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Dendrite morphologies of the metastable phase
from undercooled Fe-30at% Co melts
and its stabilities
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Five typical dendrite morphologies of the metastable bcc phase from undercooled Fe-30

at % Co melts have been observed by TEM technique. The morphologies of the metastable
phase exhibited well-developed dendrite with the primary trunk and second arms,
well-developed second arms, radiated structure, lath structure, and bifurcated structure.
The crystal growth mode and the formation of different dendrite morphologies were
discussed on the basis of the morphological patterns from undercooled melts. In the mean
while, the breakage mode for the primary dendrite was suggested according to the
observation of microstructures of the alloy solidified at various undercoolings. The EDS
(Energy Dispersive Spectrum) analysis has confirmed enrichment of the solute Co in
metastable dendrite cores in comparison to that predicted from the view of equilibrium
solidification. Further investigation after annealing showed that the solute diffusion
controlled the stability of the metastable phase; the disappearance of dendrite
morphologies was mainly attributed to the constituent homogenization within dendrite
cores and the decrease in the number of dendrite cores was chiefly owing to the solute
diffusion between dendrite cores and the subsequently solidified equilibrium phase.
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1. Introduction nucleation is the Fe-Cr-Ni alloy. Koseki and Flemings
Solidification of undercooled melts can produce consi{10-12] investigated the alloys systematically from the
derable novel phenomena not observed in usual castiew of the thermal behavior [10], microstructure evo-
ings, including refined microstructure [1, 2], solute lution [11] and phase selection [12], where they found
trapping [3], reduced constitutional segregation [4],dispersed particles embraced in some grains. They be-
transition of morphological aspects [5], metastablelieved these particles were the metastable phase and nu-
phases [6]et al. Since the pioneering work of Cech cleated primarily from the melts. However, they did not
[7] who observed the crystalline metastable bcc phaseiake any further investigation about the morphologies
from the undercooled Fe-Ni alloy in a drop-tube experi-of these particles. Quasicrystals with five fold rotational
ment, much work has been carried out to investigate theymmetry which is incompatible with the translational
formation of metastable phases from undercooled hysymmetry of normal crystal phases, has attracted much
perperitectic systems. Based on the double recalescent#erest since the pioneering wok by Shechtreaal.
profile in the solidification of the undercooleddgili;o  [13]. The bright field images reveal that the morpholo-
alloy [8], Herlach and co-workers concluded that thegies of the quasicrystalline phase exhibit rosette-like
metastable bcc phase was produced during the first restructure [14]. The selected-area diffraction patterns
calescence and the solidification of the equilibrium fccwith five-fold symmetry of quasicrystalline phases in
phase led to the second recalescence behavior. Themdercooled Al-Mn [15], Al-Co [16] and Al-Cu-Fe, Al-
also found that the formation of the metastable phas€u-Co [17] alloys throw light on the formation of quasi-
inthe system is favorable during competitive nucleationcrystal phases during recalescence, which is mainly
of bce and fcc phases when the undercooling is largelimited to the competitive nucleation between the crys-
than a certain critical undercooling. Unfortunately, notal phase and the quasicrystal phase.

traces of the metastable bcc phase can be observedThis paper deals with dendrite morphologies of the
over the complete concentration range in their studymetastable bcc phase from undercooled Fe-30 at % Co
[9]. Another interesting system exhibiting competitive melts when the alloy is undercooled greater than the
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is utilized to reveal the composition difference of the g
metastable phase directly crystallizing from the melt. R 7
The stability of metastable dendrite cores has also been s iR l \ r( .
investigated after the identical specimen is annealed at
1473 K and 1673 K for different periods.

critical undercoolingA T = 204 K for the formation of (a) [ : . : >
the metastable phase in the alloy. The EDS technique N K( ' \—

