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ABSTRACT ARTICLE HISTORY

A new strategy for the rapid precipitation (1.8 s) of L1, nanoprecipitates in AlpsCoCrFeNi high- Received 13 November 2024
entropy alloys by electropulsing treatment (EPT) has recently been discovered. The coherent L1, KEYWORDS

phase was introduced under high temperatures by EPT, and this result broke the previous under- High-entropy alloy;
standing that it needs to be aged for a long time at low temperatures. The formation of the L1, electropulsing; L1,
precipitates was mainly attributed to the combination of thermal and athermal effects during EPT. nanoprecipitate; dislocation
This work provides insights into the rapid regulation of multiphase (FCC + B2 + L1,) and dislocation

combinations in high-entropy alloys to optimize strength and ductility.
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IMPACT STATEMENT
During electropulsing treatment, the coherent L1, phase was introduced quickly in Alp5CoCrFeNi
high-entropy alloys, achieving a better combination of strength and ductility beyond the region of

1. Introduction . 1 .
potential structural materials in extreme environments

Recently, high-entropy alloys (HEAs) have received  [3-7]. Thereinto, Alg5CoCrFeNi is an FCC + BCC HEA
widespread attention from researchers due to out-  Wwith both high strength and excellent strain-hardening
standing fracture toughness and exceptional ductil-  ability [8]. During conventional heat treatment (HT), dif-
ity [1,2]. Compared to single-phase HEA with low  ferentphases prefer precipitating at various temperatures.
yield strength, AlyCoCrFeNi HEAs with FCC+ BCC The phase compositions of the AlypsCoCrFeNi alloy are
(0.4 < x < 0.9) exhibit high strength, which can be  Ll2+BCC+s (<600 °C), FCC+ B2+0 (600-800 °C)
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and FCC + B2 (800-1300 °C) [6,8]. Generally, in addition
to dislocation strengthening, the strengthening effect is
mainly rooted in the contribution of the B2 phase and
L1, nanoprecipitate in multiphase HEAs [9-11].

The L1, nanoprecipitate can better balance strength
and ductility in contrast with the B2 phase [6-8,12].
Al CoCrFeNi HEA tends to form Al-Ni-rich precipi-
tates to maintain a more stable state during heat treat-
ment [8,13]. Due to differences in precipitation sequences
and atomic diffusion rate, the B2 phase can be formed
within 1h during annealing (> 800 °C) [3,9], and the
L1, phase can only be obtained during 4-200h ageing
(<800 °C) in the fully recrystallized Al-Co-Cr-Fe-Ni-
Ti alloys [6-8,12]. The formation of the L1, phase is
influenced by element content (e.g. Al, Ti) [11,14], tem-
perature and thermomechanical processing route [8,9].
The early precipitation stage of the L1, phase mainly
involves the classical nucleation mechanism [9,15-17]
and spinodal decomposition of supersaturated solid solu-
tion [10,18]. It has been reported that L1, precipitates
cannot be formed after cold rolling and low temperature
annealing, and conventional solution treatment ( ~ 1200
°C) is required before annealing to subsequently generate
L1, precipitates, slowing down the precipitation kinetics
[8,9]. Simultaneously, severe lattice distortion and slug-
gish diffusion effects in the HEA matrix retard the pre-
cipitation kinetics of the L1, phase [6-12,19,20]. Accord-
ingly, the L1, phase cannot be formed quickly due to the
low atomic diffusion rate under the low-temperature by
one-step HT. Generally, the phase transformation tem-
perature increases with increasing heating rate [21-23],
and the higher temperature and faster element diffu-
sion rate during heating may accelerate the formation
of the L1, phase. Obviously, the combination of high
temperature (> 800 °C) and rapid heating rate cannot
be obtained under HT. In addition, there are almost no
reports on the microstructure evolution of the L1, phase
under high heating rates [6-12]. Therefore, it is neces-
sary to find a new strategy for the rapid formation of L1,
nanoprecipitates.

Electropulsing treatment (EPT) with a speedy heat-
ing rate can effectively improve the microstructure and
mechanical properties of alloys by means of acceler-
ated recrystallization [24], rapid phase transformation
[25], electroplasticity [26], and accelerated precipitation
[27,28]. Moreover, EPT has been reported to signifi-
cantly improve vacancy and atomic motion rates, reduc-
ing the nucleation energy barrier of precipitates [29,30].
Therefore, EPT may be a feasible strategy to accelerate
the formation of the L1, phase, thereby manipulating
the multiphase combination (FCC+ B2+ L1;) to opti-
mize the strength-ductility of HEA quickly. Unfortu-
nately, after a review of the relevant studies, there is little

research on the evolution of the L1, phase in HEA via
EPT.

