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Abstrict

Studies of phase selection and microstructure evolution in high-performance magnetic malerials are an urgent need
for optimization of production routes. Containerless solidification experiments by electromagnetic kevitation and drop
whe solidification were condugted in undercooled mels of Fe-Co, Fe-Ni soft magnetic, and Nd-Fe-B hard magnetic
alloys. Melt undercooling under microgravity was achieved m the TEMPUS facility during parabolic flight campaigos.
For Fe-Co and Fe-Ni alloys significant effects of microgravity on metastuble phuse formution were discovered. Micro-
structure modifications as well as metastable phase formation as function of undercooling and wielt low were cluci-
dated in Nd-Fe-B. Modeling of soliditication processes, fluid low and heat trapsfer provide predictive 1ools for micro-
structure engineering from the mel. They were developed us a link between undercooling experiments under rerrestrial
and microgravity conditions and the production routes of magnetic materials.

1. Intraduction

Optimization of production rovtes and development
of novel high-performance hurd and swoft magnetic ma-
terials tequire sccorate knowledge of phase selection
and microstructure evoluiton processes. Contuingriess
solidification by electromagnete levitation {EML) and
drop tube processing (DTPy are applied for revealing
metaswble phase formawwon in Fe-Co, FeeNi and
Nd-Fe-B undercooled melis. Melt undercooling experi-
ments were performed on ground-based EMI. cquip-
ment and emperaure-time profiles were recorded from
a high-speed photo divde. Undercooling experiments
under microgravity conditions were curried oul during
parabolic flight cumpaigns with the TEMPUS facility,
The installation of & high-speed camera in the advanced
TEMPUS equipment permits recording of the solidifi-
cation front i undercooled melts.

Modeling of solidification, fluid Now and heat
tragsfer provide predictive tools for microstmcture en-
gineering from the melt. They were developed as a link
between andercooling eiperiments under terrestrial and
microgravity conditions and the production routes of
magnetic materials,

2. Fe-Co and Fe-Ni Soft Magnetic Alloyvs

Commercial alloys based on Fe-Co and Fe-Ni am
widely used soft magnetic matenials. Fe-Co alloys with
> 18 #t.% Co and Fe-Ni alloys with > § at.% Ni display
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the y-Fe (foc) primary phase in conventional solidifica-
tion processes. Fe-Ni alloys, sinilar 1o Fe-Co, can form
the metastable phase d-Fe (bee) if th\. melt undermnlmg
exceeds # critival level A7 > AT "™ This is evidenced
by a double-recalescence process of temperature-time
profiles in LMY experiments (Fig, 1.

EML  experiments during  parabolic  flights have
shown that m microgravity conditions A7. s reduced
and the arrest time before the transformation to theequi-
hbnum phuse is prolonged due w reduced convec-
tiop'
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Fig, | Temperalure time plot of a high-speed phote diode
from # parabolic flight experiment with u FegNiyg
droplet  undercouled %7 K showing  the
doutle.recalescence with intermediate metastable
phasc (RT « reculescence time ).
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For a FesnNiy alloy the ifetime of the metastable phase
mereases from 7, = 0.4 w 1.5 ms (depending on ATY on
ground 10 fy, = 2.3 ms (A7 = 87 K under microgravity
conditions (Fig. 1).

Analyang the temperature of the thermal amrest dur-
ing recalescence allows experimental deerminativn of
the memmstable Hguides and solidus hnes. These data can
be used o fit caleuluted merastable phase bownduarics,
generated by thermodynamic modeling, in order to im-
prove the accuracy of the calcutwed phase diagram™
{Fig. 3).

The solidification fromt was observed by high-speed
gamera m parzholic flight experiments.

1850 ¢

X {Co)

Fig, 2 Fe-Co equilibrium (solid linesi and metastable {(dotted
linesy phase diagrams caleulaed using the adjusted
dutabase®.  Experimuenmally  measured  equilibnum
(squares) amd metastable (triangles) solidus tempera
tures are also pleted. The metastuble phase diagram
from the onginal database 15 shown for companson
{dashed lines).
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Fig. 3 Picture series fTom the high speed camers of pambolic
flight experiments for FegNiy. From the moving font
of the solid (bright) mio the 72 K undercooled melt
{dark) the solidification velocity was evalnated.
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A sohdification front velocity of v = 1.6 ms’ for g
FeswNt sample at A7 = 72 K undercooling has been
evaluated frum the space resolved interface (Fig. 3,
which nicely fits W previous data with the photodiode
This can lead to better understanding of the growth ki-
neties m undercooled melis but requires modeling of the
solidification front geometry.

