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Abstract: The effects of deformation and annealing on the precipitation behaviors, including the
structure and chemical composition of the L1;, B2, BCC and ¢ phases, in Aly 3CoCrFeNi high entropy
alloy were analyzed. Firstly, the thermodynamic factors controlled the precipitation pathway in
as-cast alloys, which led to the L1, precipitating homogeneously in the FCC matrix under a low
annealing temperature, while the B2 precipitated under a high annealing temperature. In contrast, if
the deformation was introduced before annealing, the precipitation pathway of the second phase was
completely changed to the B2, BCC and o phases because of the combination of thermodynamic and
kinetic conditions. In particular, the B2 and o phases promoted the precipitation behavior reciprocally
due to the complementary chemical compositions. The elaborate precipitation behaviors of the L1,,
B2, BCC and o phases were analyzed to identify the phase transformation in the Aly3CoCrFeNi HEA.
These transformation pathways and elaborate structural features of the L1,, B2, BCC and o phases
provide various design possibilities for the microstructures and properties of single FCC HEAs.
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1. Introduction

Generally, the high-entropy alloy (HEA) is recognized as a multi-principal element
alloy composed of five or more primary elements [1-5]. Differing from the conven-
tional alloys, the existing HEAs with different microstructures and properties were ex-
pected to be applied as structural materials in a range of fields [6,7]. With this inten-
tion, the Aly3CoCrFeNi HEA, with outstanding strength and ductility, was prominent
among the many HEAs. In detail, according to the current research, the strength of as-
castAlp 3CoCrFeNi HEA reaches approximately 300 to 400 MPa, while the ductility remains
at 60 to 90% [8-11]. To further develop the alloys, the properties of Aly3CoCrFeNi HEA
were modified through deformation and annealing treatment, which primarily introduced
dislocation, recrystallization and second-phase transformation [12-15]. Deformation uni-
formly provided the dislocation for the alloy, which was related to the stacking fault
energy [16]. The main deformation methods include rolling, forging, drawing and extru-
sion [17-20]. In particular, Aly3CoCrFeNi HEA fibers with diameters ranging from 1 to
3.15 mm were fabricated by hot-drawing, resulting in the tensile strength and ductility of
the fibers improving to 1207 MPa and 7.8%, which contributed to the second-phase trans-
formation and texture [18]. Moreover, heat treatment, including the annealing temperature,
heating time and cooling rate, normally affects the second-phase precipitation [21,22]. For
instance, the strength of Aly3CoCrFeNi HEA samples reached 1850 MPa after annealing
treatment at 1150 °C for 10 h, cold-rolling to 90% thickness reduction and subsequent
annealing at 550 for 24 h [23]. In consequence, controlling phase transformation via defor-
mation processes and heat treatment is effective in improving the properties of alloys [24].
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Hence, the detailed structural information, chemical composition and precipitation
law of the L1, B2, BCC and ¢ phases were significant for the advanced development
of AlxCoCrFeNi HEA [25-29]. The stable B2 phase enriched in Al and Ni elements was
the primary phase in the deformation and annealing treatment process that affected the
properties of the AIxCoCrFeNi HEA [24-27]. Moreover, the L1, phase was normally
precipitated in the annealed as-cast AIxCoCrFeNi HEA [23,29-33]. The BCC phase was
closely related to the Cr element content, while the o phase, primarily composed of Cr,
Fe and Co elements, had a tetragonal structure. Attributed to the previous research, the
AlxCoCrFeNi HEA was combined with remarkable strength and ductility [34—40]. However,
for Aly3CoCrFeNi HEA high-entropy alloys, the characteristics of the second phases require
further investigation [41]. In consequence, the precipitation behavior of Aly3CoCrFeNi
HEA during the deformation and annealing procedure is imperative to study.

In this research, the as-castand rolled Aly3CoCrFeNi HEA was annealed at 500 °C,
540 °C, 590 °C and 660 °C for 24 h and 700 °C and 800 °C for 10 h. The precipitation behavior,
microstructure and chemical composition of the L1,, B2, BCC and o phases were analyzed,
intending to research the phase transformation mechanisms in Aly 3CoCrFeNi HEA.

