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Metastable Zrio0- Al alloys have been formed by ball milling of elemental Zr and Al powders: su-
persaturated hcp solid solution for x < 15, and an amorphous phase for x = 17.5. Enthalpy-composition
curves for both phases were determined by measurements of the enthalpy of transformation to equilibri-
um. A cusp indicating the crossover of these two curves is observed near the critical composition for
amorphization. Our results indicate that phase formation by ball milling in Zr-Al is determined by po-

lymorphous constraints and not by nucleation and growth under metastable two-phase equilibrium.

PACS numbers: 64.60.My, 64.70.Kb, 81.20.Ev

In recent years, it has been shown that amorphous al-
loys can be synthesized by a number of new routes in ad-
dition to the traditional rapid solidification methods [1].
Among these new approaches, ball milling of crystalline
elemental powder mixtures (mechanical alloying), or of
crystalline intermetallic compounds, is very attractive be-
cause it can be used to synthesize bulk material [2]. The
driving forces and mechanisms governing ball-milling-
induced phase transformations are still a subject of de-
bate and many investigations. Amorphization by mech-
anical alloying was at first hypothesized to result from
rapid quenching of local melts produced by mechanical
impacts [3]. Evidence for melting during explosive equi-
librium phase formation was reported in Ref. [4]. Most
studies, however, suggest that solid-state processes are
most likely to be responsible for vitrification [5-8]. For
milling of intermetallic compounds, it is suggested that
the amorphization is due to the accumulation of de-
formation-generated defects which raise the free energy
of the compound to above that of the amorphous phase
[5]. For milling of elemental powder mixtures, it has
been proposed that an amorphous phase nucleates and
grows by a reaction under interfacial metastable equilib-
rium similar to that in thin-film diffusion couples [9].
Ball milling facilitates such interdiffusion reactions by
fracturing and cold-welding crystalline particles to create
alternating layers with fresh interfaces, and by generating
a high density of defects [6~8]. Fecht et al. [10] recently
explained the formation of an amorphous Zr-Al phase in
terms of a chemically induced catastrophic transition.
They hypothesize that above a certain Al concentration, a
supersaturated Zr-based solid solution becomes unstable
and undergoes a polymorphous “melting” transition to a
glass.

The above scenarios are illustrated using a schematic
diagram of the Gibbs free energy versus overall alloy
composition x as shown in Fig. 1. The diagram shows
free-energy curves for a solid solution (a), an amorphous
phase, and the line compounds Zr;Al, Zr;Al, and Zr;Al,.
The compound free energies were obtained from Ref.
[11], and we note that they lie approximately on a com-

mon tangent to the a curve. During ball milling, these
equilibrium compounds do not form due to severe kinetic
constraints at low milling temperatures. A uniform «
phase (here a hexagonal Zr-rich solid solution) has the
lowest free energy up to a concentration x’, at which the
a phase is in metastable equilibrium with the amorphous
phase of composition x”, as determined by the common
tangent construction. At x > x', there exists a driving
force for phase separation. If nucleation of an amor-
phous phase having a different composition is kinetically
permitted, a metastable two-phase equilibrium will be ob-
tained. When plotted as a function of the overall compo-
sition (Fig. 1), the average free energy of the system will
then follow route 1-2-4. This is the case for metastable
phase formation in diffusion-controlled thin-film reactions
[1,91. However, if the system is constrained to be homo-
geneous at the low milling temperatures, the stability
range of the a phase (solubility of B in 4) will be extend-
ed up to a critical value x* where the free energies of the
a phase and the amorphous phase are equal. Above x*,
the a phase becomes unstable with respect to the amor-
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FIG. 1. Schematic free energy vs composition for several
phases of a binary system (see text).
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phous state and may collapse polymorphously into the
amorphous phase, as proposed for Zr-Al in Ref. [10].
The free-energy versus composition curve will follow
route 1-2-3-4, and a cusp will result. It is apparent from
Fig. 1 and the above discussion that the driving forces
and constraints which govern phase formation can be
determined once the free energy of the system is charac-
terized as a function of composition.

The present study further explores the Zr-Al system
for two purposes. First, we determine experimentally, for
the first time, enthalpy-composition curves for both a su-
persaturated metastable solid solution and an amorphous
phase. Second, assuming the enthalpy to approximate
the free energy for low temperatures, we use the ap-
proach outlined above to identify the constrained thermo-
dynamics underlying metastable phase formation by ball
milling.