2. Experimental procedure

High purity elements of iron (Fe) and cobalt (Co) bet-
ter than 99.8 wt. % are alloydd situwith an approxi-
mate weigh5 g for each sample. Prior to melting, sur-
faces of metals are cleaned mechanically by grinding
off the oxide layers and cleaned chemically by etch-
ing in HCI solution diluted by alcohol. The glass slag
B,0O3 is melted with the help of a graphite heater in a
high frequency r.f. apparatus. The bulk metals with the
composition of Fe-30 at. % Co are immersed immedi- ‘|
ately into the bottom of the quartz tubes and then melted ,
with the protection of the glass slag. Several heating and £~ L
cooling cycles are necessary to homogenize the melts. ¢
The nucleation of the melt is triggered with a glassrod ' «
at well-defined undercoolings at the upper surface of ' °
the sample since it has no effect on the nucleation of P
primary phase [18]. It is clear that no chemical reac- ol
tions can occur between the melt and the glass slag, so - ,
the composition of the as-solidified specimens is equal . -’4 .,
to that of the original chemical constitution. The ther- = 4 «
mal behavior of samples is monitored by an infra pyro- { Ry
meter with an absolute accuracy, relative accuracy, and \ ~
response time of less than 10 K, 3K, and 5 ms, respec-
tively. The cooling curve is calibrated with a standard
PtRhso-PtRh; thermal couple, which is encapsulated in
a silica tube and then immersed into the melt in the
identical condition to verify the melting point and un- |
dercoolings of the alloy. Further detailed experimental
procedure has been described elsewhere [19].

The sample is cut and then polished for optical ob-
serving the microstructures and then thinned for identi-
fying the morphological aspects. The transmission elec-
tron microscope (JEM-200cx) technique is utilized to :
analyze morphologies of the metastable bcc phase crys- =
tallizing from highly undercooled Fe-30 at % Co alloys.  }% *.« «
The EDS is applied to detect the chemical composition ** '('. o
difference of the primary phase and the subsequently | /= .
solidified product. ‘o

The sample of Fe-30 at % Co alloy obtained at the
maximum undercoo”ng is cut into several pieces forFigure 1 Microstructures of the Fe-30 at % CF) alloy solidifieq at
annealing at 1473 K and 1673 K for various periods sd® AT =58 K. (b)) AT =204 K and (c) the maximum undercooling

= AT =308 K.
as to reveal stabilities of the metastable phase.

. . . ¢
. e s A Py

when the melts are undercooled greater than the criti-

3. Results cal undercoolings for the formation of the metastable
3.1. Dendrite morphologies of the bcc phase. From the view of classical nucleation the-
metastable phase ory, the detailed competitive nucleation of both phases

The Fe-Co equilibrium phase diagram is similar to thatbased on numerical calculation has been described else-
of Fe-Ni system with a peritectic reaction at the Fe-richwhere when the undercooling of Fe-30 at % Co melts
part near the melting temperature. Based on the regus sufficiently large [20]. The metastable bcc phase is
lar solution mode, the metastable extension has beemucleated primarily from the melt when the undercool-
calculated with the content of element Co larger thaning is larger than critical undercoolingT =204 K

16.9 at %, which makes it possible for the metastabldy observing the microstructure. Fig. 1 shows three
bcc and the stable fcc phases to competitively nucleatmicrostructures of the alloy solidified &t T =58 K
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Figure 2 Five typical dendrite morphologies of the metastable bcc phase from Fe-30 at. % Co melts.

(Fig. 1a), critical undercooling for the formation of primary phase during rapid recalescence in the section
metastable bcc phaseT =204 K (Fig. 1b) and the below. Fig. 2 shows five typical dendrite morphologies
maximum undercoolingAT =308 K (Fig. 1c). The of the metastable bcc phase from Fe-30 at % Co melts.
equiaxed grains display single-phase characteristic ifrig. 2a is the morphology with the well-developed pri-
Fig. 1a. However, one can see clearly that one or twanary trunk and the second arms, indicating that the den-
particles are embedded in grains in Fig. 1b, whereas idrite core is produced directly from the melt rather than
Fig. 1c, many particles are embraced in grains. We ternfrom the solid during solid phase transformation (at the
the particles “dendrite cores” as suggested by Kosekgiven composition, the alloy may undergo a martensite
and Flemings [11], who found dispersed particles emphase transformation from to « at about 1250 K).
bedded in some grains in undercooled Fe-Cr-Ni alloysFig. 2b is another morphology with the well-developed
We define the undercooling at which the alloy is solidi- second arms, in which the primary skeleton could not be
fied with one or two particles in one grain as the criticaldiscerned. Consider half of the second arms in Fig. 2b
undercooling. It is interesting that the primary phaseare remelted, the structure left is, of course, the lath
exhibits dispersed dendrite cores rather than dendritstructure as shown in Fig. 2c. Fig. 2d presents the radi-
skeleton. We will discuss the breakage pattern of theted structure different from morphologies in Fig. 2a—c.
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Figure 3 The microstructure of Fe-30 at % Co alloy solidified at the
maximum undercooling after annealing at 1673 K for 10 min.

