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In order to improve the microstructure of the Alp sCoCrFeNi compositionally complex alloy (CCA) prepared by
selective laser melting (SLM), the electropulsing treatment (EPT) has been used as a post processing in this study.
The strengthening and softening mechanism was analyzed by comparing the microstructure of SLM-Aly sCoCr-
FeNi CCAs under different EPT parameters. At a 10 s power on time, the substructure size of CCA decreases
continuously with increasing voltage. Under 90V/10s EPT, the yield strength increases from 658 + 10 MPa in the
printed state to 748 + 17 MPa, and the microhardness increases from 265.1 + 5.6 HV( ; to 318.9 & 5.0 HVj ;. At
90V/20s EPT, the cellular substructure disappears, and a large number of uniformly distribute BCC phases
precipitates inside the FCC matrix. At 90V/30s EPT, recrystallization occurs and the BCC phase coarsen.
Dislocation network is the main factor that affects the strength of SLM-CCA. EPT can change the dislocation
network structure to enhance the strength of SLM-CCA. Simultaneously, the EPT effectively promotes the
transition from FCC phase to BCC phase in a short time. Joule heat and electronic wind force are the main reasons
for changing structure and properties of SLM-Aly sCoCrFeNi CCA. This work provides a post-processing method
named as EPT to effectively control the microstructure in additive manufacturing CCA products.

1. Introduction

High entropy alloy (HEA) is a new typical metal material with high
mechanical strength, wear resistance, oxidation resistance and corrosion
resistance discovered by Yeh and Cantor [1-6]. The HEAs contain 5 or
more elements with the atomic fraction of each element between 5 %
and 35 %, which are mainly composed of face-centered cubic (FCC),
body-centered cubic (BCC), hexagonal close-packed (HCP) [4,7,8]. The
subset of HEAs which contain multiple stable phases are referred to as
compositionally complex alloys (CCAs) [9,10]. CCAs have obtained
potential applications in aerospace, energy, biomedicine, marine and
other fields [11].

Currently, the main synthesis routes of CCAs include arc melting,

* Corresponding author.

induction melting, and spark plasma sintering, while, it is difficult to
produce CCAs components with complicated shapes [12-16]. In addi-
tion, coarse grain structure is easily formed in the casting process and
the surface roughness is poor, which affects the product quality.

As an emerging technology, mental additive manufacturing (AM) has
made significant breakthroughs in the shape, microstructure and effi-
ciency compared with the traditional preparation methods of CCAs [4,
17-20]. Selective laser melting (SLM) is a typical laser AM technology,
which can selectively melts the metal powder on the powder bed layer
by layer to form a solid metal structure [17]. It can use CCAs prealloyed
powder to manufacture complex parts with high material utilization
rate. The ultrafast cooling rate (about 10°~10° °C/s) of SLM can refine
the microstructure of CCA products and prevent the formation of

** Corresponding author. Key Laboratory of Superlight Materials & Surface Technology, Ministry of Education, College of Materials Science and Chemical Engi-

neering, Harbin Engineering University, Harbin, 150001, China.

E-mail addresses: guochunhuan@hrbeu.edu.cn (C. Guo), fengchunjiang@hrbeu.edu.cn (F. Jiang).

https://doi.org/10.1016/j.msea.2023.146017

Received 25 September 2023; Received in revised form 10 December 2023; Accepted 15 December 2023

Available online 24 December 2023
0921-5093/© 2023 Elsevier B.V. All rights reserved.


mailto:guochunhuan@hrbeu.edu.cn
mailto:fengchunjiang@hrbeu.edu.cn
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2023.146017
https://doi.org/10.1016/j.msea.2023.146017
https://doi.org/10.1016/j.msea.2023.146017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2023.146017&domain=pdf

B. Jiao et al.

undesirable intermetallic compounds and the diffusion of constituent
elements [21,22]. Due to the change in vacancy energy of the material
before and after powder solidification, there are a large number of dis-
locations inside SLM-CCAs [23,24]. The high dislocation density in the
printed sample results in high strength, which is very similar to the work
hardening structure after deformation. However, extremely rapid
melting and solidification of the molten pool during the process of SLM
produce a large temperature gradient, which will generate a lot of
shrinkage cavities, coarse columnar crystal structures and residual stress
in the manufactured parts [25-28]. SLM-alloys often suffer from poor
plasticity, and usually require further heat treatment or hot isostatic
pressing treatment, in order to remove internal stress and regulate
plasticity and strength [29]. Fujieda et al. carried out solution treatment
(ST) on Coj 5CrFeNij 5TipsMog 1 HEA produced by selective electron
beam melting (SEBM), the tensile properties and corrosion properties of
the sample were significantly improved [30]. Joseph et al. found that
hot isostatic pressing (HIP) can reduce the porosity and improve the
mechanical properties of AlyCoCrFeNi CCAs deposited by direct laser
deposition [31]. Cui et al. used ultrasonic surface rolling treatment
(USRP) to roll the CrMnFeCoNi HEA prepared by laser additive
manufacturing technology, and obtained a nanocrystalline layer on the
surface of the HEA, with a hardness of 5.2 GPa [32]. However, it is
difficult to apply ultrasonic rolling treatment to complex geometric
components [33]. Traditional heat treatment technology takes a long
time, wastes energy and easily causes coarse grains.