Commercially available powders of Zr (<180 um,
99.9%) and Al (<44 um, 99.9%) were alloyed in a
SPEX 8000 laboratory ball mill with stainless-steel balls
and vial. The ball-to-powder weight ratio was 4:1 and 8 g
of mixed powder were used for each run. The Al concen-
tration x covered a range of O to 30 at.%. The loaded
vial was sealed in dry Ar, and a fan was used to maintain
the vial temperature near 35°C. The milling duration
ranged from 12 to 40 h, the data presented below being
for 24-h milled samples. Scanning-electron-microscopy
x-ray fluorescence analysis indicates that Fe and Ar im-
purities are present at a level below 1 and 0.5 at. %, re-
spectively. Phases were identified by x-ray diffraction
with a 0-20 Rigaku diffractometer using Cu-Ka radiation
from a rotating-anode source operating at 7.5 kW, and by
electron diffraction and transmission electron microscopy
(TEM) for selected samples. Thermal analysis was per-
formed in a differential scanning calorimeter (Perkin-
Elmer DSC-7) at a heating rate of 20°C/min. Approxi-
mately 40 mg of milled powder were sealed hermetically
in either an Al or Au pan for each DSC run. The base
line was determined by repeating each run without dis-
turbing the sample. Temperature and peak-area calibra-
tion was carried out periodically with Zn and In stan-
dards.

In agreement with Ref. [10], Zr-rich metastable
Zr00-xAl, alloys were obtained after 24-h ball milling.
For x <15, x-ray diffractograms show all the hcp Zr
peaks, broadened and consistently shifted to higher angles
compared with Zr peaks for as-received powders. This
indicates the formation of a Zr-based hcp solution super-
saturated with Al solutes, with small grain sizes (on the
order of 10 nm [10]) and reduced lattice parameters. For
x=17.5, in contrast, broad halos indicative of amor-
phous phase formation become the main feature in the
diffraction spectra and all the crystalline Bragg peaks
fade away. More convincing evidence for this qualitative
difference has been found in samples heated in DSC to
temperatures just below the transformation into equilibri-
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FIG. 2. X-ray-diffraction spectra for hcp ZrgsAl;s solid solu-
tion and amorphous Zr7Alz powders ball milled and annealed
in DSC to 460 °C and 520 °C, respectively.

um compounds. Figure 2 compares the x-ray-diffraction
spectra for 24-h milled ZrgsAlys and ZrjpAlzp samples,
annealed in DSC to 460°C and 520°C, respectively. The
main features in these two spectra are the same as in cor-
responding as-milled samples. After annealing, grain
growth occurred in the ZrgsAls sample, giving rise to
sharpened Bragg peaks, whereas the diffuse halos persist-
ed for the ZrqoAlz sample. This rules out the possibility
that the broad halos are due to nanosized crystals, since
they would otherwise grow upon heating to give Bragg
peaks. Selected-area diffraction patterns and high-
magnification TEM observations in a ZrggAly sample are
also consistent with the x-ray results that an amorphous
phase predominates for x = 17.5. The lattice parameters
of the hcp solid solution, a and ¢, have been determined
using x-ray-diffraction data such as those in Fig. 2, curve
a. A monotonic decrease in both a and c is observed as x
increases all the way to x=15 [12]. This result indicates
that the smaller Al atoms form a substitutional solid solu-
tion with Zr. It also demonstrates that there is no obvi-
ous two-phase region (common tangent 2-4 in Fig. 1)
where a solid solution with a fixed x' (hence fixed a and
¢) would exist before it disappears at point 4 in Fig. 1.
Figure 3 shows two typical DSC traces for 24-h milled
Zrg75Al 25 (solid solution) and ZrggAly (amorphous)
powders, respectively. For all our samples, heating to
600-700°C resulted in only one narrow exothermic peak
corresponding to the transformation into equilibrium
compounds. X-ray-diffraction results indicate that in all
cases the final reaction products are Zr and Zr,Al [13].
This corresponds to the equilibrium line e in Fig. 1. The
CusAu-type Zr3;Al phase has not been observed, probably
due to its sluggish formation kinetics [14] and the small
driving force for its formation once Zr,Al is formed (Fig.
1). Trace amounts of Zr;Al, were detected only in sam-
ples with x=25 and 30. Since the free energies of the
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FIG. 3. DSC traces, taken at 20°C/min, for 24-h milled
Zrg75Ali125 and ZrsoAly powders. The narrow exothermic peak
corresponds to transformation to equilibrium. The exothermic
signal starts at temperatures as low as about 120°C.