In this work, we successfully used one-step EPT in
Al 5CoCrFeNi HEA to make the L1, and B2 phases pre-
cipitate rapidly, avoiding the long-term low-temperature
ageing of traditional heat treatment. The multiphase
combination of low-temperature and high-temperature
phases was quickly achieved in partially recrystallized
HEA. This work also attempts to reveal the rapid for-
mation mechanism of the L1, phase under EPT through
microstructure analysis.

2. Experimental material and procedures

The as-cast Al 5CoCrFeNi HEA samples (at.%: 10.82Al,
22.05Co, 22.82Cr, 22.03Fe, 22.25Ni) were homogenized
at 1200 °C for 6h under protective gas before water-
quenching, then cold-rolling (~ 78% reduction) at room
temperature. The cold-rolled (CR) plates were pro-
cessed into samples of 45 x 10 x 1 mm. The experimen-
tal details are shown in Supplementary Figure SI1. The
cold-rolled samples at room temperature were directly
heated to 800 °C using HT with 10 °C/min followed by
water quenching, named the CRH sample (Supplemen-
tary Figure Sla). A computer-controlled self-made elec-
tropulsing device can produce 50 Hz alternating currents
(Supplementary Figure S1b). The direction of the pulse
current with a maximum current density of ~ 2.9 x 10’
A/m? was along the cold-rolled direction. The tempera-
ture change during EPT was observed using an infrared
thermometer (ABSD-3014, response time 10ms). The
CRH samples at room temperature were heated to 900 °C
with HT (~ 10 °C/min for ~ 87.5 min) and EPT (~ 500
°C/s for ~1.8 s) and then immediately water-cooled,
named CRH-H900 and CRH-E900, respectively. Subse-
quently, the CRH-ISO process was adopted to further
increase the heating rate and shorten the time, com-
prehensively exploring the differences in microstructure
and mechanical properties caused by HT and EPT. The
CRH samples at room temperature were directly isother-
mally treated at 900 °C using HT for 1.3, 3, and 5 min,
and then immediately water-cooled, named CRH-ISO1,
CRH-ISO3 and CRH-ISOS5, respectively. In particular,
the heating rate for CRH-ISO1 was ~ 11 °C/s (1.3 min).

The microstructure of the samples was observed using
scanning electron microscopy (SEM, TESCAN VEGA3),
electron backscattered diffraction (EBSD, Oxford Sym-
metry detector) on the SEM (JSM-7900F). The chemi-
cal compositions (at.%) of the samples were determined
by the energy dispersive spectrometer (EDS, Oxford
X-Max). The transmission electron microscopy (TEM,
JEM-2100F) was used to investigate the substructure at
200kV. The MTS-810 testing machine equipped with
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Figure 1. SEM and EDS images of (a, a;) CR, (b, b1) CRH, (¢, ¢c;) CRH-H900 and (d, d1) CRH-E900. (a1-d;) are high-magnification SEM

images taken from (a-d).

a mechanical extensometer with a gauge dimension of
10 mm was used to conduct three tensile tests at a strain
rate of 1073 s™! at room temperature on different sam-
ples. The width and thickness of the middle parallel
end of the tensile specimen were 2 and 1 mm, respec-
tively. The loading direction was along the cold-rolled
direction.

3. Results and discussion

The metallographic topography is observed by SEM
before and after EPT. Figure 1 (a, a;) shows the FCC + B2
(Al and Ni-rich) dual-phase microstructure of the rolled
sample, in which the B2 phase is coarse and no fine

precipitates are found. After annealing, the unprecipi-
tated and precipitated areas appear in the CRH sample
and the fine precipitate phases can be observed in the pre-
cipitated area (Figure 1b, b; ). Both CRH-H900 and CRH-
E900 samples show increased precipitation area (Figure 1
(¢, c1), (d, dp)). It is noteworthy that the size of the precip-
itates in the CRH-E900 sample is significantly lower than
that of CRH-H900 (Figure 1 ¢, d;).

