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Abstract: A new method of high-gravity combustion synthesis (HGCS) followed by post-treatment (PT) is reported for preparing high-per-
formance high-entropy alloys (HEAs), CryoFeNi, sV,Aly s alloy, whereby cheap thermite powder is used as the raw material. In this process,
the HEA melt and the ceramic melt are rapidly formed by a strong exothermic combustion synthesis reaction and completely separated under a
high-gravity field. Then, the master alloy is obtained after cooling. Subsequently, the master alloy is sequentially subjected to conventional va-
cuum arc melting (VAM), homogenization treatment, cold rolling, and annealing treatment to realize a tensile strength, yield strength, and
elongation of 1250 MPa, 1075 MPa, and 2.9%, respectively. The present method is increasingly attractive due to its low cost of raw materials
and the intermediate product obtained without high-temperature heating. Based on the calculation of phase separation kinetics in the high-tem-
perature melt, it is expected that the final alloys with high performance can be prepared directly across master alloys with higher high-gravity

coefficients.
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1. Introduction

High-entropy alloys (HEAs) have received extensive at-
tention due to their special composition and microstructure
[1-7]. For a long time, most studies have focused on realiz-
ing excellent mechanical properties. In particular,
CryoFeNi,sV,,Alys alloy with good plasticity and ultrahigh
yield strength up to 1700-1900 MPa has been explored based
on precipitation strengthening mechanism [8]. In general, arc
melting, induction melting, mechanical alloying, electro-
chemical deposition, laser cladding, and many other conven-
tional preparation methods have been adopted to fabricate
HEAs. However, to obtain the excellent properties of the ma-
terial, the expensive high-purity metals such as Cr, Ni, and V
must be used as raw materials, which results in high manu-
facturing cost and serious restrictions in engineering applica-
tions. Therefore, to promote the practical use of HEAs, redu-
cing the production cost is necessary, and this requires the
development of a new material preparation technology that is
not dependent to expensive metal materials.
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A corresponding metal can be obtained by a redox reac-
tion between a metal oxide powder and an aluminum
powder, and this mixture of metal oxide powder and alumin-
um powder is called a thermite [9-10]. Since as early as 20th
century, the technology has been successfully applied to the
welding of train tracks by iron melt, which is formed from the
reaction of Al + Fe,O; thermite. With the development of
high-speed rail technology, the oxide composition in thermite
for rail welding has also expanded from a single iron oxide to
a variety of oxide powders, including nickel oxide and vana-
dium oxide, which will enable the alloying of the weld bead
and improve the performance of weld bead. Due to the suc-
cessful industrial application of thermites, an HEA with the
desired composition can be obtained through the reasonable
component design of different thermite systems. In addition,
since the cost of the metal oxide raw material is much lower
than that of the corresponding high-purity metal raw material,
a low-cost preparation of HEA can be realized by rationally
utilizing the combustion reaction of thermite.

The above assumption is feasible in principle. However,
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after a multi-component thermite undergoes a strong exo-
thermic combustion reaction, the product is a mixed melt of
ceramic and metal, but both of them can be separated due to
density differences under the earth gravitational field. The
degree of separation depends on the melt viscosity. Consid-
ering that the window period of the high-temperature melt
produced by the strong exothermic reaction is short, an addi-
tional strong field must be applied to the reaction system to
enhance the transport efficiency of substance and energy in
the melt, fully separate the ceramic phase from the metal
melt, and finally obtain a dense non-inclusion HEA, which
could speed up the phase separation.

To solve the above problems, we have proposed a high-
gravity field in the reaction system during the thermite reac-
tion, based on a method called high-gravity combustion syn-
thesis (HGCS). The density difference between the different
phases is utilized to accelerate the separation of the Al,O;
ceramics and bubbles from the molten metal in the high-
gravity field, thereby achieving a dense and non-inclusion
metal melt in the subsequent solidification. The process has
been proven to be feasible in the preparation of pure Cu, pure
Ni, single-phase HEAs, and composites [11-15]. However,
whether the process is equally applicable to high-strength and
tough HEAs, based on precipitated strengthening mechan-
ism, needs to be verified.