2. Materials and Methods

The as-cast Aly3CoCrFeNi HEA was produced by vacuum induction in a melting
furnace (LGZ-3, Shenzhen Summit New Materials) with elements of at least 99.9 wt% purity.
The metal specimens with dimensions of 40 x 40 x 20 mm?, cut from AH samples, were
cold-rolled with 90% deformation by two high universal mills at Chongqing University.
Further, the as-castalloy and 90% rolled alloy were annealed at different temperatures and
subsequently air-quenched, which the detailed processing information listed in Table 1.
Then, specimens with dimensions of 10 x 7 x 2 mm? were cut from the corresponding
samples for microstructural analysis. After being mechanically sanded with SiC paper
(4000 # in the final step), the samples subjected to a scanning electron microscope (SEM) and
transmission electron microscope (TEM) were processed via an electro-polishing process.
The AH and AR specimens processed by annealing were characterized by the TESCAN
Mira 3 SEM and FEI G2 F20 TEM equipped with an energy-dispersive spectroscopy (EDS)
detector. Samples with dimensions of 10 x 7 x 2 mm?® were prepared and polished, and
the LEAP 4000HR three-dimensional atom probe (3DAP) was used to complete the atom
probe tomography (APT) analysis.

Table 1. Detailed processing parameters of the samples.

Sample Processing Treatment

AH The as-cast sample

AH500 AH sample aged at 500 °C for 24 h
AH540 AH sample aged at 540 °C for 24 h
AH590 AH sample aged at 590 °C for 24 h
AH660 AH sample aged at 660 °C for 24 h
AH700 AH sample aged at 700 °C for 10 h
AHB800 AH sample aged at 800 °C for 10 h
AR AH sample cold-rolled by a thickness reduction of 90%
ARS500 AR sample aged at 500 °C for 24 h
AR540 AR sample aged at 540 °C for 24 h
AR590 AR sample aged at 590 °C for 24 h
AR660 AR sample aged at 660 °C for 24 h
AR700 AR sample aged at 700 °C for 10 h
ARS800 AR sample aged at 800 °C for 10 h

3. Results and Discussion
3.1. Precipitation in AH Samples

The SEM image of the as-castAly3CoCrFeNi HEA is shown in Figure 1a. The average
size of the original grains was roughly 340 um. Figure 1b exhibits the bright-field (BF)
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image of the AH sample. Apparently, the matrix of the sample was relatively homogeneous,
without a second phase, and dislocation lines were observed in the grains. Figure 1c is the
selected area diffraction pattern (SADP) from the [110] zone axis (ZA), which accounts for
the face-centered cubic (FCC) structure of the as-castalloy.

Figure 1. SEM and TEM images of as-castAly 3CoCrFeNi high-entropy alloy: (a) BSE image; (b) BF
image; (c) SADP image.

Figure 2 exhibits the dark-field images and SADP image of AH samples. After an-
nealing at 500 °C, 540 °C, 590 °C, 660 °C and 700 °C, L1, precipitates were observed in
the samples. As the annealing temperature was raised, the scales of the L1, phase in the
AH500, AH540, AH590, AH660 and AH700 samples were measured to be roughly 1 nm,
2 nm, 5 nm, 10 nm and 20 nm, respectively. Figure 2f is the SADP image of the AH590
sample, which represents the FCC structures of both matrix and L1, precipitation from the
[110] FCC ZA. The white circles in Figure 2f indicate the diffraction spots of the matrix. The
small spot circled by red lines represents the L1, phase. In Figure 2g, the SADP image of
the [100] FCC ZA of the AH700 sample shows the fundamental reflections of the matrix and
extra spots of the L1, phase. Furthermore, Figure 2h shows the high-resolution scanning
TEM image with the corresponding SADP calculated by the Fast Fourier Transform (FFT)
method from the [110] FCC condition. In Figure 2i, the region indicated by the white
dashed line was acquired through FFT and inverse FFT methods. The white dashed line
in Figure 2i identifies the interface of the matrix and L1, precipitate distinctly. Combined
with the extra diffraction spots and high-resolution TEM image of the interface, the L1,
phase separated out from the matrix was ordered and coordinated with the FCC matrix.
Moreover, the formation principle of the FCC L1, phase was mainly driven by the limited
thermal conditions at a low annealing temperature.

The 3DAP results and corresponding element concentration curves of the Al, Co, Cr,
Fe and Ni elements between the matrix and L1, phase at atomic percentages from the
AH590 and AH660 samples are exhibited in Figure 3. Respectively, Figure 3a,c show the
3DAP reconstruction images of the L1, phase in AH590 and AH660 samples. The L1, phase
particles were uniformly distributed in the FCC matrix, generally with an irregular ellipsoid
shape. Significantly, the size of the L1, phase increases, while the density decreases, as
the annealing temperature increases. Figure 3b,d reveal that the size of L1, precipitates in
AH590 is smaller than 2 nm, while that in the AH700 sample is roughly 9 nm.