3. Phase Field Modeling of Nucleation and Phase
Selection in the Fe-Ni System

The magnetic properties depend on the crystalline
phase and microstructure. [t s, thus, of high importance
w understund phase sclection during solidification.
Usually. it happens in the cucleation stage, therelore, »
derailed knowledge on possible nucleation pathways is
essential. Microscopic theory predicis that in simple
liquids. small umplitede fluctuations prefer the boc
structore, i.g.. nuclation of the bue phase is expected™
Indeed, moleculur dynamics simulations show that in
the Lennard-Jones system. where the foe is the stable
phase, the small crvstal-like fuclations have a Ao
strueture, while the larger ones huve an foc core sur
rounded by a bee-like layer™. A similar phenomenon is
expected in matallic systems, The phase field theory is a
powerful ool for investigating both nucleation and
crvstal yrowth ", Tere, we address phase seiection in the
Fe-Ni system by phase feld modeling,

Two tynes of phase tield models will be used i this
study, One of them that we call the ¢ -y model, rehes
on four flelds: the phase fizld ¢ that monitors the sol-
id=liquid transition; « solid-solid arder parameter  that
distinguishes the foe und boe phases; the orientation
field, # thar caprures the erystallogeaphie orientation of
the individual crvstallites: and the chemical composttion
field c. The free energy is a functiona of these fields:
Fe [avt ripwdon irgr - S8 p § a

bl
B

where fis the free energy density of the homogeneous
system, while square gradient terms are inroduced 1o
penalize the spatial variation of ¢gand w The laner give
rise to the interfacisl/phase boundary cnergies. As in
Ref®, we have incorporsted a free energy term that en-
sures a fixed orientation relationship between the crys-
tafline phuses at the phase boundaries. All fields are
agsumed 10 follow refaxarion dynamics with mobilities
related 1o the translational, rotational and chemieal dif-
tusion coefficients

The other type of phase field mudel, we apply here is
the muldti-phase field model that applies  separate
phase-field variables for all the erysulline phases and
the lquid, The respective free energy fumctional is.
sought in the form specified in”

F- fn’f}-'» -"H?’/:"P‘E”L‘.g(@w,—d{,‘?@s )§ {2

3

where d= g, g ¢{] ~ pd and h=1 ~ ¢,
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&+ g+ ¢~ 1. However, instead of the intuitive frec
energy used in other studies, we apply u [ree energy
function /'based on the structure dependent free energics
obrmed by Cinzburg-Landau expansion some time
ago' " In the present work, we apply this approach to
determine the nucleation pathways in the single com-
ponent limit. The nuclet represent an extreme of the free
energy functional. Assuming o sphereal svmmetry
freasonable for metals), we solve the respective Eu-
ler-Lagrange cquation numerically by a relaxation me-
thod under boundary conditions that prescribe zero field
gradienrs at the center and uaperturbed liguid in the far
field. A generalization for the binary case 15 underway.

Int performing the computations, we rely on a CAL-
PHAD type assessment of the frev energies'"', The re-
spective phase dingram of the FeNi system (Fig, 4}
shows not only where the fee and bee sobid solutions are
stable, but also gives hinw on the metastable phase ap-
pearance, To fix the model parameters, a I nm thick
crystul-biguid inteeface is taken {in agreement with the
atomistic simulations), and the experimental vaiues for
the interfacial free energies are used'™. We assume that
Yo ™ [0.55/0,32) %' and that the phase boundury
energy is twice of the average solid-liquid nterfacisl
energies.

The solidification «of samples aller quenching to T~
1300 K has been explored as 2 function of composition

(8)

Fig.4 Phase selection in the Fe-Ni sysiem p the ¢ -y mod
el {a) Phase dipgramy showing the solidus {light) and
liquidus (heavy) lines for the fiv (soldy snd bue
{tnshed) phases. Black squares, grav cirvles and empty
squares correspond w siomulations thi resulted m bev,
competing fee-bee wnd foe nucleation, respectively.
Pancls tb) trr {2) show snapshots of the w field {white
= pog, Black = o) corresponding to simudations with
Ni concentrations in the initial liguid of 0.20, 0.25,
0.30 and 0.33, respectively,
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within the ¢~ model. The computed microstrucnires
are shown in Figs. 3 (br(dy A wansition from the nue-
leation of the stable foc structure on the Ni side to the
aucleation of the mewmstable bec phase on the Fe side
has been seen, when decreasing the Ni content of the
hiquid, Note the relatively broad region. in which foo
and hee nuclealion compete.

