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CoCrFeNi Multi-principal Element
Alloy Prepared Via Self-propagating
High-Temperature Synthesis Plus
Investment Casting Method

TAO LU, WENKE CHAI, YE PAN, TING DAI,
and DONGKE SUN

A CoCrFeNi multi-principal element alloy was suc-
cessfully prepared via the combination of self-propa-
gating high-temperature synthesis and investment
casting. The phase identification, the as-cast
microstructure, and the solidification phenomena were
investigated. Unlike the dendrite morphology obtained
by arc melting, cellular growth in the as-cast alloy was
observed as a consequence of the rapid solidification.
The solidification process is discussed with regard to the
rate of advance of the liquid—solid interface, the equi-
librium melting range, and the interface temperature
gradient.
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INTRODUCTION

Multi-principal element alloys (MPEAs), also known
as high-entropy alloys, have been considered a discrete
category of metallic materials since their discovery in
2004.!"" Distinguishing them from conventional alloys,
which have one or two elements as the principal
components, the design of MPEAs extends the number
of principal elements up to four or five, and the
concentrations of each element are almost equal. An
MPEA can usually be characterized by a single-phase
solid solution, such as those with structures of face-cen-
tered cubic (FCC) (CoCrFeMnNi), body-centered
cubic (NbMoTaW!™), and hexagonal close packing
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(DyGdLuTbY™). With microalloying and alteration of
the composition ratio, the structure may present with
dual solid-solution phases (e.g., high-entropy eutectic
alloysP®®) or a single-phase solid solution containing a
small quantity of intermetallics. Nevertheless, the num-
ber of phases in an MPEA are much fewer than
predicted by the phase law.”” This phenomenon can
be attributed to the ‘high-entropy effect,” where the
higher configurational entropy, induced by five or more
elements in a near-equimolar alloy, favors the formation
of solid-solution phases instead of intermetallic com-
pounds.!"” Furthermore, the main characteristics in an
MPEA, such as high-entropy, sluggish diffusion, severe
lattice distortion, and the cocktail effect, have led to the
modification of traditional physical metallurgy princi-
ples that were mainly constructed based on investiga-
tions of conventional alloys.!'!)

To date, over 400 distinct MPEAs have been
reported!!?; however, their preparation type can be
classified into only four methods. The first is that of arc
or induced melting in a vacuum, followed by thermo-
mechanical processing of the ingots combined with
annealing to obtain fully recrystallized grains.["* ' The
second method involves mechanical alloying followed
by hot isostatic pressing or spark plasma sintering to
obtain nano- or ultrafine-grained MPEAs.'® 8] The
third method employs laser cladding or magnetron
sputtering to Produce MPEA coatings on different
substrates.["” 2! The fourth approach is that of additive
manufacturing, which employs selective laser melting
and electron beam melting technologies.*>** In addi-
tion, Sanin et al.”* reported in 2016 that a CrCoFeMn-
NiAl, MPEA system was prepared by self-propagating
high-temperature synthesis (SHS) using a centrifugal
arrangement. With different contents of Al, the compo-
sition varied from a single FCC phase to a complex
structure comprising FCC, BCC, and p-NiAl. This
result indicated that SHS is an alternative and promising
technology to prepare MPEAs, having advantages of
high purity of products and cost efficiency. In this study,
we report precision shaping of a CoCrFeNi MPEA via
SHS combined with investment casting under atmo-
spheric conditions. This alloy is quite ductile and may be
processed by thermomechanical processing to improve
its microstructure and properties. The microstructure,
phase identification, and solidification behavior of the
as-cast MPEA were systematically investigated. The
results of this study may extend the development of
shape casting of MPEAs.

The synthesis of the CoCrFeNi MPEA is based on the
thermite reaction between Al and the metal oxides of
C0,03, Cr,03, Fe;O3, and NiO in a stoichiometric ratio.
Analytical-grade reactant powders were supplied by
Sinopharm Chemical Reagent Co., Ltd. (PR China) and
had an average particle size of 75 um. The powders were
mixed in a planetary ball mixer at 300 r/min for 4 hours,
using alcohol as the process control agent. Steel vials
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and balls were used, and the ball-to-powder mass ratio
was 4:1. After drying in a vacuum oven, 30 g of the
powder mixture was pressed into a 20-mm-diameter
cylinder steel mold to obtain a green compact with 60
pct theoretical maximum density.

Preparation of the investment mold comprised the
following steps: (1) a wax model (diameter: 4 mm;
height: 20 mm) was prepared and assembled within a
graphite mold; (2) a degassed gypsum casting slurry was
poured into the steel cylinder and hardened at room
temperature; (3) the mold was dewaxed and baked in an
electric oven, upon heating at 150 °C for 2 hours, at
350 °C for 3 hours, and then at 750 °C for 3 hours; and
(4) the mold was furnace cooled to 300 °C prior to
casting of the MPEA.

Figure 1(a) shows a schematic of the self-designed
device for the synthesis and casting process. The green
compact was placed into the graphite crucible to prevent
damage to the gypsum mold, because the reaction
temperature may exceed 2000 °C. A Ni-Cr heating wire
was used as the ignitor to rapidly heat the surface of the
compact. The self-sustained thermite reaction can be
ignited in approximately 5 seconds. After the reaction
was completed, the MPEA melt was separated from the
Al,O3 product based on the difference in their densities
and was cast into the graphite mold by subjecting the
investment mold under vacuum. Figures 1(b) and (c)
present photographs of the as-cast MPEA rods.

