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The AlCoCrFeNi high-entropy alloys (HEAs) were prepared by the copper mold casting and
Bridgman solidification. X-ray diffraction (XRD) results verify that the main phase was body-
centered-cubic (bcc) solid solution by these two solidification processes, indicating its good
phase stability. Interestingly, the metallographic photos show a morphology transition from
dendrites to equiaxed grains after Bridgman solidification, which was considered to have a
strong dependence on the parameter of the G/V (the temperature gradient to the growth rate
ratio). Compared to the as-cast sample, the plasticity of alloys synthesized by Bridgman
solidification was improved by a maximum of 35 pct.

DOI: 10.1007/s11661-011-0981-8
� The Minerals, Metals & Materials Society and ASM International 2011

I. INTRODUCTION

RECENTLY, high-entropy alloys (HEAs) have
attracted increasing attention. As the entropy of solid
solutions is usually higher than that of intermetallics,
which can greatly lower the Gibbs free energy of the
system. Thus, the alloys with high entropy of mixing
mainly form face-centered-cubic or body-centered-cubic
(bcc) solid solutions.[1–4]

At present, the arc melting and copper mold casting
are usually used for the preparation of HEAs,[5–15]

during which the solidification process cannot be easily
controlled, which leads to a changing microstructure
from the surface to the center of the samples, e.g.,
inhomogeneous distribution of the dendrites. Further-
more, the undercooled liquid metals have to withstand
tensile stress in the suction casting process, which causes
the defects of the prepared samples, such as the pores
due to the volume shrinking during solidification.

Compared to the copper mold casting, the direction
of the thermal conduction and extraction for rod-shape
samples obtained by Bridgman solidification is mainly
along the longitudinal direction, and the temperature
gradient and growth rates can be precisely controlled by
adjusting the heating power and withdrawal velocities.
For instance, the Al-Cu alloys,[16] TiAl-based alloys,[17]

and Ni-based superalloys[18] were prepared and opti-
mized by Bridgman solidification. It was reported that
dendrites/bulk-metallic-glass (BMG) composites were
successfully tailored by Bridgman solidification, during

which the dendrites are homogeneously distributed
within the BMG matrix, and the dendrite spanning
length has a strong dependence on the temperature
gradient and growth rates.[19–21]

In this study, the microstructure and mechanical
properties of the AlCoCrFeNi HEAs were investigated
by these two solidification techniques.

II. EXPERIMENTAL PROCEDURE

Ingots with a nominal composition of AlCoCrFeNi
(molar ratio) were prepared by arc melting the mixture
of Al, Co, Cr, Fe, and Ni with purity higher than
99.5 wt pct under a Ti-gettered argon atmosphere. In
order to ensure the compositional homogeneity, the
alloys were remelted at least 4 times. Afterward, the
ingots were divided into two parts. One part was
remelted and then cast into cylindrical rods with
diameters of 3 and 5 mm. The cross sections of the
samples were etched with the aqua regia solution, and
the microstructures were investigated by metallographic
microscope. Another part was crashed into pieces and
placed in an alumina tube with an internal diameter of
3 mm and a wall thickness of ~1 mm. Then the samples
were inductively heated to melt by adjusting the heating
power, holding for 15 minutes. Bridgman solidification
was carried out with withdrawal velocities of 200 to
1800 lm/s through a temperature gradient of ~70 K/mm
into the water-cooled Ga-In-Sn liquid alloys, a sche-
matic diagram of which can be obtained in Reference
22. The phases of the samples were analyzed by X-ray
diffraction (XRD) in a PHILIPS* APD-10 diffractom-

eter (Cu Ka radiation). The uniaxial compressive tests
were performed on 6-mm-long sections cut from the
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3-mm-diameter cylinders by using an MTS 809 materials
testing machine at room temperature with a strain rate
of 2 9 10�4 s�1. The microstructure morphologies of
the longitudinal sections were investigated by the

metallographic microscope and the scanning electron
microscope (SEM) equipped with an energy-dispersive
X-ray spectrometer.