Results for nuclei preferred in pure Fe and Ni as pre-
dicted by the mulli-phase Held model with a structure
dependent Ginvburg-Landmu [ree energy are shown in
Fig, 3. Keeping the thennodvnamic driving foree con-
stant tor the crystal phases stable at the melting point of
Fe and Ni thee and fee, respectively), we observe the
appearance of substantially different mixed phase nuele
(see Fig 3). The respective undercoolings are AT, ~
260 K and A7 = 150 K. Although in Fe at this un-
dercooling the foe is the stuble phase (we are below the

Jee-boe coexistence) and the driving {urce for the jec

phase is almost a8 large ay for the bee phase, we have a
dominantly bee aucleus. Conversely, i the case of Ni
{where o the applied undercooling, the fue is swbley,
there 1s 3 conswderable Ace [raction in the interface, even
if temperature is significantdy higher than the melting
point of the hee phase,

4. Nd-Fe-B Hard Magnetie Alloys

OF wital interest in newr-stoichiometric Nd-Fe-B al-
loys i3 the suppression of «-Fe, which deteniorates the
coereivity, Systematic EML expeniments on utdercoal-
ing Nd-Fe-B melts have been varried our, which proved
the competition of ®-Nd:FeB and y-Fe solidification
as well as the oceurrence of d metnstable phase
y-Nd:Fe-B,, x~1 (Fig. 61,

However, crystallizadon of y-Fe cannot be avoided
vamgpletely that 15 explained by multiple nucleanon of
stable and melastable phases i the undercooled medt

M3 10 view of application uspects it is of iaterest to
1 ey
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Fig. & Phase feld profiles of multi-phase field model for
pure Fe (solid lines) and N {dashed lines} at the seme
driving farce Ag ~ ~1308 Vmel. Thin and thick lines
show the profiles for suble and metasable phoses,
respectively.
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Fig. & Scacning electron micragraphs in the backseattered
made of undervooled and solidified NdyFe-.B- alloys
for solidification ut remperatures below the pertactic
temperatire (a) primary soldifwation of y-Fe end
subseyuert formanon of the @-phuse and (b sin
gle-step sobidification of v+, The phases in e nu
crograph  are; a-Fe (black), df-phase (groy: amd
Nd-rich phase {white),
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Fig. 7T Caiculated dendrite growth velocities of y-Fe and
f-phsse as a2 funetion of onderconling AT in
NedjgFenBy alloy melts: with g fuid flow spead o'y -
30 em’s (s0Hd linesy and withow! convechon « = )
{dashed lines). The critical undercooling AT, murks
the tramsition of preferred growth from the y-Fe-phase
10 the dephase for © = 30 ems that is cstimgted for
ground-based EMI. experiments,

ehucidate the mechanism responsible for the suppression
of solidification of the v-Fe-phase as well as the effect
of alloying elements on phase formation. A lower flow
welochty in the melt, expectod usder microgravity
conditions, can favor the growth of the -phase (Fig,
.

The aim of microgravity experiments weeg growth

3220 dpr. Sow, Mutograviy Appl. Vol 2% Na. 3 208

velocity measurements of the v-Fe and d-phases under
reduced melt convection and nucrostructure analyzes of
retrivved samples m order vo verily predictions of dendrite
growth  models.  However,  shoreters mivrogravity
experimentts with Nd-Fe-B duning parabohic flights were
not suitable for several reasons. So drup tube experimenis
wore done i helium at ambient temperature and a
pressure of SO0 mbar.

