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Abstract
Studies of phase selection and microstmcture evolution in high-performance magnetic materials are an urgent need

for optimization of production mules. Containerless solidification experiments by electromagnetic levftatron and drop
tube solidification were conducted Ln undercooled m«!ts of Fe-Co. Fe-Ni .soft magnetic, and \ d 4 e - B hard magnetic
alloys, Melt undercooling tinder raicrogravity was achieved in the ТНМРШ facility during parabolic flight campaigns.

For Fe-Co and Fe-Ni alloys significant effects of microgravity on metasiuble phase formatioti were discovered. Micro-

siructore modiOcations as well as metastable phase formation as ftmction of undercooling and melt flow were eluci-

dated in Md-Fe~B. Modeling of solidification processes, fluid flow and heat transfer provide predictive tools lor micro-

structure engineering from the mek. They were developed as a link between undercooling experiments under terrestrial

and microgravity conditions and the production routes of magnetic materials.

I. Introduction
Optimization of production routes and development

of novel high-performance hard and soft magnetic ma-
terials require accurate knowledge of phase selection
and mierosmiciure evolution processes. Contuinerless
solidification by electromagnetic levitatton (EML> and
drop tube processing (DTP) arc applied for revealing
mctastebic phase formation in Fe-Co, Fe-Ni and
Nd-Fe-B undercooled melts. Mek undercooling experi-
ments were performed on ground-based EMI. equip-
ment and temperature-time profiles were recorded from
a high-speed photo diode. Undercooling experiments
under microgravity conditions were carried о т during
parabolic flight campaigns with the TEMPUS facility.
The installation of a high-speed camera in the advanced
TEMPUS equipment permits recording of the solidifi-
cation, front in undercooled melts.

Modeling of solidification, fluid flow and heat
transfer provide predictive tools for microstructore en-
gineering from the melt. They were developed as a link
between undercooling experiments under terrestrial and
mierogravity conditions and the production routes of
magnetic material*.

2. Ke-Co and Fe-Ni Soft Magnetic Alloys
Commercial allays b w a i on (;e-Co and Fe-Ni are

widely used soft magnetic: materials. Fe-Co alloys with
> 18 at.% Co and Fe-Ni alloys with > 5 at.% Ni display

the y-Fe {fee) primary phase in conventional solidifica-
tion processes. Fe-Ni alloys, similar ш Fe-Co, can form
the melastable phase б-Fc (bcc\ if the melt undercooling
exceeds a critical level \Т>\Т*'г\ This is evidenced
by a double-recaksceiKc process of temperature-tirne
profiles in ЬМ1. experiments (Fig. 1).

EMI, experiments during parabolic flights have
shown that ш micrograviry conditions Д7'. is reduced
and the arrest time before the transformation to theequj-
iibnum phase is prolonged due to reduced convec-
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Fig, I Temperature time ploi of a high-speed photo Jiode
from * parabolic flight experiment with a Fe«,Nise

droplet undercooled 87 К showing Ше
doubls-recslescencc with intermediate metastablc
phase <RT •-> recttlwcencc tirac).
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i or a FegnNi,!, alloy the lifetime of the meraslable phase
increases from i,^ * 0.4 to 1.5 ms (depending on ЛГ> on
ground to tjfi a 23 ms (ДГ - Я 7 K"> under miemgravity
conditions (Fig, I).

Analyzing the temperature of the thermal arrest dur-
ing recalcsceiice allows experimental determination of
the nwtaxtabfc iiquidus and sofidus Imcs. These data can
be used to fit calculated roerastable phase boundaries.
generated by thermodynamic modeling, in order to im-
prove the accuracy of the calculated phase diagram4'

The solidification front was observed by high-speed
camera in parabolic flight experiments.

Fe

XfCo)

fig, 2 Fc-Co equilibrium (solid lines) and metasiable (dotted
lines) phase diagrams calculated using the adjusted
Anabase4'. Experimentally measured equilibrium
(squares) and metastablc ('trinngtes) sohdus tempera
hires are also plotted. The metastablt* phwie diagram
from the anginal database is shown for comparison
(dashed lines).
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Fig> 3 Picture series from the high speed camera of parabolic
flight experiments for FawNi^. From the moving front
of the solid (bright) mto the 72 К wukrcoolocf melt
(.dark) «be solidification velocity was evaluated.