Figure 4 exhibits the TEM images with corresponding SADP of the AH800 sample. A
large number of particles with different morphologies can be observed in Figure 4a. The B2
phase was a body-centered cubic (BCC) structure with the lattice parameter a = 0.294 nm.
The round and acicular B2 precipitates are indicated by a red arrow in Figure 4a. Figure 4b
exhibits a 100-nm-scale B2 phase observed from the [110] B2 ZA with an element compo-
sition of Al =10.24% and Ni = 34.62%. Specifically, the red dashed line represents the B2
phase, while the white dashed line represents the FCC matrix in Figure 4c,d. Apparently,
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the {111} lattice plane of FCC is parallel to {110} B2, while the {011} FCC is parallel to {111}
B2, indicated by the red dashed arrow in Figure 4c,d. In consequence, the Kurdjumov-
Sachs (K-S) relationship between the B2 phase and FCC matrix existed in the AH samples
annealed at 800 °C for 10 h [29,41-43]. In addition, the high annealing temperature can pro-
vide sufficient energy for the transference of Al and Ni elements, resulting in the formation
of the more stable B2 phase [6,44,45].

Figure 2. TEM images and corresponding SADP of L1, phase in annealed as-castAly3CoCrFeNi
high-entropy alloy: (a) AH500 sample; (b) AH540 sample; (c) AH590 sample; (d) AH660 sample;
(e) AH700 sample; (f) SADP of AH590 sample; (g) SADP of AH700 sample; (h,i) high-resolution
scanning TEM images of L1, in AH700.
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Figure 3. The 3DAP reconstruction images and corresponding concentrations of Al, Co, Cr, Fe and Ni
elements between matrix and L1, phase at atomic percentage: (a,b): AH590 sample; (c,d): AH700 sample.
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Figure 4. TEM images and corresponding SADP of B2 phase in AH800 sample: (a,b) BF images of B2
phase; (c,d) SADP of B2 phase and matrix.
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3.2. Precipitation in AR Samples

After annealing at 500 °C, 540 °C, 590 °C, 660 °C, 700 °C and 800 °C, B2 precipitations
were observed in the entirety of the AR samples. The B2 precipitates in AR samples were
generally circular, as compared to the acicular morphologies in AH800 samples. The size of
the B2 particles in AR samples was affected by the annealing temperature. In Figure 5a,
the diameter of B2 precipitates of the AR500 sample is roughly 100 nm, while in Figure 5f,
the B2 precipitates in the AR800 sample are larger than 200 nm. Moreover, the images of
the B2 precipitates shown in Figure 5 were uniformly acquired from the [111] B2 and [110]
B2 ZA, which represent the BCC lattice structure. In addition, the lattice parameter for B2
precipitates is 0.294 nm, calculated by the corresponding SADP. In Figure 5g,h, the white
and red lines indicate the SADP of the FCC structural matrix and BCC structural B2 phase
in the AR660 sample, respectively. As shown by the red arrow, the {111} FCC was parallel
to {110} B2, and the {011} FCC was parallel to {111} B2. Clearly, there is a K-S relationship
between the B2 phase and matrix [29,43].

Figure 6 shows the Al element EDS images of annealed AR samples. The density of
the B2 phase increased as the annealing temperature was raised from 500 °C to 800 °C. In
Figure 6a—c, the size of the B2 precipitation is still small. As the temperature increased to
660 °C, the size and quantity of the B2 phase apparently increased, accompanied by the
more obvious segregation of the Al element, shown in Figure 6d. Compared with the AH
samples, the B2 phase in AR samples was separated out at the temperatures of 500 °C to
800 °C, rather than only in the AH800 sample. Moreover, the size of B2 precipitation in the
ARB800 sample was primarily larger than 200 nm, while the size of B2 in the AH800 sample
was roughly less than 100 nm. The differences in the phase transformation were related to
the rolling procedure, which provides more energy for the concentration discrepancy of
the Al element in AR samples. The Al element was more inclined to promote the formation
of the BCC structural B2 phase to further replace the FCC matrix or L1, phase. Because of
their larger size, the Al atoms among the Al, Co, Cr, Fe and Ni elements in the rolled HEA
were forced to adopt the BCC structure due to the large size discrepancy within the FCC
lattice [25,46—48].