The evolution of the microstructure before and after
EPT is carefully studied using EBSD analysis. Figure 2
(a, a1)-(c, c1) shows the microstructure of the different
samples, which can be divided into the complete recrys-
tallization region (RX) and unrecrystallization region
(URX). The RX is composed of FCC + B2+ phases in
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Figure 2. EBSD Phase, grain orientation spread (GOS) and GNDs maps of (a-a2) CRH, (b-b,) CRH-H900 and (c-c;) CRH-E900. EBSD Phase
maps (in the RX) of (d) CRH-ISO1, (e) CRH-ISO3 and (f) CRH-ISO5. (g) The average phase fraction (RX-B2, RX-¢') and size (d) of B2 and
o phases in the recrystallization zone (excluding B2 precipitates with a diameter greater than 1 pm), (g, h) the recrystallization and
unrecrystallization percentage (RP-FCC, URP-FCC) and GNDs density of the FCC phase.



the various samples (Figure 2a-f). For CRH-H900 and
CRH-E900 samples, the recrystallization percentage of
FCC phase (RP-FCC) increases compared to CRH, and
the phase fraction of B2 (RX-B2) and o (RX-0) phases in
the RX increases and decreases significantly, respectively
(Figure 2g). CRH-H900 shows higher RP-FCC and RX-
B2 while lower RX-o than CRH-E900 due to the longer
heating time (Figure 2g). Moreover, the average FCC and
B2 phase sizes (d) in RX of CRH-E900 are smaller while
o is coarser than those of CRH-H900 due to shorter heat-
ing time (Table in Figure 2g). For CRH-ISO1~ 5, the
RP-FCC and RX-B2 increase while RX-o decreases with
increasing isothermal treatment time, which is between
CRH and CRH-H900 (Figure 2d-g). Whereas the average
B2 and o sizes in the RX of CRH-ISOI1 are the coars-
est compared to the other samples (Table in Figure 2g),
implying the growth of the original precipitate domi-
nates due to shorter time (1.3 min). The precipitation of
the B2 phase and the dissolution of the ¢ phase occur
simultaneously during rapid EPT of 1.8 s, so the aver-
age B2 and o sizes of CRH-E900 in RX are smaller than
those in CRH-ISO1 (Figure 2g). Besides, the URX con-
tains high geometrically necessary dislocations (GNDs)
(Figure 2a3-c;). After HT and EPT, the GNDs and URP-
FCC decrease in contrast with CRH (Figure 2h).

The evolution of microstructure before and after EPT
is ultimately determined by TEM analysis (Figure 3).
The CRH sample is composed of RX and URX, the
FCC+ B2+0 (Cr-rich) phases in RX can be determined
by EDS and SAED, and the atomic ratio of Al and Ni
in the B2 precipitates is 1:1 (Figure 3a, a;-a3). The L1,
phase is not found. In contrast with CRH, the CRH-H900
sample consists of a higher proportion of RX (Figure
2a, b) with FCC + B2+0¢ phases (Figure 3b, b;). For
the CRH-E900 sample, the FCC+o +B2 phases are also
found in the RX (Figure 3c, c;-c3). However, it should
be noted that no element enrichment is found in the
URX of CRH and CRH-H900 (Figure 3 (a, a;), (b1, b2)).
Conversely, EDS analysis shows that a large amount of
Al and Ni-rich nanoprecipitates are distributed in the
URX of the CRH-E900 sample (Figure 3 (c, ¢1), (d, d3)).
The atomic ratio of (Ni+ Co):Al is close to 3:1 (Figure
3ds, e), which indicates that the nanoprecipitates are L1,
phase [10]. In addition, Figure 3 (d;, d;) shows the [111]
and [112] FCC zone axis (ZA) with extra super-lattice
reflections (yellow circle mark), indicating the presence
of the L1, phase [9]. The HAADF-STEM image in Figure
3d3; shows the uniform distribution of L1, precipitates
in URX, and the L1, nanoprecipitates are also found at
the grain boundaries and intragranular regions in RX
(Figure 3e, ey, e3).

