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Direct Determination of Metastable Phase Diagram by Synchrotron Radiation Experiments
on Undercooled Metallic Melts
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The phase selection process during the crystallization of undercooled metallic melts is studied in situ
by combining the electromagnetic levitation technique with energy dispersive x-ray diffraction of syn-
chrotron radiation. The crystallization of metastable bcc phase in binary Ni-V alloys was identified.
A metastable phase diagram of Ni-V alloy is constructed, which shows the primarily solidifying phase
as a function of composition and undercooling. The analysis within nucleation theory emphasizes the
important role of metal oxide as a heterogeneous nucleation site controlling the phase selection.

DOI: 10.1103/PhysRevLett.86.1038

If a melt is undercooled below its equilibrium melting
temperature the liquid becomes metastable. The excess
free energy of the undercooled melt can be used by the
system to form metastable solids [1]. The variety of such
metastables ranges from supersaturated and grain-refined
alloys, metastable crystallographic structures, disordered
superlattice structures of intermetallics, and even amor-
phous metals [2].

A metastable solid shows a smaller melting temperature
than the stable solid phase [3]. Hence, an undercooling
exceeding the difference between equilibrium melting
temperature and melting temperature of the respective
metastable solid is needed to generate a driving force
for its solidification. Electromagnetic levitation was ex-
tensively used for containerless undercooling and solidi-
fication of metals and alloys [2]. A freely suspended drop
offers the benefit of a large undercooling range and that
the undercooled melt is accessible for direct observation
of rapid solidification [4].

Temperature-time profiles measured during undercool-
ing and solidification of electromagnetically processed
samples show an increase in temperature during crystal-
lization (recalescence) up to the melting temperature of
the solidifying phase owing to the rapid release of the heat
of crystallization. Undercooling experiments on binary
Fe-Ni alloys reveal two-step recalescence profiles which
were interpreted by a primary solidification of a metastable
bce phase (at Ni concentrations larger than 4 at. %) during
the first step followed up by the crystallization of the
remaining melt to stable fcc phase during the second step
[5]. The temperature after recalescence, called postrecal-
escence temperature, of the variously concentrated al-
loys correspond to the liquidus temperatures of stable
fcc and metastable bcc phases, respectively. However,
the metastable bcc phase could not be detected in the
as-solidified sample at ambient temperatures. Primarily
formed bee was either remelted during the second step of
recalescence, i.e., during solidification of stable fcc phase,
or it was transformed by a solid state reaction during
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cooling the as-solidified sample to ambient temperatures
at small cooling rates (a few K/s). Similar observations
were reported for Fe-Ni-Cr [6] and Ni-V [7] alloys.

The conclusions of the aforementioned undercooling
experiments are based upon the analysis of the thermo-
dynamics. They do not directly evidence the primary
solidification of metastable bcc phase in the undercooled
melt. The “lifetime” 7 of the metastable phase is too
short to record a diffraction pattern by conventional
diffraction and to identify the crystallographic phase
unambiguously. The situation is changed if high intensity
synchrotron radiation is considered. It was shown that
diffraction experiments using synchrotron radiation on
metallic glasses are able to directly observe and to identify
the crystalline phases which are formed during devitrifi-
cation of the glassy state [8,9]. Recently, conical nozzle
levitation was combined with diffraction of synchrotron ra-
diation to study the short-range order in undercooled boron
liquids [10]. Electromagnetic levitation for containerless
undercooling and solidification of metals was applied
to provide direct interaction of the sample with probes,
such as muons [11], positrons [12], and photons [13].

In the present work the electromagnetic levitation
technique to undercool bulk samples was combined with
energy dispersive x-ray diffraction (EDXD) to record
in situ complete diffraction patterns during crystallization
of stable and metastable phases in undercooled metallic
melts.

