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Abstract: A modified Bridgman directional solidification technique was used to prepare Fe-Al-Ta

eutectic in situ composites at different growth rates ranging from 6 to 80 um/s. The directionally solidified Fe-

Al-Ta eutectic composites are composed of two phases: Fe(Al,Ta) matrix phase, and Fe,Ta(Al) Laves phase.

Solidification microstructure is affected by solidification rate. Microstructure of the Fe-Al-Ta eutectic alloy

grown at 6.0 pm/s is broken-lamellar eutectic. Eutectic colonies are formed with the increase of the solidification

rate. Microstructures are mainly composed of the lamellar or fibrous eutectic at the center of the colony and

coarse lamellar eutectic zone at the boundary. Meanwhile, the inter-lamellar spacing (or the inter-rod spacing)

is decreased. The spacing adjustments are also observed in Fe-Al-Ta eutectic alloy. The solid/liquid interface

evolves from planar interface to shallow cellular interface, then to deep cellular, and finally to shallow cellular

planar with the increase of the solidification rate.
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1 Introduction

Intermetallic compound is a solid-state compound
which exhibits metallic bonding, without defined stoi-
chiometry and a long-range-ordered crystal structure.
Due to the high creep resistance and tensile strength,
this kind of material is widely used in the aeronautic,
aerospace and high thrust-weight ratio engine indus-
try!"*. Fe-Al intermetallic compound has been paid
more attentions, because it has many characteristics,
e g, low price, low density (6.5-7.2 g/cm’), excellent
anti-shake performance, superior oxidation resistance'”
and good corrosion resistance"’, etc. However, the
engineering application of the Fe-Al intermetallic
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has been limited by its poor ductility at ambient tem-
perature. In addition, its strength and creep resistance
decrease above 600 ‘C'®. In order to overcome these
shortcomings, many investigations have been carried
out, for example, mechanical alloying” micro alloying
by adding other trace elements, e g, Zr, Nb and Cr'*”,
compounding by adding some continuous or discon-
tinuous reinforced phases"”, heat treatment!'”, and so
on. Directional solidification technique is an attractive
method to obtain well aligned microstructure by con-
trolling crystal growth orientation along with the heat
flow direction. This method can produce a significant
strengthening effect on the material’s mechanical prop-
erties, because the horizontal grain boundary is elimi-
nated during solidification process''”. Therefore, some
refractory metals have been added into Fe-Al alloy to
obtain eutectic composites by directional solidification
technique'”"'". In the present study Fe-Al-Ta eutectic
in situ composites were prepared by a modified Bridg-
man directional solidification technique (which has a
higher temperature gradient 150 K/cm) at the solidi-
fication rate of 6, 20, 30 and 80 pum/s. Microstructure
characteristics at different solidification rates were sys-
tematically studied and the mechanism of lamellar-rod
eutectic transitions were also investigated. Moreover,
morphologies of the solid/liquid interface at different
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solidification rates were studied as well.

2 Experimental

99.9% pure iron, 99.999% pure aluminium and
99.95% Ta were mixed together and homogenously
melted to prepare the Fe85/Ta7/Al8 eutectic alloy ingots
in vacuum (1.0x10~* Pa) using vacuum induction melt-
ing technique. The master alloy was obtained by cutting
the middle of the ingot into @6x100 mm cylindrical
bars. The alloy bars were put into a Al,O; crucible. The
directional solidification experiments were carried out in
a modified vertical Bridgman furnace at the solidifica-
tion rate of 6, 20, 30 and 80 pum/s. The cylindrical bars
were melted locally by resistance heating under high
purity Argon. As the crucible was slowly lowered into
the region cooled by Ga-In-Sn liquid metal, a Fe-Al-Ta
eutectic reaction took place, leading to the formation of
the eutectic alloy. In order to obtain the morphology of
solid/liquid interface, ingots were withdrawn into the
cooling liquid (Ga-In-Sn alloy) for quenching when the
growth length extended to about 90 mm.

The samples were wet ground and thereafter
mechanically polished down with 3, 1, and 1/4 pm
diamond paste. Finally the specimen was etched in a
solution of glycerine (68 vol%), 70%HNO; (16 vol%)
and 40%HF (16 vol%). The microstructure of the spec-
imen was investigated by a scanning electronic micro-
scope (SEM, JSM-5600LV) and an energy dispersive
spectroscopy (EDS, JED2200) was used to investigate
the phase composition. The solid/liquid interface mor-
phologies were studied by optical microscope (OM,
OHXMC50).