A solidification from velocity of v - 1,6 m s ! for a

Fe-wNiiri sample at Л7' - ?2 К undercooling has been
evaluated fmm the space resolved interface (Fig. 3},
which nicely iits to previous data with the phowdiodc
This can lead to hotter understanding of the growth ki-
netitvs in uudercooled melts but requires modeling of the
solidification front geometry.

3. Phase field Modeling of Nueleatton and Phatc
Selection in the Fe-Ni System

The magnetic properties depend an the crystalline
phase and micrestructure. It is, thus, of high importance
to understand phase selection during solidification.
Usually, it happens, in the mscleatkm stage, therefore, a
derailed knowledge on possible nucleation pathways is
essential. Microscopic theory predicts that in simple
liquids, small amplitude -fluctuations prefer the bec
struicrai'e, i.e.. nucleation of the bec phase is expected' '•.
Indeed, molecular dynamics simulations show that in
the Lennard-Jones system, when* the fee is the stable
phase, the small crystal-like fluctuations have a bec
structure, while the larger ones have an Jcc core sur-
rounded by a /«»likc layer'". Л similar phenomenon is
expected in metallic systems, The phase field theory is a
povvertiil tool for investigating both nucleation and
crystal growth"'. Here, we address phase se-iceiioa in the
Fe-Ni system by phase field modeling.

Two types of phase field models will be usud in this
study. One <\\" them that we call the ф - \y mode!, rchei
on four fields: the phase field ф thaL monitors the sol-
id-liquid transition; и solid-solid order parameter ^ that
distinguishes the fee and fac phases; the orientation
field. В that captures the crystallography oriemation of
the individual crystallites; and the chemical composition
field с The free energy is a functional of ihese fields:

where fh the free energy density of the homogeneous
system, while square gradient terms are introduced to
penalize the spanal variation of фand i/. The latter give
rise lo the imerfacialjphase bountiary energies. As in
Ref.*1, we have incorporated a free energy term that en-
sures a fixed orientation relatioashlp between the crys-
talline phases at the phase boundaries. All fields aw
assumed ro tbUcrw relaxation dynamics with mobilities
related to the translatioaal, rotasionai and chemical dif-
fusion coefficients

The other type of phase field model, we apply here is
the multi-phase field model that applies separate
phase-field variable* for all the crystalline phases and
the liquid. The respective ftee energy functional is.
sought in the form specified in9'

F

where ф,- ф(] ~

(2)

= 1 -
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<2>, + ф + ф:, - ]. However, instead of the intuitive free
energy used in other studies, we apply a free energy
function .'based on the structure dependent free energies
obtained by Ginzburg-Landau expansion some time
ago '". !n tiie present work, we apply this approach to
determine the nucleation pathways in the single com-
ponent limit. The nuclei represent an extreme of the free
energy functional. Assuming a spherical symmetry
(reasonable for metals), we solve the respective Eu-
ler-Lagrange equation numerically by a relaxation me-
thod under boundary conditions that prescribe zero field
gradients at the center and unperturbed liquid in the far
field. A generalization for the binary cam is underway.

In performing the computations, we rely on a CAL-
PHAD type assessment of the free energies"1, The re-
spective phase diagram, of the Fe-Ni system (Fig. 4)
shows not only where the/cc and bec solid solutions are
stable, but also gives hints on the metolable phase ap-
pearance. To fix the mode! parameters, a I am thick
crystal-liquid interface is taken (in agreement with the
atomistic simulations), and the experimental values for
the interracial free energies are used'1 '. We assume that
j i T " (0.55/0,32) Лкх-13\.ат1 that the phase boundary
energy is twice of the average solid-liquid interfheiai
energies.

The solidification of samples after quenching to T ~
1ЗСЮ К has been explored as a function of composition

Fig, 4 Рйим; selection ш Шс* Fe-Ns syb.u-r;i us the о • at mod
el ia) Phase dtngran showing die sulklu* (light) and
liquidus (heavj) lines for the /t.c (.solid) and btx
(dashed) phaicb Utack squares, gray circles and empty
squares corre'vpoiid JO simulations that resulted in bec\
competing fee bec япй fee nucleation, respectively.
Panels, (b) m (el show snapshots of the цг field (white
•= bn, Ыаск =/<ti) corresponding to simulations with
Ni сопсеашюю in the initial liquid of 0.20, 0.25,
0.30 md 0.35. respectively.

within the ф~цг model. The computed microslnictures
arc shown in I-'igs. 4 [b)-(d). A transitiun from the nuc-
leiiiion of the stable ,/cr structure on the Ni side to the
nucleation of the metastablc hec phase on the Fe side
has been seen, when decreasing the Ki content of the
liquid, Note the relatively broad region, in which/«;
and Art miclealion compete.