III. RESULTS

A. XRD Analysis

The XRD patterns, as shown in Figure 1, are taken
on the longitudinally sectioned specimens obtained by
the copper mold casting and Bridgman solidification. It
is apparent that all the samples have similar bcc
reflections and no obvious lattice-constant changes of
bcc solid solutions. The lattice-constant parameter is
estimated to be on the order of 0.2890 ± 0.0005 nm
from the strongest (110) peak, indicating good phase
and structure stabilities. This may be ascribed to the
unique high-entropy effect for HEAs.[3]

B. Microstructure Evolution

The metallographic photos of as-cast samples
obtained by the copper mold casting are displayed in
Figure 2. Flowery dendrites can be seen in Figures 2(a)
and (b), for the central region of the samples with
diameters of 3 and 5 mm, respectively. The dendrites are

Fig. 2—Metallographic photos of AlCoCrFeNi HEA cylindrical rods by copper mold suction casting: (a) and (b) dendrites viewed in the central
region of the samples with diameters of 3 and 5 mm, respectively; (c) typical casting microstructures and the inset is a magnification of the finery
equiaxed grains close to the sample border; and (d) morphology of the columnar dendrites corresponding to the B location in (c).
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Fig. 1—XRD patterns of AlCoCrFeNi HEAs of as-cast and Bridg-
man solidification with various withdrawal velocities of 200 to
1800 lm/s.
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intensively embedded on the grain matrix and sur-
rounded by the grain boundary. The average spanning
length of dendrites is in the range of 50 to 100 lm, and
the growth of branched dendrites starts from a common
center into arbitrary directions. Figures 2(c) and (d)
present the typical microstructures of as-cast samples
with the diameter of 5 mm, and the solidification
direction is indicated by an arrow: the outermost are
finery equiaxed grains originating from the large cooling
rate, which are clearly seen in the inset of Figure 2(c),
and the grain size is about 5 to 10 lm; the intermediates
are carrotlike columnar dendrites, which grow along a
preferred orientation; and the innermost are thick
equiaxed dendrites (points labeled A, B, and C, respec-
tively). In particular, Figure 2(d) displays the morphol-
ogy of the columnar dendrites corresponding to the B
location in Figure 2(c). Clearly, most of the primary
dendrite trunks, inclined to an angle of about 10 to
20 deg with respect to the vertical, are aligned along a
specific crystallographic direction. The side arms of the
dendrites that developed on the left side of the primary
dendrite trunks usually have an angle of about 60 deg
with respect to the trunks. This can also be observed in
the dendrites growth morphologies of a unidirectionally
solidified Al-9 pct Si alloy.[23]

Figure 3 shows the metallographic photos of the
longitudinal sections of the solidified rods by Bridgman

solidification with withdrawal velocities of 200 to
1800 lm/s. Interestingly, after Bridgman solidification,
the morphologies are equiaxed grains rather than
flowery dendrites, as shown in Figures 3(a) through
(d), and the grain boundary is indicated by the arrow
and marked GB in Figure 3(a). The statistical analyses
reveal that there is no obvious change for the average
grain size (about 100 to 150 lm) in Figures 3(a) through
(d). This suggests that the AlCoCrFeNi HEA is not
sensitive to these withdrawal velocities, which may be
due to the sluggish diffusion effect of solute atoms that
impairs the growth of the grains during solidification.[24]

Furthermore, the secondary electron images of the
longitudinal sections of the solidified rods by Bridgman
solidification are exhibited in Figure 4. Figures 4(a), (b),
(c), and (d) correspond to the withdrawal velocity of 200,
600, 1000, and 1800 lm/s, respectively. Figures 4(e) and
(f) are the magnifications of the grain matrix for
withdrawal velocities of 200 and 1800 lm/s, respectively.
The grain boundaries are clearly seen in Figures 4(a)
through (d), and the angle of the intersection of two
grain boundaries is about 120 deg. Moreover, the
microstructure of the grain matrix of Figure 4(a) is
distinctly different from that of Figures 4(b) through (d).
More detailed observations are displayed in Figures 4(e)
and (f). Coherent and alternating platelets, with different
sizes of ~150 to 400 nm in length and 100 to 200 nm in

Fig. 3—Metallographic photos of AlCoCrFeNi HEAs by Bridgman solidification with withdrawal velocities of (a) 200, (b) 600, (c) 1000, and (d)
1800 lm/s.
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width, can be seen in Figure 4(e), and such similar
structures were reported in the Fe-Ni-Mn-Al alloy
systems.[25] On the other hand, honeycomb-like structure
with uniform dispersion of spherical particles can be seen
in Figure 4(f), and the size of the nanoscale spherical
precipitations is about 50 to 100 nm. These nanoscale
precipitations may originate from the spinodal decom-
position, leading to a modulated structure composed
of ordered (B2) and disordered (A2) phases, respec-
tively. This decomposition was also reported in the
AlCuCoCrFeNi alloy systems,[3] and was further con-
firmed by using the high-energy X-ray beam measure-
ment in Reference 26.