three compounds lie approximately on a common tangent
to the a curve in Fig. 1, the free energy of transformation
to equilibrium is independent of the relative amounts of
these phases. It should be noted that exothermic signals
start at temperatures as low as about 120°C (Fig. 3).
This enthalpy release is attributable to irreversible re-
covery of cold-worked crystals through grain growth, de-
fect annihilation, and strain relief, or structural relaxa-
tion in amorphous materials [15,16]. A contribution to
this signal due to a reaction of trace amounts of unreact-
ed elemental material [17] is expected to be small be-
cause the observed signal saturates with the milling time.
Several reports give estimates of temperature rise induced
by the kinetic energy of the milling media, ranging from
30 to 300°C [2,5,18,19]. The appreciable recovery we
observe suggests a rather low ambient temperature on the
order of 100°C in our experiments. The integration of
the total area under the DSC trace yields the total
enthalpy of the as-milled powders with respect to equilib-
rium, AH . Since no phase transformation is detected
by x-ray diffraction for samples heated up to the main
DSC peak, the area under this exothermic peak corre-
sponds to transformation enthalpy of the relaxed metasta-
ble phase to equilibrium, AH,. Both AH, and AH,, as a
function of Al concentration are plotted in Fig. 4, where
each data point represents an average over five measure-
ments.

A cusp, i.e., an abrupt change in slope, is observed at
approximately x =20 for both the AH,, and AH, curves
in Fig. 4. This feature is preserved in a plot of the abso-
lute enthalpy versus composition [12]. In the following
discussion, we will use the enthalpy as an approximation
to the free energy, assuming that the entropic contribu-
tion at the low milling temperatures is relatively small
and will not affect the qualitative conclusions drawn
below [12]. Comparing Fig. 4 with Fig. 1, it may be con-
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FIG. 4. Enthalpy release as a function of Al concentration
for as-milled and relaxed powders during transformation to
equilibrium. The dashed vertical line separates the solid solu-
tion and amorphous regions. x{ and x¥ denote the cusp posi-
tion for the as-milled and relaxed phases, respectively.

cluded that metastable equilibrium, represented by the
common tangent construction, has not been established.
Rather, polymorphous constraints drive the crystalline
phase out of its metastability range when the solute con-
centration exceeds x*. The following kinetic route can
be envisioned: Because a Zr-rich solution can form
without a nucleation barrier, it forms initially and be-
comes richer in Al until it collapses at x*. From Fig. 4,
it appears that x{ =17 for as-milled phases, and x¥
== 22 for relaxed phases. The good agreement with the
x-ray determination of x* = 17 supports the assumption
of similar behavior between free energy and enthalpy
curves at low temperatures. We note from Fig. 4 that for
relaxed phases, amorphization should start at x > x¥
=22. In reality, a considerable amount of enthalpy is
stored in the crystalline phase (about 4.5 kJ/gatom)
which raises the curve to that of AH,, [15]. The latter
crosses the relaxed amorphous curve at x = 10. Howev-
er, the amorphous phase formed during milling is not in
its relaxed state either. Its enthalpy curve is also raised
due to a comparable amount of stored enthalpy (about 3
kJ/gatom). As a consequence, complete amorphization
becomes possible at a new x; =17, which is observed in
our experiments.

There is additional evidence indicating the absence of
metastable interfacial equilibrium when some binary sys-
tems are subjected to ball milling. Homogeneous, non-
equilibrium, alloy phases have been observed in systems
with a nearly zero or positive heat of mixing (e.g., Cu-W
[12,20], Cu-Ta [21]). In both these and the present case,
the polymorphous constraints can be understood as re-
sulting from the lack of significant mobility of both
species at the low milling temperatures, and the high in-
terfacial energy associated with phase separation in a re-
peatedly deformed, fine-structured alloy. Creation of a
large area of such immobile interfaces would consider-
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ably raise the free energy of a two-phase system and
make it unstable with respect to a homogeneous phase.

Absolute enthalpy-composition curves for both the
solid solution and the amorphous phases can be readily
assembled with the data presented in Figs. 1 and 4. Fur-
ther discussions in comparison with calculated curves will
be presented separately [12]. Here we simply point out
that such experimentally determined curves are very use-
ful, especially when calculated curves, using an under-
cooled liquid to represent the amorphous phase, often un-
derestimate its stability [22]. For example, no amor-
phous phase formation is predicted for the Zr-Al system
using a calculation in Ref. [11]. In addition, our data
show that the supersaturated (both as-milled and
recovered) hcp solution has an enthalpy lower than that
of the pure elements [12], indicating a driving force for
its formation in an elemental diffusion couple [23].

In summary, we have measured, for the first time,
enthalpy-composition curves for both supersaturated solid
solution and amorphous phase in a binary system. The
observed cusp at the crossover of these two curves near
the experimental critical concentration for crystal-glass
transformation (x*) and the monotonic decrease of the
lattice parameters of the solid solution phase up to x*
lend strong support to the idea that phase formation by
ball milling can be determined by polymorphous con-
straints rather than by nucleation and growth under
metastable equilibrium.
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