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Abstract By cyclic superheating incorporated with glass fluxing denucleation method the Feg, B,;Si; eutectic al-
loy was undercooled up to AT = 342 K. The relations between recalescence behavior and solidification structures were
systematically studied in the undercooling range of 6—342 K. Two critical undercoolings were observed: mixed eutectic
was the unique growth morphology when the undercooling was less than AT, = 63 K; but the microstructure transformed
to complete undercooled anomalous eutectic when the undercooling was greater than AT, = 164 K. The two eutectic
phases a(Fe,Si) and Fe,B conformed to the non-reciprocal nucleation effect. The boundary of the coupled zone of
(Fe,Si)-Fe,B system shifted toward the Fe,B side, and intersected the eutectic composition line at AT =154 K and AT
=264 K, whose valley was at about AT =207 K.
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Recalescence is termed as a steep rise of temperature due to the rapid release of latent heat in-
duced by the rapid crystal growth. It is of great significance to investigate the mechanism of rapid so-
lidification, the nucleation relation of the coupled phases in eutectic, and the coupled zone far from
equilibrium by studying the relations between the cooling curves and the solidification microstructures .
Since the 1970s Flemings and his collaborators!' %! | Tewari'®) and Wei Bingbo“_w] have studied the
recalescence and the solidification microstructures of undercooled eutectic Ni-Sn, Ni-Mo, Co-Mo,
Co-Sn, Co-Sb systems, which showed that in a wide undercooling range only one recalescence event
took place in the undercooled binary eutectic alloys containing faceted phase, and with the increase of
undercooling the eutectic structures all transformed from regular lamellar eutectic to undercooled
anomalous eutectic. Fe-B-Si eutectic alloy is one of the most important soft magnetic materials, how-
ever, there has not been any report on the microstructure evolution of this alloy under deep under-
cooling conditions at present. In this study, the Feg,B,;Si; eutectic alloy was undercooled up to AT =
342K by means of the combination of cyclic superheating and glass fluxing, and the relations between

the recalescence behavior and the solidification structures were systematically studied .

1 Experimental procedure

Feg,B;Si)(at% ) eutectic alloy!'" 2} was chosen as the experimental alloy. It was prepared by

melting99. 7% Fe pellets, 99.999% Si and super low carbon Fe, B (wt.% ) alloy in an HF
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induction oven under the protection of molten glass. Each sample weighing 6 g was subjected to cyclic
superheating and glass-fluxing denucleation to obtain deep undercooling in a quartz crucible with
11 mm in diameter and 35 mm in height. The composition of the glass denucleation agent is (wt% )
Si0, 74, (Na,0 + K,0) 15.0, CaO 7, AL,0,2.0, MgO 1.8, Fe,0;0.2. The thermal history of the
sample was recorded by a DIY infrared pyrometer, which was calibrated with a standard PtRhso-PtRhg
thermocouple under isothermal condition. Metallographic specimens were prepared by cutting the sam-
ples through nucleation region in the radial direction and etched with 4 % nitric acid solution diluted by
alcohol. The microstructures were observed with a JXA ~ 840/EDS-860-2 scanning electron micro-

scope .
2 Results and discussion
2.1 Cooling curves

Figure 1 shows two typical cooling curves of the Feg, B,;Si; eutectic alloy in different undercooling
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Fig. 1. Typical cooling curves of the Feg,By;Si; eutectic alloy in different undercooling ranges.