Based on the above introduction, the present study aims to
fabricate CryoFeNi, sV, ,Aly s master alloy using thermite con-
sisting of Al powder and oxide ceramic powders as the raw
material through HGCS. A pure and dense alloy ingot is ob-
tained by successively subjecting the master alloy to vacuum
arc melting (VAM), homogenizing treatment, cold rolling,
and aging treatment. Compared with the traditional VAM
process, the HGCS combined with the vacuum arc remelting
process may be a more efficient and cheaper method for
HEA preparation.

2. Experimental
2.1. Alloys preparation

Commercial powders of Cr,0s, Fe,O;, NiO, V,0;, and Al
with a particle size of less than 74 um were used as raw ma-
terials. The Al powder had a purity of >99wt%, and others
were analytical-grade reagents. To obtain the designed alloy
samples, the dried ceramic powder and Al powder were fully
mixed to prepare a thermite according to the stoichiometric
ratio of the following reaction:

_9 1 5 . 1 64 Ignition
2ocr203 + EFe203 + ENIO + EVzo3 + EA] _gnition
113
CrooFeNiysVo,Alys + 0 Al O; (1)

The thermite powder was cold-pressed into cylindrical
solid with a diameter of 40 mm and a porosity of nearly 50%,
which was then loaded into a reaction mold. Afterward, the
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reaction mold was horizontally mounted at one side of a ro-
tator in the reaction chamber. The counterweight was moun-
ted at the other side of the rotator to maintain dynamic bal-
ance. The schematic illustration of the raw material assembly
and equipment is shown in Fig. 1(a).

The reaction chamber was evacuated to a vacuum of
nearly 100 Pa; then, the rotator began to rotate, and the high-
gravity field was generated by centrifugation effect. When
the centrifugal acceleration (g") was 1500g (g = 9.8 m/s*, nor-
mal gravitational acceleration), the thermite was induced by
heating the tungsten wire to carry out the combustion syn-
thesis reaction. During the reaction, molten alumina and
metallic melt formed rapidly and were quickly separated
from each other using the high-gravity field. After solidifica-
tion, the final product consisted of two distinct layers: bulk
Al,O3 and designed CryoFeNi,sV(,Alys HEA. A brief illus-
tration of the HGCS of this alloy is shown in Fig. 1(b).

To eliminate pores and inclusions, the synthesized alloys
were remelted by traditional VAM using high-purity metal as
raw materials. Considering the needs of the comparative ex-
periment, Cr,oFeNi,sV,,Als alloy ingots were prepared by
vacuum arc-melting pure metals (Cr, Fe, Ni, V, and Al with
purity > 99.9wt%).

2.2. Post-treatment (PT)

To reduce component segregation, the prepared alloy in-
gots were homogenized at 1200°C for 20 h, followed by wa-
ter quenching. Homogenized alloys were then subjected to
multi-pass cold rolling to about 60% reduction in thickness
and then aging at 700°C for 1 h, followed by air cooling.

2.3. Structure characterization and tensile test

The crystal structure was analyzed by X-ray diffraction
(XRD) (model D8/ADVANCE, Bruker, Germany) with a
step of 0.02° and a scanning rate of 0.05°/s. The microstruc-
ture was characterized using scanning electron microscopy
(SEM, model S-4800, Hitachi, Japan) equipped with energy-
dispersive spectroscopy (EDS). Tensile tests were performed
by a CMT4305 universal electronic tensile testing machine at
room temperature with a nominal strain rate of 5 x 107 s™".

3. Results and discussion

The XRD analysis (Fig. 1(c)) shows the evolution of the
crystalline structure of CryoFeNi,sVy,Alys alloy during the
preparation. The samples in different stages mainly formed
face-centered-cubic (fcc) solid solution phase, indicating that
the high-entropy stabilized phase had been formed by HGCS,
and it exhibited good structural stability during VAM and
PT. In addition, fine diffraction peaks of ordered phases were
observed on the diffraction patterns of the alloy prepared by
HGCS and that prepared by HGCS combined with VAM.
However, the ordered phase disappeared in the alloy after PT,
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Fig. 1.

Process of preparing HEA by high-gravity combustion synthesis and the characteristics of prepared samples: (a) schematic

illustration of raw material assembly and equipment; (b) brief illustration of the HGCS of Cr,oFeNi,sV,,Alys alloy; (¢) XRD pat-
terns of samples at different stages of alloy preparation; (d, e) the microstructure of HGCS specimen and HGCS combined with va-

cuum arc-melted specimen (HGCS + VAM), respectively. HGCS +

VAM + PT represents samples subjected to high-gravity combus-

tion synthesis, vacuum arc melting, and post-treatment in sequence. w denotes the angular velocity of the rotor, and R denotes the

vertical distance from rotor to motor shaft.

indicating that PT may lead to the reconstruction of the alloy
microstructure.