The precipitation of alloys is a diffusion-controlled
process [31]. The Al atoms with a larger radius cause
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severe lattice distortion in the matrix of Al-Co-Cr-Fe-
Ni HEA, resulting in a slow diffusion of the elements
[6,19]. Generally, the grain boundaries can serve as fast
diffusion paths for elements, accelerating precipitation
kinetics [32]. Thus, the grain boundaries can act as the
main heterogeneous nucleation sites for the precipitates.
During HT (800-900 °C), due to the differences in phase
formation temperature and time, the B2 phase mainly
precipitates heterogeneously at grain boundaries and the
o phase gradually dissolves, while the L1, phase does
not appear (Figure 4a). Thus, the microstructure of CRH
consists of the B2 phase, o phase and incomplete recrys-
tallization FCC grains (Figures 2a and 3a). For CRH-
ISO1, the microstructure mainly involves the growth of
the original ¢ and B2 phases due to the short heating time
(Figure 2a, d, g). For CRH-H900, the microstructure evo-
lution includes an increased RP-FCC, the heterogeneous
precipitation of B2 and the dissolution of ¢ phase in the
RX compared to CRH (Figure 2b, g).

However, a large number of L1, precipitates are found
in the URX after CRH-E900, which is dissimilar from
previous studies that the L1, phase can only be obtained
at <800 °C (4-200h ageing) [6-8]. EPT has a signifi-
cant effect on the phase change pathway and temperature.
It is well known that the phase transformation temper-
atures increase with increasing heating rate [21-23], so
the phase diagram of the L1, phase will shift to a higher
temperature under EPT with a high heating rate. Mean-
while, EPT can reduce the phase formation temperature
by reducing the precipitation nucleation barrier [27,28].
It should be pointed out that the increased L1, phase
transformation temperature caused by the rapid heating
of EPT is dominant in this work. Consequently, the ele-
ments exhibit higher diffusion rates at higher L1, phase
formation temperatures during EPT, reducing precipita-
tion time. Simultaneously, the electronic wind generated
by the EPT contributes to opening the dislocation tangle
and increasing the atomic diffusion rate [33,34]. In addi-
tion, each atom in a high-entropy alloy has the potential
to hinder the movement of free electrons to a greater
extent, electrons scattering at a higher frequency, caus-
ing more local hot spots and higher atomic diffusion rates
during EPT due to localized Joule heating [35-38]. Thus,
the CRH-E900 shows a higher RP-FCC and lower dis-
location density in contrast with the CRH. Meanwhile,
the Al and Ni atoms have the smallest mixing enthalpy in
Al 5CoCrFeNi HEA, tending to form an Al-Ni-rich pre-
cipitate to maintain a more stable state during heat treat-
ment [8,13]. Therefore, the combined effect of thermal
and athermal under EPT increases the atomic diffusion
rate and promotes the rapid heterogeneous precipitation
of L1, and B2 phases. The detailed dislocation evolution
and L1, precipitate formation mechanism under EPT are
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images) patterns of the CRH-E900 sample after tensile testing.

shown in the Supplementary materials. In contrast, the
o precipitate is thermodynamically unstable under EPT,
and tends to dissolve to maintain the thermodynamic
stability of the system [39].

In addition, the normalized nucleation barrier of the
L1, phase is lower, attributed to the low y (FCC/L1,)
coherent interfacial energy of 8-24 mJ/m? [40,41], while
the B2 (BCC) phase (180-450 mJ/m?) and ¢ phase (500-
800 mJ/m?) have higher nucleation barrier [42,43]. Thus,
the L1, phase with a lower nucleation barrier is easier
to form in comparison to the competing B2 phase, and
many L1, precipitates are found at the grain boundary of
RX and the dislocation region of URX after EPT (Figure
3c-e). Besides, the higher element diffusion rate caused by

EPT (rooting in the energy fluctuations and electron cur-
rent) leads to the precipitation of the L1, phase at intra-
granular regions (with a higher nucleation energy bar-
rier). Correspondingly, RX-B2 of CRH-E900 is slightly
lower than CRH-H900, but significantly higher than that
of CRH-ISO1, 3 (Figure 2g). Additionally, CRH-E900
with an extremely short time leads to a higher URP and
GNDs, while the average sizes of B2 and FCC phases in
RX are smaller compared with CRH-H900 (Figures 2g
and 4a). Contrasted with the phase-equilibrium state of
the phase diagram of HT, the L1, phase obtained dur-
ing EPT is metastable precipitates with low Al atomic
fraction (at.%: ~15) due to the very short duration.
Overall, the phase evolution under CRH-E900 conditions
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simultaneously involves the recrystallization of fine FCC
grains, the precipitation of B2 and L1,, and the dis-
solution of ¢ phases (Figure 4a). It is noteworthy that
EPT breaks the original precipitation sequence and estab-
lishes a new precipitation competition relationship, so
that the rapid formation of L1, nanoprecipitates under
EPT breaks the previous understanding that long-term
ageing at low temperatures is required.