The EDXD experiments were performed at the white
beam Laue beam line ID 09 at the European Synchrotron
Radiation Facility in Grenoble, France. Unfocused ra-
diation from a wiggler with an energy range from 7 to
148 keV and an energy dispersive germanium detector at
a constant scattering angle of 5° was used. The experi-
mental setup is described in detail elsewhere [14]. The
minimum integration time to observe a spectrum of rea-
sonable quality was 0.5 s, which is the limiting factor for
observing time resolved phase selection in undercooled
samples.
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While the lifetime 7 of metastable bce structures in
Fe-Ni and Fe-Ni-Cr alloys is within ms [5,6], considerably
longer times were reported for some Ni-V alloys ranging
from several ms for Ni-rich alloys and some s for V-rich
alloys [7]. Considering the time resolution of the detector,
we have investigated the binary Ni-V system in the com-
position range between 42 and 63 at. % V. In this com-
position range Ni-V shows a phase competition of three
different crystallographic phases, bcc, fcc, and the inter-
metallic o’ phase. The o’ phase shows a complex tetrago-
nal structure within 30 atoms per unit cell.

The samples of about 0.9 g in mass and 5—6 mm in di-
ameter were alloyed from the elements Ni and V (both
of purity better than 99.9%) in an arc furnace under Ar
atmosphere. The alloys were undercooled and solidified
within the electromagnetic levitation chamber, especially
designed for this kind of experiment [14]. The temperature
T was controlled by forced convection cooling of H,-He
gas and measured by a two color pyrometer in top view
with an absolute accuracy of =10 K and a relative ac-
curacy of =1 K. Complete cycles of melting, heating,
undercooling, and solidification were recorded. The nu-
cleation temperature 7 was inferred from the respective
temperature-time profiles by the onset of recalescence and
the undercooling AT was determined from the difference
of liquidus temperature, 77, and the nucleation tempera-
ture, Ty, thus AT = T, — Ty.

As an example, Fig. 1 shows a temperature-time pro-
file (cf. inset) and four diffraction spectra recorded dur-
ing undercooling and solidification of a levitated Nig; Vs
sample. In the temperature-time profile a double recales-
cence is observed. The first recalescence peak sets in at
an undercooling of AT = 50 K (Ty = 1493 K) and T
rises up to 7 = 1514 K being below the liquidus tem-
perature of the stable ¢’ phase, T/ = 1543 K. After
57 s, the remaining undercooled liquid crystallizes in a
subsequent step and T rises up to 1490 K. This tem-
perature is below the liquidus temperatures of both the
metastable bce phase, TP = 1533 K, and the stable o'
phase, T; . Hence, the determination of the postrecales-
cence temperatures does not allow for the discrimination
of the phases solidified during the two different recales-
cence events. The crystalline structures of the solidifying
phases were directly identified by the diffraction pattern
immediately recorded after the two recalescence events as
shown in Fig. 1. The first spectrum has been taken on the
undercooled liquid at 7 = 1495 K (1), the second one (2)
directly after the first recalescence event, and the third one
(3) 54 s after that event. Spectrum 2 clearly reveals that
after the first recalescence event (denoted by I in Fig. 1)
a part of the undercooled melt crystallized into metastable
bce phase which grows continuously upon further cooling
as shown by spectrum 3. In both spectra the Bragg peaks
are identified as the (110), (200), and (211) reflections of
the metastable bce phase. In a second reaction the remain-
ing liquid crystallizes into the stable o’ phase as indicated
by spectrum 4 of Fig. 1. The Bragg interferences of the
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FIG. 1. Energy dispersive x-ray diffraction spectra recorded

during undercooling and solidification of a levitated Nig; Vso
at a constant diffraction angle of 20 = 5°. A part of the
undercooled melt (spectrum 1) primarily crystallizes into the
metastable bcce phase (spectra 2 and 3) followed up by the crys-
tallization of the intermetallic o’ phase (spectrum 4). The bcc
phase disappears by transforming during the second solidifica-
tion period. The inset marks the temperature and time during
cooling at which the various spectra are recorded. The arrows
denoted by I and II mark the two recalescence events of primary
bee crystallization and secondary o’ crystallization.

bce phase disappear during the second solidification pro-
cess, indicating that the metastable bcc phase transforms
during the temperature rise at the second recalescence
event.