Figs. 1(d) and 1(e) present the microstructures of the
HGCS specimen and HGCS + VAM specimen, respectively.
A large number of inclusions and pores were found in the
high-gravity combustion synthesized alloy, which will be
eliminated during VAM, and a dense equiaxed crystal struc-
ture with a size of approximately several hundred microns
was formed.

PT was performed to obtain excellent comprehensive
mechanical properties. As shown in Fig. 2(a), the final alloy
sequentially subjected to HGCS, VAM, and PT (marked as
HGCS + VAM + PT) exhibited high tensile strength and re-
markable ductility. The tensile yield strength (07,), tensile
fracture strength (o), and plastic elongation (&) of the alloy
reached 1075 MPa, 1250 MPa, and 2.9%, respectively. For
comparison, CrygFeNi, sV(,Aly 5 alloy was prepared by VAM
using high-purity metal as raw materials and was then sub-
jected to the same PT, marked as VAM + PT. The tensile
mechanical properties of the CryoFeNi,sVy,Al;s HEA were
also tested and demonstrated in Fig. 2(a). The mechanical
properties of the HGCS + VAM + PT alloy were close to
those of the VAM + PT alloy. The detailed mechanical per-

formance data are listed in Table 1. In addition, two alloys in
this work also displayed similar work-hardening behavior
(represented by the dotted lines in Fig. 2(a)). With the in-
crease in uniform strain, the strain-hardening rate continued
to decrease until local stress concentration occurred, result-
ing in catastrophic fracture. However, the strengths and
ductility of the alloys reported in this work are significantly
lower than the results reported in the literature [8], which
may be due to different cold rolling reductions.

Fig. 2(b) shows the macroscopic morphology of the
HGCS + VAM + PT alloy fracture surface. From the center
to the edge, three different areas are shown: I, 11, and III. In
region I (Fig. 2(c)), abundant dimples with a diameter of 1-5
pm were observed, indicating large plastic deformation. In
region II (Fig. 2(d)), the fracture surface was relatively
smooth, and traces of relative slip existed between crystals,
which is a characteristic of rapid crack propagation. In re-
gion III (Fig. 2(e)), the specimen tore quickly, resulting in a
rough surface and a large number of cracks.

The deformation mechanism of the alloy is the local mi-
cropore aggregation growth mechanism, which is related to
the alloy microstructure. As presented in Figs. 2(f) and 2(g),
the HGCS + VAM + PT alloy exhibited phase separation. A
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Fig. 2. Mechanical properties and macroscopic morphology of Cr,¢FeNi,sV,Alys HEA: (a) true stress—strain curve (solid line) and
work-hardening behavior (dotted line) of HEA at room temperature; (b) the macroscopic morphology of the fracture surface for
HGCS + VAM + PT alloy; (c)—(e) dimple zone, slip zone, and tear zone corresponding to the three different regions from the center
to the edge—I, I1, and III in (a), respectively; (f, g) SEM micrographs of HGCS + VAM + PT alloy.

Table 1. Tensile mechanical properties of CryoFeNi,sV(,Alys
HEA in this work and Ref. [8] at room temperature

Alloys 002/ MPa o¢/ MPa el %
HGCS + VAM + PT 1075 1250 2.9
VAM + PT 1073 1282 3.0
Ref. [8] 1570 1763 10.0

large number of nano-precipitates with an average grain size
of about 50 nm were preferentially precipitated and aggreg-
ated in certain regions and were distributed on the matrix in
the form of clusters. According to the EDS data of the corres-
ponding region listed in Table 2 and similar reported results

Table 2.

in Ref. [8], nano-precipitates and the matrix are inferred to be
ordered L1, phases and fcc-structured disorder solid solution
phases, respectively. The microstructure inhomogeneity led
to local stress concentration in the sample under external
loading.

In summary, the presented method has been proved to
have the potential to produce high performance HEAs at a
low cost. Realizing complete phase separation (ceramic
phase and bubbles escape from the metal melt) during HGCS
can enable the direct preparation of high-purity metal without
remelting, which is of great value for simplifying the process.
Thus, the phase separation process is discussed based on a
simple model as follows.