One can even see the nucleation site, from which the
radiated branches may grow. Fig. 2e is the morphology
of the alloy with only a bifurcated structure, in which
the primary skeleton and the second arms can not be
distinguished clearly.

3.2. The microstructures of the alloy
after annealing
Since the bcc phase solidified beyond the critical un-
dercooling is metastable, it is of specific importance
to investigate the stability of the metastable phase for
further application to the alloy. Fig. 3 presents the mi-
crostructure of the alloy solidified 2T = 308 K after
annealing at 1673 K for 10 min. In comparison with
the microstructure prior to annealing in Fig. 1c, the
number of the dendrite cores is drastically reduced af-
ter annealing. Fig. 4 shows the bright-field images of
dendrite cores after annealing. The dendrite morpholo-
gies have completely vanished in Fig. 4a, being only a
bright circularity. In Fig. 4b, only a very small part in
the dendrite-core center can be found after careful ob-
servation. There is a band between two dendrite cores
in Fig. 4c, showing that the structure of the bright circu-
larity is similar to that of linking band. The decrease of rigyre 4 Bright-field images of dendrite cores after annealing (a) the
dendrite-core numbers and the disappearance of mogendrite morphologies have completely vanished, with only a bright
phologies after annealing indicate clearly that the stabil<ircularity, (b) only a smaller part in the dendrite core is left, and
ity of dendrite cores in the alloy is limited to the solute (¢) there is alink between two dendrite cores.
diffusion rather than a sudden phase transition, unlike
the martensite phase transformation in steel. Fig. 5 is
the microstructure of the alloy solidified AT =308K  solidification interface of an undercooled melt is al-
after annealing at 1473 K for 1 h. We can see that thevays unstable due to the negative temperature gradient
number of the dendrite cores is similar to that annealeéh front of the interface. Trivedi and Kurz [22] con-
at 1673 K for 10 min. Further analysis regarding tofirmed that a velocity greater than critical valifg,s
the morphologies of dendrite cores in this case showsould lead to the absolute stability of a planar interface
similar results as that in Fig. 4. without considering the crystallization heat conducted
outthrough solids. However, itis impossible for general
bulk alloy to solidify at such a high rate thd{,sdenotes

4. Discussion the upper limit of the solidification of the alloy when the
4.1. Crystal growth mode of the metastable ideal collision of atoms is taken into account. The criti-
phase in undercooled melts cal valueVypsdecreases significantly when considering

Based on the absolute stability theory of solid/liquidthe dissipation of crystallization heat through the solid
interface developed by Mullins and Sekerka [21], theduring solidification [23]. This solidification behavior

3072



B with
. 1
oW n= (2a)
' (1+1/(c*P2))"?
2k
1-2k— (1+1/(c*P2))"?

9= (2b)

where P;, P; are respectively the thermal and solute

-

j 4 : . i Peclet numbersl, is the Ivantsov functionAThyy is
: T 2 e the hypercooling of the alloy; is the Gibbs-thomson
“M\a“ N \ : coefficient,k is the effective partition coefficient and
""ﬁi“- oy o S o*=1/4rn? is the stability constant. Equation 1 to-
k '.‘r’. ,’ \ ' gether with Equation 2 allows a unique calculation of
‘& /"’/ ,}‘,_,\ &)~ . S0um the tip velocityV as a function of the melt undercool-
e ing AT.
Figure 5 The microstructure of Fe-30 at % Co alloy solidified at the ~ Using the characteristic data for the sample system
maximum undercooling after annealing at 1473 K for 1 h. as given elsewhere [20], the crystal growth velocities