Results for nuclei preferred in pure Fe and Ni as pre-
dicted by the muiii-phase Held model with a structure
dependent. Ghwburg-Landau free energy arc shown in
Fig, 5. Keeping the ihermodynamie driving force con-
stant for the crystal phases stable at die melting point of
1-е aad Ni t k r пай fee, respectively), we observe the
appearance of substantially different mixed phase nuclei
(see Fig. 5). The respective undercoolings arc АТ^Г ~
260 К and АГц?г - 150 К. Although in F? at this ил-
dcrcooling the fee is the stable phase (we are below the

fcc'ba: coexisteuce) and the driving force for the fee
phase is almost as large as for the bca phase, we have a
domiffimtly bec nijclew. Conversely, in the case of Ni
(where at the applied undercooling, the fee is stable),
there is a considerable bec fraction in (he interface, even
if temperature is significantly higher than the melting
point of the hec phase.

4. Nd-Fc-B Hard Magnetic Alloys
Of vital interest in ncur-stoicbiometrie Nd-Fe-B al-

loys is the suppression of u-l-c, which deteriorates the
coereivity. Systematic EML experiments on undercool-
ing Nd-Fe-B melts, have been carried our, which proved
the competition of ФЛчЗ^е^В and }-Fe solidification
as w l ! as the occurrence of a metustank phase

However, crystallization of y-Fe cannot be avoided
vumpleieiy thai is explained by multiple nucleation of
stable and mctastable phases in the undcrcooled melt
u"lis. \й view of applkatjon aspects it is of interest to

30 40
r [Angstrom]

Fig, 5 Phase field profiles of multi-phase field ш-ode! for
pure Fe (solid lines) and Ni (dashed lines) at flic %шж
«kiving force &g - -1500 i'mol Thin ami thick lines
show the profiles for sable and metastablc pha«&,
respectively.
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6 Scanning electron micrograph» in the haekscattutrd
mode of underwioled w d solidified Ndi<Fe7>;B- alloys
lot solidification at temperature.4, belaw tbc pcr.teeiic
tcmpereiure (al primary solidification of y-Fc end
subsequent formation of the ф-phase and (b) sir.
gle-step sol icitat ion of у+ф. The phases in the nn
cmgiupli are; ct-Fe (black). Ф-phaAe (gray:, and
Nd-rich phase {white).
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FIg/7 Calculated dendritf growtli velocities of y-Fe and
ф-phusc as a function of undercooling ЛТ ю
NduFer»B7 alloy muh&i with a fluid flow speed of it
30 em's (зой(3 Sines) and wilboul convection и = О
(dasbed lines). Tbc critical undercooling ЛГ„ marks
the transition of preferred growth from the y-Fe-phaw
w the ^phasc for и « 30 ojrv's that is estimated for
gmund-bascd EMI. experiment*,

elucidate the mechanism responsible for the suppression

of solidification of die y-Fc-phase as weli as the effect

of alloying elements on phase formation. A lower flow

velocity in the melt, expected under microgravity

conditions, can favor the growth of the Ф-phase (Fig,

7).

The aira of microgravity experinwnte were growdi

velocity measurement* of die y-Fe and ф-phases under
reduged raelt convection and micrastruciure analyses of
retrieved samples in order to verify predictions of dendrite
growth models.. However, short-term micrugraviiy
experiments with Ш-Fe-B during parabolic flights were
not suitable- for several reasons. So drup tube experiments
were done in helium at ambient temperature and a
pressure of 5<Ю mbar.