(a) AT =6—164 K and 255—342 K; (b) AT =174—247 K.
ranges . There was only one recalescence event for the samples solidified in the undercooling ranges of
6—164 K and 255—342 K as shown in fig.1(a). Their solidification process consisted of an initial
rapid solidification stage 7, along with the recalescence, and a slow solidification period z, after the
recalescence, where 7, is the recalescence time, r, the slow solidification time. Whereas for the
specimens solidified in the undercooling range of 174—247 K, two recalescence events occurred on
their cooling curves as shown in fig.1(b) ; their solidification process consisted of the rapid and slow
solidification periods 7., 7, of the primary phase and the accompanying eutectic rapid and slow so-
lidification stages t,,, T,. In fig.1(a), we define Ty as the equilibrium eutectic temperature, Ty
the nucleation temperature, Ty the recalescence temperature, ATy = Ty — Ty the recalescence de-
gree, Vi =ATy/r, the recalescence rate, t;= 7, + 7, the total solidification time and AT = Ty ~
Ty the initial undercooling. In fig.1(b) we define T, Txy, Tri» T as the nucleation and re-
calescence temperatures of the primary phase and the eutectic respectively, ATy, = Ty, — Ty the
first recalescence degree, ATy, = Tg, — Ty, the second recalescence degree, ATy = ATy + ATy,
the total recalescence degree, Vi = ATy/ 7, the first recalescence rate, 7= 74+ 70+ T+ Ty

the total solidification time (the right limits of 7, and r, are defined as the inflexion points of the
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2.2 Relation between the recalescence behavior and

Fig. 2. Influence of initial undercooling AT on Vg, solidification microstructure

AT and 7 for undercooled Feg,B,;Si, eutectic alloy.

Figures 3 (a—d) show the microstructures of the
samples with the initial undercoolings of 6, 154, 201 and 255 K respectively, which are typical in the
three undercooling ranges. The EDA and XRD results show that the white phase is Fe,B, and the
dark phase is a(Fe,Si) in fig.3. It can be seen that for the samples solidified in the undercooling
ranges of 6—164 K and 255—342 K with one recalescence event, the microstructures are mixed eu-

[13—14] (fig.3(a)) or mixed eutectic plus under-

tectic of quasi-regular and complex regular eutectics
cooled anomalous eutectic (fig.3(b)), and complete undercooled anomalous eutectic (fig.3(d)).
This indicates that the recalescence in fig.1(a) is caused by the release of latent heat in the eutectic

rapid solidification. Croker!" ) found that in a binary eutectic system containing faceted phase, the

Fig. 3. Typical microstructures in three undercooling ranges for Feg, B;Si; eutectic alloy. (a) AT =6 K; (b) AT
=154 K; (¢) AT=201 K; (d) AT=255 K.
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microstructure was complex regular eutectic if the volume fraction of faceted phase ¢ was in the range
of 20—35% , whereas the microstructure was quasi-regular eutectic structure if ¢;>40% under the
condition that the faceted phase entropy of fusion was beyond 23]/ (mol.K) . Since in Feg,B,;Si; eu-
tectic alloy the entropy of Fe,B solution is about 18. 1—22.4]/(m01.K)[12] » ¢;>40% , it can be
deduced that the mixed eutectic structure obtained at lower undercoolings in the alloy is approximately
in accordance with the eutectic structure rule summarized by Croker. This is also the main reason why
there exists no regular lamellar eutectic structure in the Feg, By;Si; eutectic alloy. However for the
samples solidified in the 174—247 K undercooling range with two recalescence events, the mi-
crostructure corresponds to a (Fe,Si) plus interdendrite undercooled anomalous eutectic (fig.3(¢)).
According to the size and morphology of @ phase, it can be inferred that the first recalescence in fig.
1(b) is induced by the rapid solidification of the primary ¢ dendrite phase, whereas the second re-
calescence is induced by the rapid solidification of the remaining melt growing in the eutectic struc-
ture. The influence of initial undercooling and the ratio of two recalescence degrees ATy, /ATy, on
the volume fraction of @ phase in the undercooling range of 164—255K is summarized in table 1,
which indicates that with the increase of initial undercooling, the volume fraction of a phase increases
at first and then decreases at AT =207 K, and the higher the ATy, /ATg,, the larger is the volume

fraction of a phase.