For metallographic observation and phase identifica-
tion, each sample was sectioned from an as-cast rod and
polished to a fine finish (2.5 um diamond suspension), then
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Fig. I—(a) Schematic of device employed for preparation of
multi-principal ~ element  alloy  employing  self-propagating
high-temperature synthesis with investment casting. (b, ¢)
Photographs of as-cast alloys.
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etched in a solution of HF:HNO3 = 1:3 for 15 seconds.
The microstructure was characterized by optical micro-
scopy (Olympus BX-60M, Japan) and scanning electron
microscopy (FEI Sirion) coupled with energy-dispersive
spectroscopy (EDS) and electron backscattered diffrac-
tion (EBSD). Phase identification was carried out by
X-ray diffraction (XRD; D8-Discover, Bruker, Germany)
using Cu-K,, radiation (4 = 0.154 nm).

Figure 2(a) showsan XRD pattern of an as-cast MPEA
specimen. Four characteristic peaks are evident, which
were indexed to the (1, 1, 1), (2,0, 0), (2,2,0),and (3,1, 1)
planes of the FCC phase. Within the accuracy limits of the
technique, no other peaks were detected, suggesting that
only a single solid-solution FCC phase with a lattice
constant of a ~ 0.357 nm existed in the sample. The
microstructure, shown in Figure 2(b), presented a uni-
formly distributed cellular structure, but the grain size is
in the range of 100 to 500 um determined by the distance
away from the surface of the ingot according to EBSD
results, shown in Figure 3(a). The average size of each cell
was about 2 to 3 um, and the width of the intercellular
space was approximately 0.5 um (Figure 3(b)). EDS
mapping of the principal elements indicated no obvious
compositional segregation, and the distribution of the
individual elements was homogeneous throughout the
sample.
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Fig. 2—(a) X-ray diffraction showing a single face-centered cubic
phase. (b) Optical micrograph exhibits cellular morphology of etched
sample.
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Fig. 3—(a) Electron backscattered diffraction result with the grain size being much larger than the cells observed by optical or (b) scanning
electron microscopy. Energy-dispersive spectral maps below indicate the homogeneous size and elemental distribution of the cells. No obvious

elemental segregation is observed.

It is worth noting that the content of Cr (~ 15 at. pct)
was less than the designed composition, and trace
alloying of Al (~ 2 at. pct) existed in the matrix. This
is because the rapid combustion process may lead to a
locally incomplete reaction within the green compact;
therefore, a trace amount of unreacted Al can be
trapped in the matrix by the high-temperature melt.
Alternatively, the reaction enthalpy at 25°C of
Al-CryO;3 (— 540.991 kJ) is much less negative than
those of Al-Fe,O3 (— 852.692 kJ), Al-NiO (— 956.592
kJ), and AI-CoO (— 961.860 kJ) (all values calculated
employing HSC Chemistry software (Outotec, Fin-
land)), so it is more difficult to produce Cr than the
other metallic elements by the thermite reaction. Con-
sequently, the AI-Cr,Oj reaction may not proceed to
completion.

The cellular structure formed in the experimental
alloy differs considerably when compared with
reported CoCrFeNi high-entropy alloys prepared via
arc melting, in which the structure usually shows
dendritic morphology. The homogeneous distribution
of smaller cells implies a much higher migration
velocity of the liquid—solid interface during solidifica-
tion and is similar to the structure obtained in the
laser melting of high-concentration alloys, such as
316L stainless steel®™ and nickel-based alloys.*”! The
fast rate of solidification of the liquid—solid interface is
attributed to quenching of the MPEA melt produced
by the SHS reaction from a much higher temperature
(normally up to 2000 °C).
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Figure 4 presents the phase diagrams of CoFeNi and
CoCrFeNi MPEA alloys, as determined by means of
Pandat software (CompuTherm). The equilibrium melt-
ing range of the CoFeNi alloy is very small, 0.25 K, but
the presence of Cr enlarges the melting range to 20 to 30
K. The morphological instability of the liquid—solid
interface can be expressed as follows?*™:

oAk i

V— D
where G is the interface temperature gradient, V' is the
rate of interface movement, AT, is the equilibrium
melting range, and D is the diffusion coefficient in the
liquid. The liquid-solid interface will be unstable be-
cause Eq. [1] is satisfied. It is evident that a small value
of AT, is beneficial to stabilization of the liquid—solid
interface to suppress cellular or dendrite growth. The
addition of Cr increases the constitutional undercool-
ing, which promotes instability of the interface, so cel-
lular growth can also be preferred under the higher G
of rapid solidification.

In this study, we presented a preparation strategy for
CoCrFeNi MPEA employing the combination of SHS
and investment casting. This strategy can be further
extended to other MPEA alloys in which the principal
elements can be produced by the thermite reaction. The
fine cellular structure obtained in the as-cast ingot can
be attributed to rapid solidification of the liquid—solid
interface. The addition of Cr increased the constitu-
tional undercooling of CoCrFeNi MPEA, which
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Fig. 4—Isopleths along («) (FeCo)-Ni in FeCoNi alloy and (b)
Co-Cr in CoCrFeNi alloy.

promoted instability of the interface, but cellular growth
was preferred under the higher G of rapid solidification.
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