Figure 4 (b, ¢) shows the tensile mechanical prop-
erties of the samples before and after EPT. The yield
strength (YS) and ultimate tensile strength (UTS) are
~1.18 GPa and ~ 1.39 GPa for CRH-E900, ~ 985 MPa
and ~1.21 GPa for CRH-H900, respectively. The elon
gation-to-failure (EL) of the CRH-E900 (~ 14.6%) sam-
ple is remarkably improved compared to the CRH sample
(~7.0%). The differences in strength and ductility of dif-
ferent samples are attributed to the strengthening and
strain contributions of FCC matrix, precipitates and dis-
locations. The strain contributions of HEAs are mainly
attributable to the FCC matrix and coherent L1, phases,
while the harder semi-coherent/incoherent B2 and o
phases show almost no contribution [6,8,20,44-46]. The
YS of CRH-E900 increased by ~ 191 MPa compared
to CRH-H900, attributed to higher dislocation and L1,
strengthening, and the EL is slightly lower. For CRH and
CRH-ISO1 samples, although high dislocation density
and RX-o can improve strength, dislocations, especially
the coarse o phase (Figure 2d), significantly reduce the
ductility (~4.5%) of CRH-ISO1. Thereinto, the ¢ phase
is a brittle precipitate and grain boundaries are its hetero-
geneous nucleation sites due to the high nucleation bar-
rier [43]. However, coarse o precipitates are considered
the site of crack initiation and propagation, significantly
reducing ductility [46]. Compared with CRH and CRH-
ISO1 specimens, the YS of CRH-E900 only decreased by
~9.9% and ~ 8.8%, while the EL increased by ~109%
and ~224%, respectively. Interestingly, the CRH-E900
specimen shows lower RP-FCC and higher dislocation
density than those of CRH-ISO3 and CRH-ISO5 (Figure
2g, h), but the strength and ductility increase simultane-
ously (Figure 4c). It is well known that lower RP-FCC
and higher dislocation density will lead to lower duc-
tility [7,24], which contradicts the result of CRH-E900.
For the above results, the L1, phase plays a crucial role.
On the one hand, the formation of the L1, phase effec-
tively alleviates the severe dislocation accumulation and
strain localization in the URX, and effectively resists the
dislocation motion during the subsequent deformation
process [8,20]. On the other hand, the precipitation-
free region (Ni-Al-poor) near the FCC/L1; and FCC/B2
phase interface can act as a storage site for dislocation and
tend to form stacking faults and nano-twins during defor-
mation, thereby improving the strain hardening capacity

[47,48]. TEM BF and HRTEM of the CRH-E900 sample
after the tensile test are shown in Figure 4d-f. A large
number of dislocation entanglements and nano-twins
appear in the precipitation-free region near the precipi-
tates (Figure 4d). The high density of dislocations exists
at the FCC/L1; interface through the inverse FFT image
(Figure 4e), and the width of partial nano-twins near the
precipitates is 1.34-2.31 nm (Figure 4f). It is worth noting
that the coherent L1, nanoprecipitates can improve the
strength and better coordinate the plastic deformation of
the alloy [8-10], breaking the previous understanding of
lower ductility at higher dislocation density. Accordingly,
EPT is a feasible strategy to rapidly regulate the combi-
nation of multiphase (FCC + B2 + L1,) and dislocations,
achieving a better combination of strength and ductility
beyond the strength-ductility region of HT (Figure 4b, c).

4. Conclusions

In summary, the rapid precipitation behavior of the
L1, phase induced by EPT in Aly5sCoCrFeNi HEA has
been studied in this work. Different from the dual-phase
microstructure (FCC+ B2) under HT, the multiphase
structure (FCC 4 B2 4 L1,) can be quickly obtained by
the thermal and athermal effects under EPT. The L1,
nanoprecipitates are distributed in the RX and URX dur-
ing EPT. The trade-off between the strength and ductil-
ity of HEAs can be quickly reconciled by the combined
effect of multiphase (FCC + B2 + L1,) and dislocations.
Notably, EPT with electric-thermal field coupling brings
more possibilities for microstructure regulation of HEAs
systems, thereby tapping the potential of alloys to better
meet industrial applications.
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