Rupid  solidifieation of the near-stoichiometric
Nd:Fe B alioy in DTP was also studied theoretically. In
contrast with EML ™, DTP provides much higher cool-
ing rates hut interpretation of the experimentul data i
more difficull a5 temperature-time profiles cannot be
measured and direct observation of the solidification
tromt is Dmpossible, Hence numericai modeling is used
in this work to better understand the solidificanion and
phase selection in atemazed drops. The main scientific
objecrive of this study was the investigation of the ef-
fects of thud flow and heat wansfer on nucleation and
phase selection in updercopled melts. The dueveloped
mixlels were apphicd for analysis of the seliditiestion
conditions in the Nd-Fe-I3 alloy in order to increase the
amount of @ phase i the soliditied drops. Modeling of
drup trajectories in the drop mbe, tuid flow, heat frans-
for, competinve nucleation and growth of different
phases inside solidifying droplets was performed (Fig.
8. The influence of differens processing paramerers was
sudied for drops of 30 - 100 W in dsameter injected
with a velovity of | - 3 nvs.

The Bond number calculated at the present expen-
mental conditions is between 0,000 and .15, henee the
effect ol the surface tension (o~ 1.8 J'my is large and the
dreps remain spherical. 1t was found that smail drops
achieve thelr steady velooily quickly after injoction
while large drops never attain their steady velocity in

{b}

‘ {c)

Fig. 8 {a) Fluid flow in wrms of the slream function caleu
fated wt o Reveolds number of 100, (h) Temperantre
field wrovnd an impulsively injected drap. {e} 3D dis
inbution of b phase nuclel observed at high under
eoaling,
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ke Jdrop tube, Henee, the transient lud flow inside
Jdraplets 15 important. This effect is particularly entical
ur Wd-Fe-B since convection atfeets the phuse selection
in this alloy. It was found that there are two stages in
development of the intermad flow: 1) adjusiment tw the
external flow detined by the myecnion velociry, 27 acce-
leration or deceleration of the inrernal {low foreed by
e external flow. The durstion of the Grst stage s com-
parable @ the time necessary for vomplete solidification
5o the quasi-steady approximation does not give a relia-
bl estimstion ol the internal flow velociny. Imuaily
Aow develops i a thim bounduary laver noar the surfuce
of the drop. The internal flow develops gradually and
achivves veloctties between 0.1 and 10 munrs ealeubued
at the moment of recalescence m smali and jarge drops
n:spectivciy"", These values are 1-2 orders of mapni-
tude smaller than the velociues estimated from the
steady flow approach which does not consider the tran-
signt regime. This estimation does not sceouny for the
internal circulation induced by melt break-up and drop
fonmation during injection, The modeling showed that
the decay nme of the inuial internal circulation lies be-
wween 0.1 and § o7, where « is the drop radius and vis
the ¥mematic viscosity of the meit. This wme is compa-
rable 1o the cooling time prior to nucleation,

Heat transfer around drops was studied as o function
of the drop size, injection velocity, pressure and temper-
ature of the gas in the drop tube. The wansient tempera-
wre disgribution was caleulated using the instantaneous
How field. The temperature fleld is spherical in small
drops and elliprical in large drops. The model prodicts
temperature differences of about 5§ - 10 K inside drops
which results in enhanced nucleation neur the drop suy-
tace. The vouling rates were estimated between 10 and
300 Kos for small and lange drops. These cooling rates
are 3 - 3 orders of magniude higher than those in EML
because droplets are substantially smaller and provide
nes-equitibriug solidificalion conditions. Control of the
cooling rate can be achisved by variation of the drop
radivg: a decrease of the drop radius by one order of
magnitude gives un increase of the cooling rate by 2 - 3
orders. Variation of the gas pressure and temperatre
gives u change of about 10 - 30%,. Increasing the injec-
tion veloeity does not affect the cooling rate of smal;
drops and has onby a minor effect on big drops, Radis-
ton increases the cooling rate of big drops by 1 - 3%
but is negligible for small drops,

The solidification selection diagram of the investi-
gated atoy is complex. In the TP model, nuckation of
only two phases {y-Fe and dr) was considerad and (he
peritecric reaction L +yFe— & was not regarded
Nugleation of ¢ach phase wis described in terms of the
classic nucleation theory!