as well as the dendrite tip radii with respect to the un-
might be observed in atomization experiment since thatlercoolings has been calculated as shown in Fig. 6.
the potential heat could dissipate rapidly. As a matter oComparing the theoretical results of the dendrite tip ra-
fact, the recalescence interval in the solidification of adius with the experimental value (in Fig. 2a), we can tell
bulk sample is so short that only a little crystallization that the size of primary trunk is much larger than that in
heat could be conducted out though the solid withinnumerical simulation. Schwaet al. [28] developed a
several microseconds. Except Xuezhi Zhang [24], ndragmentation mode for primary dendrite after incorpo-
one has observed a planar frontin the undercooled bulkating the Rayleigh instability, in which the trunk radius
specimens. However, we have commented the papeR(AT)is correlated to the dendrite tip radiRg,(AT),
from the view of the current dendrite growth theory via a proportionality constanR(AT)/Rp(AT) = 20.
[25]. We believe that the crystal growth mode in un- Based on the theoretical tip radii of the dendrite formed
dercooled bulk melt is of dendrite pattern no matterduring recalescence at undercoolings beyond 204 K, as
what kind of phases, in the alloy fcc or bce phase, isshown in Fig. 6, the size of primary trunk radius can be
produced. available being 0.5-0.Zm in scale when the propor-
tionality is considered. Obviously, this result fits well
4.2. Dendritic growth and solute trapping of With the exp(_erimental in magnitude. The arm Sp”.‘Ci”Q
the metastable phase in undercooled in the (_jendrlte'cores can also bg evaluated, Whlch_ is
Fe-30at%Co melts approximately in the same magnitude as the dendritic
fip radii in rapid solidification.
The solute trapping due to rapid advancement of the
gg,wd -solid interface also becomes severe according to

Compared with dendrites in usual castings, the hig
undercooling might lead to a finer structure of the pri-

mary bcc phase, because the recalescence interval is frocti i p tod bv A
short that it is impossible for the primary metastable2" Efféctive partition coefficierke suggested by Aziz

bcc phase to ripen completely. Theoretically, the denlzg] when undercooling are sufficiently large,
dritic tip radii can be calculated on the basis of the BCT

model [26], which can be read as: ke = ko +V/Vp A3)
[+ V/Vp
AT = AT+ ATy + AT, + ATy Q)
whereAT; is the thermal undercooling\ T, the consti- 300 1. 03E-06
tutional undercoolingAT, the Gibbs-Thomson under- | =
cooling due to strong curvature at the tip of the dendrite 250 8.30E-07 =
and AT the kinetic undercooling of the interface. The & 200 | R AT é
expressions foAT;, AT, AT,, and AT have been 5 6. 30E-07 &
described elsewhere in detail [27]. Equation 1 gives ag, '*° | |
relation between the undercoolirgl’ and the product = g0 | 4. 30E-0 g
VRinterms of Peclet numbers. Taking into account the 8 | 2 0507 &2
marginal stability criterion [26], the general theory of & 90 '
free dendritic growth yields a second equation for the™ 0 . . s s 3. 00E-08
radiusR of the dendrite tip: 0.001 0.01 0.1 1 0 100
R I'/o* Crystal growth velocities V(m/s)
P:AThyp(1 —n) — 2Pcmeo(1 — k) 1+9) Figure 6 The calculated dendritic growth velocities and dendritic tip
P 1-(AQ-Kk)Iv(P) radius of the metastable bcc phase in undercooled Fe-30at% Co melt as

(2)  afunction of undercoolings.
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whereVp = D/ag is the diffusion velocity of the solute, terface at the onset of its formation. It should be noted
andkp, D andag are the equilibrium solute partition that the solidification of the dendrite is far from equi-
coefficient, the solute diffusivity, and the characteristiclibrium, so the dendrite in this case may differ from
length of the solute diffusion in the liquid, respectively. that in near equilibrium castings. The sudden temper-
Here, we can see that the higher the advancement @tture rise due to recalescence may remelt the primary
the solid-liquid interface, the more the solute will be dendrite into several pieces. Since the remelting of the
trapped in the as-solidified product. The EDS (Energydendrite is somewhat random, various morphologies
Dispersive Spectrum) analysis has confirmed the enmay be observed in the specimen. Here, we only focus
richment of the solute Co in the metastable phase. Then those dendrite cores, from which the dendrite mor-
average content of element Co in above-mentioned derphologies of the primary integrated structure may be
drite cores is 28.65 at %, in comparison to the equilib-reflected more or less. Consider the primary dendrite
rium solidification. This again proves that the dendritehas been remelted into several pieces as demonstrated
cores are primarily formed during rapid recalescencen Fig. 7b. Part A, B, C, D, and E may form the dendrite
rather than the precipitates. cores with similar morphologies as shown in Fig. 2a—e,
respectively. Of course, the morphologies in Fig. 2 may
be observed from different primary dendrites in stead