Table 1 Influence of AT and ATy /ATy on the volume fraction of a phase for Feg,B;5i; eutectic alloy

Undercooling AT/K 164 174 191 207 217 225 238 255
ATy /ATy — 0.36 0.83 1.3 0.9 0.8 0.63 —
Volume fraction of a % ~5 ~15 35~40 55 ~ 60 45 ~ 50 30~35 ~20 ~5

2.3 Non-reciprocal nucleation effect of a(Fe,Si) and Fe,B phases

Lamplough and Scott!’*’ found that in a eutectic system of a and 8, a usually nucleated 3 at
low undercooling, but 8 did not nucleate a except at undercooling approaching homogeneous nucle-
ation. Moreover, Sundquist and Mondolfo!'! found that the metals with “complex” structures (having
high entropy of fusion) were difficult to nucleate but were good nucleating agents, whereas the metals
with simple structures were readily nucleated but were poor nucleating agents after they had detected
the nucleation undercooling of two eutectic phases one on the other and had compared the values of
entropy of fusion of the two phases in 36 sorts of eutectic systems. This effect was termed as “non-re-
ciprocal nucleation effect” . As shown in fig. 3, some Fe,B phase exhibited the fish-skeleton mor-
phology in the mixed eutectic (fig.3(a)), similarly the Fe,B phase was in dendrite morphology and
the dendrites were connected in the anomalous eutectic (fig.3(b) and (d)). Obviously we could de-
duce that Fe,B was the primary phase and was also the proper nucleating agent of @ phase in the so-
lidification process of mixed eutectic and undercooled anomalous eutectic structures. By contrast, as
shown in fig.1(b) the solidification of eutectic could not occur until a time delay after the a phase
nucleated and grew. This result indicated that « (Fe,Si) could not catalyze the nucleation of Fe,B.
Thus we could conclude that the a (Fe,Si) and Fe,B phases in the deep undercooled Feg,By;Si; eu-

tectic alloy conformed also to the non-reciprocal nucleation effect.
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2.4 Critical undercoolings of undercocled anomalous eutectic

Many experimental results obtained in deep undercooled Feg, B;;Si; eutectic alloy showed that
normal nucleation sites were all located at the sample surface, which indicated that the nucleation was
heterogeneous nucleation. The rapid solidification process always started from the sample surface,
whereas the product of the remaining liquids was generally located in the interior of the sample or at
the boundaries of undercooled anomalous eutectic zones. We define the critical undercooling AT, as
the undercooling for the appeareance of undercooled anomalous eutectic at the nucleation point of the
sample surface, and the critical iindercooling AT, as the undercooling for the complete transformation
of the undercooled anomalous eutectic in all the sample cross-sections. From the experimental results,
it could be determined that AT, was 63 K, and AT, was 164 K in deep undercooled Feg, B;;Si; eutec-
tic alloy. Fig.4(a—c) show the interior microstructures of the samples with the initial undercooling of
6 K, 107 K and 164 K respectively. Notably, the dark zone in fig. 4(b) was anomalous eutectic
structure. It could be seen that with the increase of initial undercooling, the volume fraction of
anomalous eutectic increased gradually when the Feg,B,;Si; eutectic alloy solidified in the undercool-
ing range of 6—164 K. This also indicated that the undercooled anomalous eutectic was the product of
the rapid solidification.

e

Fig. 4. Typical microstructures of Feg,B,Si, eutectic alloy with low megnification showing the dependence of volume fraction
of anomalous eutectic on initial undercooling. (a) AT =6 K; (b) AT =107 K; (¢) AT =164 K.