Rapid solidification of the ncar-stoichiometric
Xd^FewB aJIoy in DTP was also studied theoretically. In
contrast with LLVUL"1', DTP provides much higher cool-
ing rates hut interpretation of the experimental data is
more difficult as temperature-tune profiles cannot be
measured and direct observation of the solidification
from is impossible. Hence numericai modeling is used
in this work to better understand the solidification and
phase selection in atomi/ed drops. The maixt scientific
objective of this study was the investigation of the ef-
fects of fluid flow and heat transfer on nudeation aad
phase selection in undercooled melts. The developed
models were applied for analysis at" the soliiUtieuiiun
conditions in the Nd-Fe-B alloy in order to increase the
amount of Ф phase in the solidified drops. Modeling of
drop trajectories in the drop robe, fluid flow, heat trans-
fer, competitive nueieation and growth of different
phases inside solidifying droplets was performed (Fig.
8). The influence of different processing parameters was
studied for drops of 50 - 1000 uuv in diameter injected
with a velocity of 1 - 5 m-'s.

The Bond number calculated at the present experi-
mental conditions is between O.OCM and 0,15, hence the
effect, uf the surface tension (cf-1.8 I'm' i is large and the
d.rep.s remain spherical. It was found that small drops
achieve their steady velocity quickly after injection
while large drops never attain their steady velocity in

Fig. 8 (a) Fluid Ucm in terms of fee stream fraction calcu
lated at a Reynolds number of 100, (h) Temperature
field around an impulsively injected drop, {c} 3D dis
tnbution of Ф phase nuclei observed st high under
cooling.
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:!v? drop tube. Hence, the transient flaid flow inside
.uopiets is important. This effect is particularly critical
:ijr \d-Fe-B since convection atTcvts the phu.se selection
in this alloy. It was found that there are two .stages in
development of the internal flow; 1} adjustment to the
external flow defined by the injection velocity, 2) acce-
leration от deceleration of the internal flow forced by
iiit; external flow. The duration of the first stage is, com-
parable to ihe time necessary for complete solidification
so the quasi-steady nppmximaiion dues not give a relia-
ble estimation of the internal flow, velocity. Initially,
flow develops in a than boundary layer near the surface
of the drop. The internal flow develops gradually ami
achieves velocities between 0.1 and 10 mm/s calculated
at the moment of reealescence ш smail and large dmp»
respectively"11, These values are 1-2 orders of magni-
tude smaller than the velocities estimated from the
steady flow approach which doe* not consider the tran-
sient regime. This estimation does not account for the
internal circulation mduced by melt fareak-up and drop
formation duriag injection, The modeling showed that
the decay time of the initial internal circulation lies be-
tween 0.1 and 5 a*'>, where a is the drop radius and vis
the kinematic viscosity of пк melt. This time is compa-
rable to the cooling time prior to nuelcation.

Heat transfer around drops was studied as a function
of the drop sue, injection velocity, pressure and temper-
ature of the gas in the drop tube. The transient tempera-
ture distribution was calculated using the instantaneous
flow Geld. The temperature field is spherical in smalt
drops and elliptical in large dropx. The model predicts
temperature differences of about 5 - 10 K. inside drops
which results in enhanced nuckation near the drop sur-
face. The cooling rates were estimated between 10* and
•SOG KJS for small and iarge drops. These cooling rates
are 2 - 3 orders of magnitude higher than those in EML
because droplets are substantially smaller and provide
non-equilibrium solidification conditions. Control of the
cootiag rate can be achieved by variation of the drop
nuiius: a decrease of the drop radius hy one order of
magnitude gives' an increase of the cooling rate by 2 - 3
orders. Variation of the gas pressure and temperature
gives a change of about 10 - 30%. Increasing the injec-
tion velocity does not affect the cooling rate of small
drops and has only a minor effect on big drops, Radia-
tion increases the cooling rate of big drops by 1 - 5%
but is negligible for small drops.

The solidification selection diagram of the investi-
gated alloy is complex. In the DTP mode], nucicaiioa of
only two phases (y-Fe and Ф) was considered and the
periwene reaction L + Y-Fe-Ml» was not regarded
Nuckation of each phase was described in terms of the
classic nucteation theory.