The analysis of equivalent x-ray diffraction experiments
performed on samples of different composition and solidi-
fied at various levels of undercooling leads to the devel-
opment of a phase selection diagram of Ni-V shown in
Fig. 2. The equilibrium liquidus (7,) and solidus tempera-
tures (Ts) of fcc, bee, and o’ phases [15] are exhibited by
solid lines, and the extensions of 7} for all phases into
the metastable region of the undercooled melt are repre-
sented by dashed (bcc), dotted (fce), and dash-dotted (o)
lines. The equilibrium phase diagram and the metastable
extensions of the 7, of the respective phases are calcu-
lated according to the model by Kaufman [16]. The sym-
bols denote the primarily solidified phase as a function of
composition and nucleation temperature: fcc phase (open

1039



VOLUME 86, NUMBER 6

PHYSICAL REVIEW LETTERS

5 FEBRUARY 2001

1550

[ T fee
glsoo A S feet lig
C I
~
g a
E 1450 a 4
&= -4”2?,{

1400

50 55
Vanadium concentration [at %]

FIG. 2. Phase selection diagram of Ni-V. The different sym-
bols mark the primarily solidified phases as a function of com-
position and nucleation temperature: open triangles: fcc phase;
closed triangles: fcc phase + o' phase; open circles: bec phase;
and closed squares: ¢’ phase. The solid lines give the equilib-
rium liquidus and solidus temperatures while dash, dotted, and
dash-dotted lines represent the metastable extensions of liquidus
temperatures of bee, o/, and fcc phase, respectively.

triangles), bce phase (open circles), fcc phase + o' phase
(closed triangles), and o’ phase (closed squares).

The comparison of the experimental results with the
calculated phase diagram shows that the formation of the
metastable bcc phase is observed in the concentration
range between 51 and 60 at. % V at nucleation tempera-
tures below the metastable extension of bcc liquidus,
i.e., in a temperature and concentration regime in which
a driving force for the solidification of bcc phase does
exist: AGy = G(bcc) — G(L) < 0 [G(bce) and G(L):
Gibbs free energy of bcc solid and liquid]. This is a
necessary but not a sufficient condition for the formation
of metastable bcc phase. Usually, AGy is largest for the
stable phase in comparison with any metastable solid [3].
Crystallization of metastable solids can be understood, if
nucleation processes are taken into account.

According to the classical nucleation theory the forma-
tion of a nucleus of critical size requires an activation en-
ergy AG* [17]:

16w o3

AG" = TA—G‘Z,f(@)’ (D
where o is the energy of the solid-liquid interface and
f(®) the catalytic potency factor for heterogeneous nucle-
ation. o is estimated within the negentropic model [18,19]
o=a _AS T 2)

NP

where ASy is the entropy of fusion, N4 Avogadro’s num-
ber, and V,, the molar volume. The factor o depends
on the structure of the solid nucleus, a(fcc) = 0.86 and
a(bec) = 0.71 [19] while a (o’ phase) = 0.36 [20]. As-
suming equal f(®)’s for all phases Eq. (2) predicts the
interfacial energy being smallest for the o’ phase, medium
for the bcc phase, and largest for the fcc phase. Thus,
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the primary crystallization of the metastable bcc phase in
competition with the fcc phase in the Nig4; Vsg alloy can
be understood by a smaller AG™ for the metastable bcc
phase because of its smaller o according to Egs. (1) and
(2). But the interfacial energy of the o’ phase is even
less than that of the bcc phase, o(o’) < o(bcc), sug-
gesting an energetic preference of nucleation of o' phase,
AG*(0') < AG*(bcc), apparently in contrast to the ex-
periment, AG*(o') > AG*(bcc).