2.5 Coupled zone of a(Fe,Si)-Fe,B eutectic system

Generally, the symmetric coupled zone is of eutectics involving two non-faceted phases, and the
skewed-coupled zone is of eutectics formed by non-faceted phase and faceted phase under directional
solidification condition!'”’ . Many experimental results have shown that there was not any primary «
phase in the samples solidified below AT = 154 K or above AT = 264 K, whereas for the samples so-
lidified in the initial undercooling range of 164—255 K there were always some volume fraction of pri-
mary e phase in their microstructures. These indicated that the boundary of the coupled zone of a
(Fe,Si)-Fe,B eutectic system shifted toward the Fe,B side, and intersected the eutectic composition
line at AT =154 K and AT =264 K, which was unlike the critical recalescence behavior with trans-
forming points at AT = 164 K and AT =255 K as shown in fig.1(b) . This was because the character
of the cooling curve could not be altered by the latent heat released during the rapid solidification of
small volume fraction a phase at AT = 164 K and AT = 255 K. According to the results listed in
table 1, it could also be inferred that the valley of the boundary line of the coupled zone was located
at about AT = 207K. According to the present experimental results, the schematic coupled zone of «
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(Fe,Si)-Fe,B eutectic system was shown as the shaded
SFe region in fig.5, where ~ 17at% B was the equilibrium
point of a (Fe,Si)-Fe,B system and the dashed lines were
the metastable liquidus and solidus ones below equilibri-
um temperature. Connecting the coupled zone of fig. 5

with the solidification microstructures and the cooling

7K

,, curves, the mechanism of microstructure formation in the
PFe ” undercooling range of 154—264 K could be considered as
1| follows: when the melt was undercooled to Ty, accompa-

nying the first recalescence, the a phase nucleated and

grew rapidly in dendrite form. Meanwhile, B atoms accu-

mulated in front of the «/L interface and impeded the

Fe B at (%) Fe,B growth of o phase. Samples entered the second cooling
stage when the latent heat could no longer compensate the

Fig. 5. The schematic coupled zone of a(Fe,Si)- heat dissipated to the environment. The state (composi-
Fe,B eutectic system. tion and temperature) of the melt around a phase varied
from Ty, to the coupled zone as shown by the arrow in fig. S. In addition, the accumulation of B
atoms in front of the o/ L interface also created the condition for Fe,B to nucleate when the remaining
melt cooled to Ty,. Since the nuclei of the two eutectic phases had formed, and Fe,B phase could
continuously catalyze « , the remaining melt grew in eutectic during the process of the second recales-

cence and thus formed the microstructure in figure. 3(c).
3 Conclusions

(i) By cyclic superheating incorporated with glass fluxing denucleation method the Feg, B;;Si;
eutectic alloy was undercooled up to AT =342 K (0.238 ), which exceeded the formerly consid-

ered critical homogenous undercooling (0.2Tg) .

(ii) For the samples solidified in the undercooling ranges of 6~—164 K and 255—342 K, there
was only one recalescence event on their cooling curves. Corresponding to the above two undercooling
ranges the microstructures were mixed eutectic of quasi-regular and complex regular eutectic or mixed
eutectic plus undercooled anomalous eutectic, and complete anomalous eutectic respectively, whereas
for the samples solidified in the undercooling range of 174—247 K, two recalescence events occurred
on the cooling curves, the microstructure corresponded to primary a (Fe, Si) plus interdendrite un-

dercooled anomalous eutectic.

(iii) Two critical undercoolings were observed for undercooled Feg, Bj;Si; eutectic alloy: the
mixed eutectic was the unique growth morphology when the undercooling was less than AT, =63 K;
the microstructure transformed to complete undercooled anomalous eutectic when the undercooling was
greater than AT, = 164 K.

(iv) The two eutectic phases a(Fe,Si) and Fe,B in the eutectic alloy conformed to the non-re-
ciprocal nucleation effect, i.e. Fe,B could catalyze the nucleation of o phase but a could not cat-

alyze the Fe,B to nucleate.
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(v) The boundary of the coupled zone of a (Fe,Si)-Fe,B eutectic system shifted toward the Fe,B

side, and intersected the eutectic composition line at AT = 154 K and AT = 264 K, whose valley was

at about AT =207 K.
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