О)

tor. ~ Ь the factor depending on the nudention meehan-
ыъ. JO* is the activation energy, h is the form factor,
ЛО is the change of the free Ciibbs energy, a is the in-
terfacial energy mujWi is the potential factor. The he-
terogeneous nut-lcation rale was calculated with I,, -
1041 n T s'1, с - ! <>"u and jW) - 0.01 and 0.J for y-Fe and
Ф, respectively. These values were chosen after com-
parison of the modeling results with experimental data,
The stochastic nature of nucleation was introduced by
nseans of Poisscm statistics' ;. First the nucleatioa
probability is calculated based on the local mickuiion
rate which is a function of temperature and concentra-
tion. Then random Poisstm variables are generated
whose average rate is given by the local nucleation rate.
Finally, a new nucleus is farmed at the selected time and
position if the random variable is smaller than the time;
step. Tms approach accounts for spontaneous nucleation
in a temperature interval contrary to die deterministic
approach which predicts nucleatior. at a fixed critical
undercooling.

The eaumatkm of die free Gibbs and interfaciai ener-
gies showed thai у-Ге is the primary phase at small un-
dercooling. The mctastable Ф phase becomes the pri-
mary pha.se at high undercooling. Our model predicted
the number of nuclei and the critical undercooling in-
terval for each phase. The number of y-Fe nuclei varies
between 200.,.700 depending un the drop radius and
nucteation proceeds at undercoolings of 50...HO K. For
the primary nucleation иГФ phase, the number of the Ф
nuclei varies between 5...50. The undercooling interval
for Ф r.uclecitian between 3 00,,. J 20 К is predicted. 'I he
rmdeatnm rate о Г both phases in a 1000 p.m drop и
.shown as a fuaction of time f Fig, 9). The nucleaiion rate
of y-Fe is one order of magninide bigger tban that of Ф.
The nticieuimn period takes about 0.05 -0.1 s corres-
ponding to a significant decrease «f die drop tempera-
ture by 30...60 K. This long nucleation intcn'al is
caused by two factors: (ifliigli cooling rates in DTP, and
(iij the finite volume uf drops ;md strong interaeuun of
nuclei via thermal and solute fields.
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where / is the nucleation rate, I» is the kinetic prdw>
Fig. 9 Nuclcarion race of the y-¥s md Ф phases as a (unction

of time ш а ! 000 fan diameter drop.
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After nucleation, the growth behavior of the y-Fe and
Ф phases are different1 ? l. Due to high solute rejection,
growth velocity of y-Fe is smalt. On the other hand, the
alloy composition is close to the Ф phase. Therefore, the
growth velocity of Ф is large and growth is limited by
heat transport (cf. Fig, 6). Immediately after nudcaiioa,
growth of Ф is controlled by heat diffusion into the melt.
After recatescence, growth is limited by heat exchange
at lhc drop surface. Due to the difference in the growth
velocities of buth phases, the y-Fe nuclei achieve a di-
merwionless size of about 5% of the drop radius before
micteaiiofl of Ф. The subsequent nuclcuiiun of the Ф
phase results in fast growth and dominant Ф phase soli-
dification. This к in good agreement with experimental
dam on DTP of Nd-Fe-B where small drops show bigger
volume fraction*- of Ф1"-1. A change from a flow velocity
of ИГ* ia small drops to ИГ" av's in large drops leads to
significant increase of the growth velocity of y-Fe {cf.
Fig. fi).

Phase selection in N'd-Fe-B is governed by competi-
tion between niideation, and diffusion-limited growth
which are influenced by convection. From our modeling,
we conclude that the transients in the internal flow lead
to reduced flow velocity in DTP experiments. Nuclea-
tioa of Y-Fe is observed at small undercooling while Ф
forms as the primary phase at high undercooling. The
high cooling rate in DTP suppresses y-Fc formation and
leads to tile preferential formation of Ф phase. Therefore,
small drops contain a high volume fraction of Ф while
large drops exhibit a significant amount of y-l-'c

5. Summary

Containcrlcss experiments have revealed meiasteble
phase formation in Fe-Co, Fe-Ni undercooled melts.
The lifetime of the metasmbfi? pha.se is increased in mi-
crogravity, Phase tieid modeling reflects a transition
from the nucleatkm of the stable fee structure to the
metatf&ble bee phase when decreasing the Ni coawnt of
the liquid. EML experiments on undwamied Nd-Fe-B
melts proved the competition of O-NdiFc^B and y-Fs
solidification. A tower flow velocity in the rneh, ex-
pected under micrognivity conditions, can favor the

growth of the Ф-phase. Nuciearion of *f~l:e is observed
at small undercooling while Ф forms as the primary
phase at high undercooling. The high cooling rate in
DTP suppresses v-Fe formation and favors Ф formation.
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