Figure 7 exhibits the TEM images and corresponding SADP of the BCC phase in
AR500, AR540 and AR590 samples. The size of the BCC precipitates of the AR500 sample
in Figure 7a is roughly 100 nm, while the BCC precipitates of AR540 and AR590 speci-
mens were above 200 nm, as shown in Figure 7b,c. As the annealing temperature was
raised, the diameter of BCC precipitation was increased. In addition, Figure 7d shows the
corresponding SADP of the BCC phase in the AR540 sample, which was acquired from
the [111] BCC ZA. In consequence, the BCC phase had a uniform BCC structure. After
calculation, the lattice parameter of the BCC phase was 0.296 nm. The chemical composition
of BCC precipitation is indicated in red in Figure 7a—c. The Cr element content of the BCC
phase in AR500, AR540 and AR590 samples was 80.75%, 89.07% and 83.54% at weight
percentage, respectively.

Figure 8 shows the TEM images and corresponding SADP of the o phase in AR
samples annealed at 540 °C, 590 °C, 660 °C, 700 °C and 800 °C. In AR540 and AR590
samples, the o precipitates were separated out from the FCC matrix independently. When
the annealing temperature was raised, the o phase highlighted by the red arrow was
precipitated, cooperating with other phases in the cluster that is shown in Figure 8c—e. In
addition, the size of o precipitation in AR540 and AR590 samples was roughly 100 nm.
Due to the increment in annealing temperature, the diameter of o precipitates in AR660,
AR700 and AR800 samples was clearly more than 200 nm. Thus, the size of the o phase
was increased as the temperature rose. Based on the corresponding SADP in Figure 8a—e,
acquired from [011], [012], [1—20], [0—10] and [001] ZA, respectively, the o precipitation
was able to be certified as a tetragonal structure phase. Figure 8f exhibits the high-resolution
scanning TEM image acquired from [111] ZA. In Figure 8a, additional diffraction spots as
the (211) and (033) lattice crystal face were observed in the SADP from [011] ZA. Calculated
by the FFT and inverse FFT methods, the processed high-resolution image indicated by
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the white arrow further revealed the ordered tetragonal structure of the o phase according
to the (011) lattice plane displayed by the red dashed line. Intending to organize the
chemical composition, the EDS information about o precipitation was measured. Normally,
the o phase was enriched in Cr, Fe and Co elements. In the AR540 sample, the element
composition of Cr, Fe and Co was 44.64%, 10.09% and 8.93% at weight percentage. In
addition, the concentrations of Cr, Fe and Co elements in AR590, AR660, AR700 and AR800
were similar. The higher content of Al and Ni elements in the AR500 sample was attributed
to the low annealing temperature, which restricted the atomic migration of Al and Ni.

(0-11) (1-10)

© (10-1)

01-1)  (10-1)
- (1-10)

(-110) (-101) *

4
Fe 11.9wt%
Co 13.5wt%

mlﬁwt%

(1-11)
) ° (1-10)
umno !

Figure 5. Cont.
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Figure 5. TEM images and corresponding SADP of B2 phase in 90% rolled and annealed samples:
(a) AR500 sample; (b) AR540 sample; (c¢) AR590 sample; (d) AR660 sample; (e) AR700 sample;
(f) AR800 sample; (g,h) SADP of B2 phase and matrix in AR660 sample.

Figure 6. Al elemental energy spectrum mappings of AR samples: (a) AR500 sample; (b) AR540
sample; (c) AR590 sample; (d) AR660 sample; (e) AR700 sample; (f) AR800 sample.
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Figure 7. TEM images and corresponding SADP of BCC phase in AR samples: (a) AR500 sample;
(b) AR540 sample; (c) AR590 sample; (d) corresponding SADP of BCC precipitation in AR540 sample.