3 Results and discussion

3.1 Microstructure of the as-cast alloy and
directionally solidified Fe-Al-Ta eutectic
alloy
Microstructures of the as-cast alloy and typical

directionally solidified Fe-Al-Ta eutectic on the longi-

tudinal section are shown in Fig.1. The light phase is

Fe,Ta (Al) Laves phase, and the dark phase is Fe (Al,

Ta) matrix phase. In Fig.1 (a), the coarse Fe,Ta (Al)

Laves phase can be clearly observed, and the eutectic

structure grows as disordered colony. This is caused by

the isotropic heat. Fig.1(b) shows the microstructure of
directionally solidified alloy on the longitudinal section
at the solidification rate of 20 um/s. It can be seen that
the microstructure is directionally aligned and uniform-
ly distributed owing to the directional heat flow. More-
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over, the microstructure in Fig.1(b) is much more finer
than that of Fig.1(a). This is caused by the higher cool-
ing rate. It can also be seen from Fig.1(b) that the fibers
are parallel to each other within the same grain but
some fibers are deviated from the original direction at
the grain boundaries. A grain boundary usually consists
of structural units which depend on both the misorien-
tation of the two grains and the plane of the interface.
The types of structural unit that exist can be related
to the concept of the coincidence site lattice, in which
repeated units are formed from points where the two
misoriented lattices happen to coincide. Moreover, den-
drites are not found in directionally solidified Fe-Al-Ta
eutectic alloy. The perfect microstructure of Fig.1(b) is
caused by single heat flow and high temperature gradi-
ent of the modified Bridgman directional solidification
technique(150 K/cm). Consequently, mechanic proper-
ties of the material can be improved as expected.

Fig.1 Longitudinal microstructures of the Fe-Al-Ta alloys: (a)
master alloy; (b) directionally solidified eutectic alloy

3.2 Phase composition

Fig.2(a) and 2(b) are the energy dispersive spec-
trometer (EDS) patterns for the light phase and dark
phase of the directionally solidified Fe-Al-Ta eutectic
composite, respectively. The results show that the rela-
tionship between Fe atom and Ta atom is close to 2:1 in
the light phase. That phase should be Fe,Ta(Al) Laves
phase. Moreover, in the dark phase, Fe is the major
element, and small amount of Al and Ta are contained.
This demonstrates that the dark phase is Fe (Al, Ta)
matrix.
3.3 Effects of solidification rate on microstr-

ucture of directionally solidified Fe-Al-

Ta eutectic alloy
3.3.1 The mechanism of lamellar—rod eutectic transition

The solidification rate has a significant impact on
the solidified microstructure. The transverse and longi-
tudinal microstructures of Fe-Al-Ta eutectic at different
solidification rates are shown in Fig.3, Fig.4, Fig.5 and
Fig.6, respectively.

At the low solidification rate (6 wm/s), micro-
structure of the Fe-Al-Ta eutectic is regular bro-
ken-lamella eutectic structures as shown in Fig.3(a),
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Fig.2 EDS patterns of the Fe-Al-Ta eutectic alloy prepared by Bridgman technique at the solidification rate of 6 um/s: (a) the light phase; (b)
the dark phase

um/s; (¢) R=30 um/s; (d) R=80 um/s

Fig.4 Steady transverse microstructures (greater magnification) of

directionally solidified Fe-Al-Ta eutectic

R=6 pm/s; (b) R=20 pm/s; (c) R=30 pum/s; (d) R=80 um/s

Fig.3 Steady transverse microstructures of directionally solidified
Fe-Al-Ta eutectic alloy grown at (a) R=

Fig.4(a), Fig.5(a) and Fig.6(a). With the increase of
the solidification rate, eutectic colonies are formed and
morphology of the Laves phase transforms from bro-
ken-lamella structure to rod-like structure as shown in
Fig.4(b)-Fig.6(d). The fibers are parallel to each other
within the same grain but some fibers are deviated from
the original direction at the grain boundaries. The study
of Tiller'"” showed that microstructure of the eutectic
is determined by the crystal growth rate. Lower growth
rate is beneficial to form lamellar eutectic structure,
and higher growth rate is beneficial to form rod eutectic
structure.