Density, viscosity, and surface energy for alloyed elements, HEA melt, and AL, O3 ceramic and C,opina (at%, nominal

composition of HGCS + VAM + PT alloy), C., (at%, experimentally measured composition of HGCS + VAM + PT alloy), Cyatrix
(at%, mean composition of matrix), and Cy,cipitation (2t%, mean composition of precipitation) of HEAs prepared by HGCS

Material or Density (o) / Viscosity (17) /  Surface energy (y) / Composition
element (g_cm%) (Pa's) (N,m—l) Cnominal / Cvexp / Cmatrix / Cprecipitation /

at% at% at% at%

Cr 6.29 0.0057 1.70 17.65 18.89 16.06 12.16

Fe 7.03 0.0055 1.87 19.61 22.45 20.51 12.96

Ni 7.90 0.0049 1.78 49.02 45.55 50.68 53.00

\ 5.36 0.0024 1.95 3.92 3.78 3.86 2.89

Al 2.38 0.0013 0.94 9.80 9.34 8.90 18.98
CI‘O'gFeNiz_sVO'zAloj 6.58 0.0047 1.71 — — — -
AL O3 2.81 (melt), 3.99 (solid) 0.0300 0.64 — — — —

According to Stokes’ law, it is assumed that only three
forces are applied to ceramic particles and gas bubbles in a
metallic melt, which are high gravity (F},), buoyant force (),
and viscous resistance (F,), as shown in Fig. 3(a). The rising

displacement of ceramic particles (L) and gas bubbles (Lg)
in metallic melts can be deduced as follows:

2 Rl 1 R?
Lc= §(PM,1 =Pcs)— |Tmelt — 5 (OMI1 — Pcs) — (2)
™ 9 M
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Phase separation mechanism during high-gravity combustion synthesis: (a) schematic illustration of phase separation in

metallic melt; (b) the relationship between the melt retention time and the rising displacement of ceramic particles in different high-
gravity coefficients; (c) the relationship between the melt retention time and the rising displacement of gas bubbles under different
high-gravity coefficients. V- denotes the rising velocity of ceramic particles in metallic melts, V; denotes the rising velocity of gas

bubbles in metallic melts.
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where py; and pc denote the densities of the HEA melt and
ceramic particle, respectively; g’ denotes the centrifugal ac-
celeration in high-gravity field; Rc and Ry denote the radii of
the ceramic particle and gas bubble, respectively; ny denotes
the viscosity of the HEA melt, and ¢, denotes the HEA melt
retention time.

With Rc = Rz = 1 pm and using the other available data
listed in Table 2 [16-19], the L. and Ly values under differ-
ent high-gravity factors, g'/g, were calculated and are plotted
in Figs. 3(b) and 3(c), respectively. The rising displacement
of ceramic particles or gas bubbles is strongly dependent on
high-gravity factors and the HEA melt retention time, which
means that the strong high-gravity field and durable high-
temperature melt will facilitate the discharge of ceramic in-
clusions and gas bubbles. The preliminary experimental res-
ults show that the cooling rate of the high-temperature melt
was greater than 1000°C/s, and the adiabatic temperature,
calculated from Eq. (1), is 2938 K. Thus, the HEA melt re-
tention time is estimated to be 2-3 s. To obtain a high-purity
dense HEA alloy ingot, the high-gravity factors are required
to be greater than 3000, which is significantly higher than our
experimental conditions, g'/g = 1500.

Lg

3)

™M

4. Conclusion

A master alloy of CryoFeNi, sV ,Alys HEA was prepared
by HGCS and using the thermite Al powder + oxide ceramic
powders as raw material. Subsequently, a dense, non-inclu-
sion alloy sample could be obtained by subjecting this mas-

ter alloy to sequential conventional vacuum arc remelting,
homogenization treatment, cold rolling, and annealing treat-
ment, leading to high comprehensive mechanical properties
(tensile yield strength of 1075 MPa, tensile fracture strength
of 1250 MPa, and plastic elongation of 2.9%). According to
the kinetics analysis of phase separation in the high-temper-
ature melt, the gravity coefficient and viscosity of the melt
played a very important role in the densification and purifica-
tion process of the alloy. The proposed method replaces ex-
pensive high-purity metals such as Cr, Ni, and V with cheap
thermite powders as raw materials and provides a new ap-
proach for the low-cost production of high-performance
HEAs.
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