{ :&G' ! ¥ fr" 3
I=F fexptwww } A w#m—;;f{ﬁlﬁ {3
¢ kT | Al

where [ is the nucleation rate, f, ix the kinetic prefac-
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tor. £ is the factor depending on the nucleanion mechan-
wi. G is the setvation energy, b s the form Jactor,
JACr 15 the change of the free (Hibbs energy. o is the in-
terfactal energy and #74) is the potential factor. The he-
terogencous nucleation rate was caleslared with 1, -~
W0 s, - 1 and 76 = 0.00 and 0.1 for y-Fe and
P, respeetvely. These values were chosen after com-
parison of the modeling resalts with experimental data,
Ihe stachastic nature of nucteation was introduced Sy
means of Poisson smteties™ " First, the aucleation
probability i3 calculated based on the local nuclention
rate which 15 a funeton of temperature and concentra.
tion. Then random Powsson variables are generated
whose average rate 1s given by the local nucleation rate.
Finally, 2 new nuclens is formed at the selected time and
position it the random variable iy smatler than the tine
step. Tius approsch acconnts for spontancous nucleation
in & lemperature interval conwary w the deternunistic
approach whichk prediets nucleation at a fixed critical
underconling,

The estimation of the free Gibbs und interfacial enet-
gies showed that v-Fe i3 the primary phuse at small un-
dercooling. The metastable @ phase bevomes the pri-
mury phase ai high undercooting. Owr model predicted
the number of nueler and the emtical wndercooling in-
terval for each phase. The aumber of +-Fe nucled vanes
hetween 200,700 depending on the drop radus and
nucleation proceeds at underconlings of 3¢...80 K. For
the prissaly nucleation uf @ phase, the gumber of the @
nuclet varies between 550, The undercooling interval
tor @ nucleation between 100,, 130 K is predicred. 'The
mucleation rate of both phases in a 1000 pm drop s
shown as u fuacyion of time {Fig, 9). The nucleation rae
ol v-Ie is one order of magnitude bigger than tha of O,
The nucleatton period tukes about .03 - 0.1 5 corres-
ponding to u significant decrease of e drop tempera-
wre by 30...60 K. This long pucleation interval is
caused by two factors: 1y high conling rates in IDTP, and
{ii} the finite volume uf drops and strong interacton of
nuetel via thermal and solure fields.
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Fig. 9 Nucleation rate of the y-Fe and 0¥ phases as a Function
of time i a MO0 pm diameter drog.
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After nucleation, the growth behavior of the y-Fe and
@ phases are different’™. Due o high solute rejection.
grovith veloeity of y-Fe is small, On the other hand. the
alloy composition 1s close w the ¢ phase. Therefore, the
growth veloeity of @ is large and growth is himited by
heat wransport {¢f Fig, 63 Immediaely after nucleation,

growth of © is controlled by heat diffusion hito the mele

After reculescence, grawth is limited by heut exchange
at the drop surface, Thie to the difference in the growth
veloeities of buth phases, the y-Fe nuclei achieve 3 di-
mensionless size of about 5% of the drop radius before
nuclestion of ®. The subsequent muckeation of the ¢
phase resulis iy fast growth and dominant © phase soli-
dification. This is in good agreement with experimental
data on DTP of Nd-Fe-B where small drops show bigger
volume fractions of ', A change from a low velocity
of 107 in small drops to 107 my's in large drops leads 10
signiticant increase of the growth velocity of y-Fe (of
Fig, 8}

Phase selection in Nd-Fe-B is governed by competi-
rion between nueleation and diffusion-limited growth

which are influenced by convertion, From our modeling,

we conclude that the franstents in the {nremnal Tow lead
to reduced fow velocity in DTP experiments. Nuclea-
tion of y-Fu i3 observed at small undercooling while @
forms as the primary phase at high endercooling. The
high conling rate in DTP suppresses v-Fe formation amd

fends to fhe preferential tormation of @ phase, Therefore,

small drops contain a high volume fraction of @ while
large drops exhibyt 2 sigrificunt amount of y-Fe.

5. Summary

Contamerless experiments huve revealad mewstable
phase formation in Fe-Co, Fe-MN undercooled melis.
The Hietime of the metastable phuse is increased in mi~
crogravity, Phase field modeling reflects o traasition
from the nucleation of the stable fov structure w the
mictastable bee phase when decreasing the Ni comtent of
the liguid. EML experiments on undercooled Nd-Fe-B
melts proved the competition of D-NG;Fe B and y-Fe
solidification. A kower How velocity in the melt, ex-
pected under microgravity conditions, can favor the

524 1 Jpn. Sox. Migrogeavity Appl. Vol 25 o 3 3008

growth of the ®-phase. Nucieanton of y-Fe is ohserved
at small undercuoling while @ forms as the primary
phuse ar high undercoolng. The high cooling rate in
DTP suppresses y-Fe formation and fuvurs & formation.
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