Liu et al' " studied the dynamic effects in the
lamellar-rod eutectic transition, the lamellar spacing

(18]
6 um/s; (b) R=20
was calculated to change to a larger rod spacing to
achieve lower undercooling. Some lamellae would
transform to rods in the region, which satisfies the fol-
lowing relationship:

AT <AT \<AT gy (1)

where ATy, is the minimum rod undercooling, ATy, is
the maximum rod undercooling, and AT, is the maxi-
mum lamellar undercooling, respectively. For Fe-Al-Ta
alloy, the lamellar-rod transition may result from higher
undercooling. Generally speaking, the increase of the
solidification rate would result in large constitutional
undercooling, the higher undercooling may result in the
lamellar-rod transition.

alloy grown at (a) According to classical solidification theory, a eu-



Journal of Wuhan University of Technology-Mater. Sci. Ed. www.jwutms.net June 2019

tectic fibrous structure is much more stable, when the
volume fraction of one of the phases is approximately
0-1/n. However, Jackson"” t2%
the change of eutectic structure is correlated with not
only the volume fraction of the two phases, but also

and Hun claimed that

the anisotropy of eutectic phase itself. When the crystal
growth direction is consistent with the solidification
rate, the eutectic structure is lamellar eutectic. Other-
wise, the eutectic structure is rod one. From Fig.5(a)
and Fig.6(a), it can be seen that the crystal growth di-
rection is nearly parallel to the heat flow orientation at
the low solidification rate. At the higher crystal growth
rate, although the fibers are parallel to each other with-
in the same grain but some fibers are deviated from
the original direction at the grain boundaries as shown
in Fig.5(b)-6(d). A grain boundary usually consists of
structural units which depend on both the misorienta-
tion of the two grains and the plane of the interface.

irection

Fig.5 Steady longitudinal microstructures of directionally
solidified Fe-Al-Ta eutectic alloy grown at (a) R=6 pm/s; (b)
R=20 pm/s; (c) R=30 pm/s; (d) R=80 um/s

Growth direction

Fig.6 Steady longitudinal microstructures (greater magnification)
of directionally solidified Fe-Al-Ta eutectic alloy grown at (a)
R=6 nm/s; (b) R=20 um/s; (c) R=30 um/s; (d) R=80 pm/s
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Therefore, the higher solidification rate and the
anisotropy of the eutectic phase are the factors that re-
sult in the lamellar-rod eutectic transition as well.

3.3.2 Effect of the solidification rate on the lamella or
inter-rod spacing

The lamellar or rod spacing is an important factor
to describe the eutectic structure, and it is defined as the
distance between the center of one lamellar (or rod) to
the center of the nearest adjacent lamellar (or rod). The
lamellar or rod spacing of Fe-Al-Ta is obtained by at
least 10-30 different regions on the transverse section
of the samples. The lamellar or rod spacing of the Fe-
Al-Ta eutectic at different solidification rate is shown
in Fig.7.

101
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Fig.7 Average spacing (1) of Fe-Al-Ta cutectic alloy versus
inverse square root of the solidification rate R

For directionally solidified Fe-Al-Ta eutectic al-
loy, it is a kind of regular eutectic structure; therefore,
the lamellar or rod spacing should be in accordance

[21]

with the Jackson-Hunt criterion" well as shown in

Formula (2):

1’R=K )

It can be clearly observed that the lamellar or rod
spacing is decreased with the increase of the solidifica-
tion rate. The constant K in this work is calculated to be
1.35%10° um’/s.

Moreover, the spacing adjustment is also observed
in Fe-Al-Ta eutectic alloy as Fig.8 shows. The new
lamellas are formed by branching as arrow A shows;
the lamellar is twisted as arrow B shows; the termina-
tion of the lamellar is also observed as arrow C shows.
In general this several kinds of growth defects can’t
appear alone. Actually they will appear and develop at
the same time to adjust the eutectic lamellar (rod) spac-
ing. The aim of the lamellar spacing adjustment is to
accommodate the stress mismatch caused by different
growing conditions. According to the minimum un-
dercooling criterion”, there is an extremum lamellar
spacing A, which can make the minimum undercooling
at a constant growth velocity. Therefore, there are two
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Growth direction