Intending to further analyze the precipitation behavior of the second-phase cluster,
elemental energy spectrum mappings of the AR660 sample were acquired. Figure 9a—
demonstrate the Al, Ni and Cr elemental energy spectrum mappings. The B2 and o
precipitates are indicated by the red arrow in Figure 9b,c. In the adjacent position of the
o phase, the B2 precipitates were precipitated. The B2 phase was enriched in Al and Ni
elements, while the o phase was enriched in Cr, Fe and Ni elements. In consequence, the
complementary chemical compositions of the B2 and o phases were able to account for
the precipitation behavior between the o and B2 phases. From a chemical perspective,
the generation of B2 precipitates would provide Al and Ni deficiency conditions in the
surrounding region that results in the improvement of the proportion of Cr, Fe and Co
elements, which is conducive to the formation of the o phase. Hence, around the o phase, a
group of B2 precipitates were separated out in the AR660 sample, as shown in Figure 9a—c.
Combined with the previous images in Figure 8c—e, the precipitation performance of the
o and B2 phases possesses mutual promotion in the high-temperature annealed samples.
In advance, to further research the relationship among the B2 phase and o phase at a low
annealing temperature, the 3DAP images of the B2 and o precipitates in the AR590 sample
were established. Figure 9d exhibits the reconstruction images of B2 and o precipitation.
Figure 9e shows the o precipitate in the Cr element atmosphere. The size of the o precipitate
was roughly 5 nm, with a large amount of B2 precipitates produced in the surrounding
region. The size of these B2 precipitates was uniformly less than 20 nm. Apparently, the
promotion relationship of the B2 and o phase was still effective in the AR590 sample.
Specifically, Figure 91f,g show the element concentration curves of the B2 and o phase in
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the AR590 sample at atomic percentage. The Ni and Al content of B2 precipitates reached
60% and 40% roughly, while the Ni and Al element concentrations in the outside were
approximately 20% and 5%, as shown in Figure 9f. On the contrary, the Cr element in the
o phase content approached 50%, as displayed in Figure 9g. Compared with the outside
region of B2, the Ni and Al elements in the outside area of the o phase reached 30% and 10%,
which was naturally higher. In consequence, the matrix approaching the o phase contained
a comparatively higher proportion of Al and Ni elements, which provided preferential
conditions for the B2 phase. In addition, the content of Cr, Fe and Co elements in the
outside region of B2 was roughly 25%, while the content outside of the o phase was around
20%. The complementary chemical composition of the B2 and o phases was promoted
mutually in the process of precipitation.

(033)

e, -

Al 0.20\@%

117u,|i_
L 55(200)
11e)

Z=[001]

Figure 8. TEM images and corresponding SADP of o phase in AR samples: (a) AR540 sample;
(b) AR590 sample; (¢) AH660 sample; (d) AR700 sample; (e) AR800 sample; (f) high-resolution
scanning TEM image of o in AR800.
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Figure 9. Elemental energy spectrum mappings of AR660 sample and 3DAP reconstruction images
with corresponding concentration curves of Al, Co, Cr, Fe, Ni elements of B2 and o phase in AR590
sample: (a—c) Al, Ni, Cr elemental energy spectrum mappings of AR660 sample; (d,e) 3SDAP recon-
struction images of B2 and o in AR590 sample; (f) element concentration curves of B2 phase and
matrix in AR590 sample at atomic percentage; (g) element concentration curves of o phase and matrix
in AR590 sample at atomic percentage.

In addition, a difference in precipitates in the AH and AR samples existed. According
to the results, the deformation treatment produced an environment for the generation of the
B2, BCC and o phases. The B2 phase with rigid BCC construction was the most precipitated
phase in the annealed AH800 and AR samples. In particular, the BCC and o phases were
only discovered in the AR samples. In addition, the starting condition including the AH
and AR state of the alloy is the most important factor for the type of precipitation, which
was proven to involve the competition between the thermodynamic driving force and
activation barrier for second-phase nucleation [49].
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4. Conclusions

The AH and AR samples were prepared by annealing and deformation to research the
second phase transformation in the Al 3CoCrFeNi high entropy alloy. According to the
TEM and 3DAP technologies, the precipitation characteristics of the L1,, B2, BCC and o
phases were compared and analyzed. The main conclusions are as follows:

(1) The L1, phase precipitated in the AH samples heated at 500 °C, 540 °C, 590 °C, 660 °C
and 700 °C was of the ordered FCC structure and coordinated with the FCC matrix.
As analyzed from the 3DAP results, as the annealing temperature was raised from
590 °C to 700 °C, the size of the L1, phase increased from 2 nm to 9 nm, while the
chemical composition was almost invariable.

(2) The B2 phase primarily composed of Al and Ni was of the BCC structure with a lattice
diameter a = 0.294 nm, which was discovered in AH800 and all annealed AR samples.
The BCC phase enriched in Cr and produced in the AR samples annealed at 500 °C,
540 °C and 590 °C was of the BCC structure with a lattice diameter a = 0.296 nm. The
o phase enriched in Cr, Fe and Co and observed in the 540 °C, 590 °C, 660 °C, 700 °C
and 800 °C annealed AR samples was of a tetragonal structure.

(3) The B2 and o phases, with complementary chemical compositions, promoted the
precipitation behavior reciprocally.
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