C. Mechanical Properties

The compressive engineering stress-strain curves of
the solidified rods synthesized by the copper mold
casting and Bridgman solidification are displayed in
Figure 5. The plastic strain limits of alloys were
improved to some extent by Bridgman solidification
compared to the as-cast sample, especially at the
withdrawal velocity of 1800 lm/s (up to 30 pct). The
yielding strengths of alloys are evidently lower than that
of the as-cast sample, and have no distinct change under
different withdrawal velocities, as shown in Table I. This
may be ascribed to the fact that the disappearance of the

Fig. 4—SEM secondary electron images of AlCoCrFeNi HEAs by Bridgman solidification with withdrawal velocities of (a) 200, (b) 600, (c)
1000, and (d) 1800 lm/s. (e) and (f) magnifications of (a) and (d), respectively.
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dendrites and more homogeneous microstructure facil-
itate the movement of the dislocations. In addition, with
the increase of the withdrawal velocity, the microstruc-
ture of the grain matrix becomes finer and more
uniform, as indicated in Figure 4, and the nanoscale
spherical precipitation enables the release of the stress
caused by the pileup of the dislocations and the
absorption of the external energy during plastic defor-
mation, and delays the propagation of the cracks, which
improves the plasticity of alloys. Besides, less constitu-
tional segregation along grain boundaries also has a
positive contribution.

IV. DISCUSSION

A. Morphology Transition Mechanism

The morphology has a strong dependence on the
parameter of the G/V during solidification, in which G is
the temperature gradient and V is the growth rate. With
the increase of the G/V, which leads to a smaller
constitutional supercooling, themicrostructure morphol-
ogies will change from dendrites to columnar or cellular
crystals, and to equiaxed grains.[27] Accordingly, for the
coppermold casting, the temperature gradient close to the
sample border is almost regarded as the infinite, whereas
theG in the central region is close to the zero; on the other
hand, the growth rate remains very large from the surface
to the center (the formation of the microstructure is
almost instantaneously accomplished), together produc-
ing a distinctly different value of the G/V along the radial

direction of the sample, which is favorable to the
formation of the dendrite segregation region and further
produces an inhomogeneous microstructure, as shown in
Figure 2. However, for Bridgman solidification, the
temperature gradient in the liquid/solid interface front is
almost a constant of ~70 K/mm, and the growth rate can
be roughly considered to be the withdrawal velocities of
200 to 1800 lm/s (generally, the growth rate is always
lower than the withdrawal velocity), which is much lower
than that of the as cast. As a result, a larger value of the
G/V enables the formation of the equiaxed grains.
In addition, the heating temperature by Bridgman

solidification is lower than that by arc melting. As a
result, the dendrites of smaller arm spacing may be
remelted and disappear, while the dendrites of larger
arm spacing may coarsen or spheroidize due to lower
surface energy and a longer holding time.[28]

B. Stability of the Grain Size After Bridgman
Solidification

The growth of the grain is due to the migration of the
interface between two grains or the driving force
originating from the difference of the interface curvature
radius. For a solid solution, to keep the stability of the
grain size, a qualitative expression can be as follows:

rA= sinA ¼ rB= sinB ¼ rC= sinC ½1�

in which A, B, and C are the angle of the intersection of
two adjacent grain boundaries, respectively; rA, rB, and
rC are the interface tensions on the grain boundaries,
respectively; and sinA, sinB, and sinC are the sine values
of the corresponding angle, respectively. Here, it can be
assumed that rA = rB = rC for the present alloy of a
solid solution; furthermore, A, B, and C should be equal
to 120 deg. The flat interface corresponds to the infinite
curvature radius and the driving force of zero that
facilitate the stability of the grain size. As referenced in
Section III–B, the angle of the intersection of two grain
boundaries after Bridgman solidification is about
120 deg, and the grain boundary is almost flat, which
may be the reason that the grain size has no obvious
change under different withdrawal velocities.

V. CONCLUSIONS

The AlCoCrFeNi HEAs are mainly composed of a
bcc solid solution phase by copper mold casting and
Bridgman solidification. However, the morphology
changes from dendrites to equiaxed grains in this alloy
after Bridgman solidification, which may be due to the
lower heating temperature, longer holding time, and
higher G/V values for the Bridgman solidification. The
plasticity of alloys was improved to some extent by
Bridgman solidification.
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Fig. 5—Compressive engineering stress-strain curves of AlCoCrFeNi
HEAs by the copper mold suction casting and Bridgman solidifica-
tion with various withdrawal velocities of 200 to 1800 lm/s.

Table I. Mechanical Properties of AlCoCrFeNi Alloys
by Copper Mold Casting and Bridgman Solidification with

Various Withdrawal Velocities of 200 to 1800 lm/s

Alloys r0:2 (MPa) rmax (MPa) ep (Pct)

As cast 1451 3440 21.6
200 lm/s 1312 3228 26.1
600 lm/s 1263 3629 28.6
1000 lm/s 1275 3629 28.7
1800 lm/s 1288 3669 29.5
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