Fig.8 Spacing adjustment observed in Fe-Al-Ta eutectic alloy: (a) branching; (b) twisting and termination

Growth direction

Fig.9 Solid/liquid interface morphologies of directionally solidified Fe-Al-Ta eutectic alloy grown at (a) R=6 pum/s; (b) R=20 pm/s; (c) R=30

um/s; (d) R=80 pm/s

extreme lamellar spacing on the longitudinal section
of the samples, the minimum lamellar spacing 4, and
the maximum lamellar spacing 4,,, respectively. Mean-
while, the average lamellar spacing 1 is obtained by
measuring on the transverse section of the samples. In
general, the lamellar spacing 4 for the steady growth at
the given solidification rate must obey the condition:

Am<A<Ay 3)

when A is greater than Ay, tip splitting or branch-
ing occurs as arrow A shows, and the lamellar spacing
can be decreased. When 4 is smaller than 4,,, the lamel-

lar will be twisted or ceased as arrow B and arrow C

shows, and the lamellar spacing can be increased.

3.4 Effects of solidification rate on morpho-
logies of the solid/liquid interface of the
Fe-Al-Ta eutectic alloy
In general, the variation of the lamellar orien-

tation greatly depends on the imposed solidification

conditions and the history-dependent on the initial
interface™'. Therefore, it is of importance to study the
morphology of the solid/liquid interface. The solid/lig-
uid interface morphologies of the Fe-Al-Ta eutectic at
the different solidification rates are shown in Fig.9.

It can be obviously seen from Fig.9 that the sol-
id/liquid interfaces evolves from planar interface to
cellar interface, then to shallow cellar interface with
the increase of the solidification rate. The solid/liquid
interface is stable with a planar morphology at the low
solidification rate 6 um/s as shown in Fig.9(a). When
the growth rate increases to 20 pm/s, the interface
turns into shallow cellular morphology as described in
Fig.9(b). As the growth rate further increases to 30 um/
s, the deep cellular morphology of solid/liquid interface
can be observed in Fig.9(c). Generally speaking, the
increase of solidification rate can lead to constitutional
undercooling in front of solid/liquid interface. Beyond
the limit of constitutional undercooling, the planar sol-
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id/liquid interface would be destroyed. Moreover, the
disturbance within finitesimal amplitude in front of sol-
id/liquid interface will result in the deformation of the
interface. The similar phenomenon was also obtained
in Ni-Ni,Si eutectic alloy™. Therefore, at the relatively
low solidification rate, the interface evolution complies
with the constitutional undercooling law. The solid/
liquid interface transforms from planar interface to
shallow cellular interface, then to deep cellular with the
increase of the solidification rate as shown in Fig.9(a)-
9(c). However, the interface tends to be shallow cellu-
lar interface at the solidification rate 80 um/s as shown
in Fig.9(d). As far as the Fe-Al-Ta eutectic alloy is
concerned, the solute diffusion at the solid/liquid inter-
face becomes strongly localized when the solidification
rate further increases and the shallow cellular interface
reappears as Kurz described”. If the undercooling
is large enough, an oscillatory instability of the plane
front appears, and massive transformation product may
therefore take shape with no or partial solute trapping.
The boundary layer at the moving interface is so thin
that the concentration spike is too small to be visible.
Therefore, the solid/liquid interface transforms to shal-
low cellular interface again.

Solid/liquid interface morphology plays an im-
portant role during the solidification processing, which
affects the selection and evolution of the solidification
microstructure. In the present work, the relationship
between microstructure and solid/liquid interface is
consistent with classical solidification theory. The mor-
phology of the solid/liquid interface changes from pla-
nar interface to cellular interface, and the solidification
microstructure changes from Broken-lamellar eutectic
to cellular eutectic accordingly.

4 Conclusions

a) Microstructure of directionally solidified Fe-
Al-Ta eutectic alloy is composed of Fe(Al, Ta) matrix
phase and Fe,Ta(Al) Laves phase.

b) With the increase of the solidification rate, the
eutectic structure transforms from broken-lamellar eu-
tectic to rod-like eutectic. The lamellar or rod spacing
is decreased as well. Lamellar adjustments are also ob-
served during directional solidification process.

c¢) The solid/liquid interface evolves from planar
interface to shallow cellular interface, then to deep
cellular, and finally to shallow cellular planar with the
increase of the solidification rate.
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