4.3. The breakage mode of from one primary dendrite.

the primary dendrite
The solute trapping and the finer structure may vary the
melting point of the primary phase significantly due to 4.4. Stabilities of dendrite cores
the solute redistribution and strong curvature effect of after annealing
the finer dendrite. The temperature rise after rapid reAs we have pointed out, the stability of the dendrite
calescence may be even higher than the melting poirtores in the alloy is limited to the solute diffusion at
of the metastable phase. So the primary metastable bddgh temperature. Consider that the solute diffusion be-
phase will be remelted into isolated dendrite cores atweenthe dendrite cores and the subsequently solidified
the solid-liquid interface and these dendrite cores disproduct is stable under the annealing condition, the sta-
perse in remaining liquids. This breakage mode fomility of the dendrite cores can be accounted for citing
the primary metastable phase is supported by the mithe well-known Fick’s first law:
crostructure with dispersing dendrite cores. It is worth
noting that the sizes of the dendrite cores in Fig. 2 are J' = —D'gradC' (4)
far from identical, i.e., some dendrite cores are several
times larger than others. Since the sectioning positioRyhere J' is the instantaneous net flux of speciesr
is somewhat random, we can assume the dendrite cor@fusion current per unit area, and gréd is the gra-
observed are sectioned through the diameter directionjient of the concentratio®' of i. It is reasonable to

Consequently, the size of dendrite cores can be compguppose that the gradient of the solute Co in dendrite
rable. The non-uniform remelting of the solids owing cores in one specimen is approximately identical, so
to the temperature fluctuation and the solute segregahe constituent homogenization, namely, the stability
tion in the alloy may lead to the formation of different of dendrite cores is primarily limited to the diffusion
sizes of dendrite cores. No matter what sizes of the derboefﬁcientD1 which usua”y is temperature dependent

drite cores are, they are more or less a part of dendritgith two constant®, andQ occurring in the Arrhenius
structure. equation:

Aswe can see, the metastable phase exhibits different
dendrite morphologies even in one specimen. Here, we Q
will discuss the formation of dendrite morphologies of D = Doexp| — 5= )
. ) RT
the metastable phase. Fig. 7a schematically shows one

primary dendrite of the bcc phase at the solid-liquid - here Do is pre-exponential factof is the activation

energy for diffusion;R andT are the gas constant and
absolute temperature, respectively. Using characteris-
tic data of Do, Q from Ref. [30], we can calculat® at
differenttemperatures @f = 1473 K, andl = 1673 K.
The results indicate that the diffusion coefficiéhs73

is about 9 times larger thaby 473 Although one speci-
men is annealed at 1673 K for only 10 min, larger diffu-
sion coefficientD1673 makes the solute diffusion much
faster than that at 1473 K and thus leading to the similar
microstructures annealed at 1473 K 1oh and 1673 K

for 10 min, respectively. It is reasonable to predict that
dendrite cores will disappear completely if the speci-

_ e _ _ men is annealed at high temperature for long periods.
F!gurg 7 Schematic diagram for t_he formatlor_l of different morpholo- It should be noted that sizes of dendrite cores are quite
gies in undercooled melts. (a) primary dendrite at the onset of its for- . . .
mation and (b) the supposed remelting resulted in the various dendritdlifferent as shown in Fig. 2. The smaller dendrite cores
morphologies. may disappear due to the constituent homogenization

(a)

3074



during annealing, while the larger dendrite cores stillish with only a bright circularity, in which the solute

exist in that the solute Co could not homogenize com-Co is more homogenous than that prior to annealing.

pletely. The driving force for solute diffusion is the
concentration gradient of the dendrite cores and equi-

librium phase. The gradient near the circumference oAcknowledgements
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