According to Eq. (1) the lower activation energy
AG*(bcc) < AG*(0') can be understood within nucle-
ation theory by a corresponding difference of the catalytic
potencies f(®) being smaller for the bec phase than for
the o’ phase. In case of Ni-V alloys one has to consider Ni
and V oxides as potential heterogeneous nucleation sites.
NiO and VO show crystallographic structures of NaCl type
[21] and are solid in the investigated temperature range
[22]. VO and V,03 are more stable compared with NiO
[23] and cannot be reduced by annealing in H, atmosphere
at temperatures 7 << 2000 K. Thus, solid vanadium ox-
ides will be present at the surface of the molten alloy
during levitation processing. In fact, the existence of
thin oxide layers on the surface of the as-processed
samples was proved by field-ion spectroscopy [24]. Metal
oxides possess in general a higher emissivity than pure
metals. This leads to a contrast of brightness in video ob-
servation. From video images it is estimated that the oxides
cover less than 10% of the surface area of Ni-V alloys.

For further discussion f(®) is determined from the re-
sults of the undercooling experiments. It is assumed that at
least one nucleation event is sufficient to initiate the solidi-
fication of the undercooled melt of volume V during the
experiment time ty. This means

I(Ty) -V -ty = 1 3)
with I the steady state nucleation rate, V the volume of
the sample, and ty = AT /(dT/dt) the experiment time.
ty is calculated by the undercooling AT and the cooling
rate dT/dt, both of which are taken from the measured
temperature-time profiles. The steady state nucleation rate
I is given by [17]

3
_ kBTfNé exp(— 167;0' f(®)> @
377(T)a0 3AGkaT
with 7 the viscosity calculated according to a Vogel-
Fulcher expression

A
n = noeXp<T — To>' (%)

ap 1is the interatomic spacing and is computed from the
ratio V,,/N,, kg Boltzmann’s constant, T, the ideal glass
transition temperature (assumed to be Ty = T;/3), A and
no numerical parameters for the calculation of the viscos-
ity, and ¢ the fraction of atoms acting as nucleation sites
assuming that 10% of the surface atoms are in contact
with metal oxide. For the calculation of I the numeri-
cal values are used as given in Table I. AGy is approxi-
mated by the model of Kaufman and o is calculated using
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TABLE I. Characteristic parameters of Nig; Vs alloy as used
for the calculation of the steady state nucleation rate /.
Parameter bee phase o' phase
T; [K] 1533 1543
AGy (Ty) 7] —996 —1494
AS; [TK/mole] 12.31 16.42
V,, [em?/mole] 7.7 7.7
a 0.71 0.36
V [em?] 0.11 0.11
ty [s] 31 31
é; 10*10 10*10
Mo [poise] 0.1 0.1
A [K] 2000 2000

Eq. (2). f(0O) is determined as free parameters for the nu-
cleation of bee and ¢’ phases, such that Eq. (3) describes
the undercooling experiment at which nucleation of the
respective phase is observed at the maximum undercool-
ing (here AT = 91 K). This gives f(®) = 0.0143 for the
metastable bee phase and f(0) = 0.0997 as a lower limit
for the stable o’ phase for the Niy; Vso alloy. Obviously,
the heterogeneous nucleation site shows different f(©)’s
for the crystallization of bce and o’ phases. f(©) should
be higher the more similar the crystallographic structures
of heterogeneous nucleation sites and the solidifying phase
[17]. The o’ phase is a Frank-Kasper phase with a com-
plex polytetrahedral structure [25]. The NaCl type struc-
ture of the VO shows more similarity to the cubic structure
of bee and fcc phases than to the polytetrahedral struc-
ture of the o’ phase. Consequently, f(®) for heteroge-
neous nucleation on Ni and V oxides is expected to be
larger for the o’ phase than for the cubic bee phase; hence
AG*(bcc) < AG*(0”), in qualitative agreement with the
experimental findings.

In summary, the electromagnetic levitation technique for
containerless undercooling of bulk melts was combined
with energy dispersive x-ray diffraction to directly ob-
serve the phase selection process during solidification of
undercooled Ni-V melts. The analysis of all data leads
to the construction of a phase selection diagram for Ni-V
which describes the formation of different phases, stable
or metastable, as a function of alloy composition and un-
dercooling. The results are discussed in the framework of
heterogeneous nucleation revealing the importance of solid
metal oxides on the heterogeneous nucleation and the pre-
selection of crystalline phases during solidification of un-
dercooled metallic melts.
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