni phase was the major
event, although intensities of the peaks from other phases
also increased.

With an increase in the annealing temperature, the lattice
parameter of the fcc Al phase decreased from a=0.4053
nm in as-GA powder to a=0.4049 in the powder anneaded
at 450°C. The latter value is very close to the lattice

parameter of pure Al [11]. Evolution of particle sizes of Al
and intermetallic phases was estimated from analysis of
widths of corresponding XRD pesks. In the as-GA powder
the average size of crystalline Al particles was estimated to
be 103 nm. After annealing at 290°C, it decreased to 57
nm, indicating precipitation of new smaller particles, and
after annealing at 390°C the size of Al particles increased
to 125 nm. After annealing at 450°C, the size of inter-
metallic particles was ~95 nm and the size of Al grains
~200 nm.

322 Scanning electron microscopy

No microstructural features were detected on the cross-
sections of the powder particles after annealing at 290°C,
similar to Fig. 1b. After annedling at 390°C, very fine
irregular-shaped particles were observed, Fig. 5a, and after

Fig. 5. SEM back-scattering images of cross-sections of the powder particles after annealing at (@) 390°C and (b) 550°C.
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annealing at 550°C, particles of at least two morphologies,
spherical and needle-like, were distinguished, Fig. 5b.

4. Discussion

The present results show that an amorphous alloy
powder of the composition of AlgNi, Y,sLa,s can be
produced by gas atomization. The powder particles with a
size less than 23 pm are predominantly amorphous and the
powder particles with a size larger than 38 um are fully
crystalline. This result indicates that a high cooling rate,
=>10*C/s, is required to amorphize the aloy. Similar
critical cooling rate was estimated for an AlgNi, Ceg
amorphous aloy produced in the form of wire (~50 pm in
diameter) or melt-spun ribbon (~15 pum thick) [4]. The
amorphous phase in the AlgNi Y, :La, dloy is stable
on heating to a temperature of about 230°C. Above this
temperature, crystallization occurs in three steps resulting
in three exothermic reactions with different onset tempera
tures and kinetics. The first exothermic reaction, which is
observed in the temperature range 230—270°C (at a heating
rate of 10°C/min), is due to precipitation of the fcc Al
phase in the amorphous matrix. This process decreases the
average size of crystaline particles from 103 nm in as-
produced powder to 57 nm in the powder heated to 290°C.
The activation energy of the first reaction, E, =148 kJ/
mol, is close to the self-diffusion activation energy of
aluminum [12], indicating that the Al-phase precipitation is
probably controlled by the self diffusion of aluminum.
Because of low solubility of Ni, Y and La in the fcc Al
phase, the remnant amorphous phase becomes enriched
with the aloying elements, especialy near the aluminum
particles. These increased concentrations stabilize the
amorphous phase and hinder crystallization [13,14]; de-
spite the strongly exothermic crystallization reaction, with
a heat of reaction of AH=14.5 J/g. The crystalization
continues further only after increasing the temperature to
about 330°C. This may indicate that higher nominal
concentrations of alloying elements are required to stabi-
lize the amorphous phase and increase the crystallization
temperature T,. However, the increasing concentrations
would increase the melting temperature of the aloy very
rapidly, which would decrease the glass-forming ability
during melt quenching [8,15].

The second step of devitrification of the amorphous
phase occurs in the temperature range 330-360°C and
leads to crystdlization of the Al,La phase. The high
activation energy of the reaction (E,=336 kJ/mol) indi-
cates that diffusion of lanthanum controls crystallization
during this stage. A decrease in the concentration of
lanthanum in the amorphous phase destabilizes the rem-
nant amorphous phase and leads to an increase in the
volume fraction of the fcc aluminum phase and formation
of the Al;Ni phase. The latter process is responsible for the
third exothermic reaction in the temperature range of
360-450°C with the activation energy E,=274 kJ/mol.

This value corresponds to the activation energy of diffu-
sion of nickel in the aluminum matrix [12]. The absence of
an yttrium-containing intermetallic phase may indicate that
this element is dissolved in the Al,La and/or Al;Ni
phases.

5. Conclusions

Essentially amorphous powder with a size less than 23
wm was produced from an Al Ni, Y, L&, 5 aloy by gas
atomization. The amorphous phase was stable on heating
to a temperature of about 230°C and then crystallization
occurred in three stages. Initially, in the temperature range
230-270°C, an fcc aluminum phase precipitated as fine
particles in the amorphous phase; the process controlled by
diffusion of aluminum with the activation energy E, =148
kJ/mol. An increased content of the alloying elements
stabilized the remnant amorphous phase and crystallization
continued only after increasing the temperature above
330°C. In the temperature range 330-360°C, an Al,La
phase was formed. The activation energy E, =336 kJ/mol
was measured indicating that diffusion of lanthanum
controlled this transformation stage. During the final, third
stage of crystallization, which occurred in the temperature
range of 360—450°C, an Al;Ni phase was developed and
the activation energy was E;=274 kJ/mol. After the
completion of the crystallization, the alloy consisted of
three major phases, Al, Al;Ni and Al ,La with an average
size of intermetallic particles of about 95 nm and a grain
size of the aluminum matrix of about 200 nm.
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