Recently, many investigations show electropulsing can decrease
deformation resistance, reduce surface oxidation and decrease recrys-
tallization temperature [34]. For example, Xu et al. successfully pre-
pared Ti-6A1-4V alloy with high yield strength (1280 MPa), excellent
strength (1358 MPa) and elongation (13.7 %) by using electropulsing
treatment (EPT) [35]. Pan et al. improved the yield strength and elon-
gation of AA6061 alloy samples by 72.1 % and 2.1 % respectively by
cyclic EPT. The latest research attributed the principle of improving
microstructure by EPT to the thermal effect caused by Joule heat and the
athermal effect caused by electronic wind force [36-39]. Joule heat can
induce the material to rise in temperature, leading to recovery and
recrystallization [40]. As-cast alloys often store a large amount of energy
through cold plastic deformation, resulting in severe lattice distortion of
the grains as the driving force for recrystallization. The dislocation
density of printed HEAs is about 10 - 10'%/m? [21,23]. This is similar
to the work hardening structure after deformation, which is more likely
to cause recrystallization under post-treatment. The typical theory
explaining athermal effects is the electron wind theory [41,42]. The drift
electrons can apply electron wind force to dislocations to improve the
plasticity of metals, which is called the electroplastic effect [40,41,43].
The reduction of material flow stress is believed to be directly attributed
to the momentum transfer from the electric field, which assists in the
movement of dislocations within the metal lattice [44]. The interaction
of moving electrons in a metal crystal with the dislocations therein was
first reported by Troitskii in 1963 [45]. Tang et al. found that current
pulses reduced the force required for drawing and rolling, and signifi-
cantly improved the plasticity of the deformation zone [46,47]. Zhang
et al. directly proved that electron force can promote dislocation
movement by comparing electric in-situ TEM with heating in-situ TEM
experiments [41]. These results indicate that electronic wind has a sig-
nificant impact on the flow stress of metals. However, there is limited
research on the effects of EPT on the microstructure and properties of
SLM-CCAs.

Based on the above mentioned, in order to improve the microstruc-
ture of AlpsCoCrFeNi CCA fabricated by SLM, the EPT has been pro-
posed. And the effect of EPT on the microstructure and mechanical
properties of the SLM-AlpsCoCrFeNi CCA has been analyzed. The
strengthening and softening mechanisms of SLM-CCAs under different
EPT parameters have been fully revealed. This work brings forward an
effective strategy to rapidly design a high-performance SLM-CCA based
on the change of the dislocation network and recrystallization.
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2. Materials and experiments
2.1. Material and SLM process

The high purity gas atomized AlysCoCrFeNi CCA powder with an
average particle diameter of 15-53 pm was used in this study. The
samples were fabricated by an AFS-M260 SLM system (Longyuan AFS
Co., Ltd, China) with maximum 500 W fiber laser power output and
typically 70 pm diameter laser spot. The SLM process was carried out in
an argon-proctected atmosphere. The substrate is made of a 260 x 260
x 25 mm® 316 stainless steel. To reduce the cooling rate, the substrate is
preheated to 100 °C before printing. The optimized parameters with
laser power 200 W, scanning speed 0.8 m/s, layer thickness 40 pm,
scanning interval 90 pm, and laser rotation 67° between each layer. A
70 x 10 x 3.5 mm? sample is constructed by repeating this process.

2.2. EPT process

The SLMed bulks were cut into platelike samples with 70 x 10 x 1.8
mm?> using wire electrical discharging machine, and the thickness di-
rection is along the building direction (Fig. 1b). The CCA samples are
polished with 3000-grit SiC paper to maintain sufficient electrical con-
tact, and then clamp it with two copper electrodes. As illustrated in
Fig. 1a, the EPT experiments were carried out at room temperature by a
THDM-II electropulsing generator, and the rated power is 30 kW, the
maximum output voltage is 150 V, the maximum peak current is 5000 A,
the operating frequency is in a range of 100-800 Hz. The CCA samples
were electropulsing treated from 30 V to 90 V followed by air cooling,
the specific process parameters are shown in Table 1. To assess the Joule
heat during the EPT, the temperature of the CCAs were measured by an
infrared thermal imager (Fig. S1). The CCA samples processed under
different parameters are shown in Fig. 1c.

2.3. Characterization

Phase detection was performed on a X-ray diffraction (XRD) equip-
ment with Cu-Ka radiation, scanning angles ranging from 30° to 90° and
a scanning speed of 4°/min. Optical microscopy (OM), Scanning Elec-
tron Microscope (SEM) and Electron Backscatter Diffraction (EBSD)
were used to characterize the microstructure of samples. The samples for
OM observations were polished and chemically etched inetching solu-
tion of 10 % nitric acid, 30 % hydrochloric acid and 60 % distilled water.
SEM and EBSD measurements were carried out on a JEOL JSM-7900F
SEM. The acceleration voltage is 15 kV, the working distance is about
14.5 mm, and the step size is 2 pm. EBSD specimens were mechanically
polished and then ion-beam polished. AZtecCrystal software was used to
analyze the grain morphology, textures, kernel average misorientation
and dislocation density of the SLMed and 90V/30s state. The tensile test
was performed with a loading rate of 0.5 mm/min at room temperature,
and dimensions of the flat dog bone shaped tensile specimen is shown in
the inset image of Fig. 7a. At least three tests were performed for the
same condition to ensure reproducibility of the results. The yield
strength was determined using the 0.2 % offset plastic strain method.
The HVS-1000A microhardness tester was used to test the microhard-
ness of SLM-CCAs with and without EPT, with the load of 1000 g and the
loading time of 10s. At least ten indentations were measured for each
point to obtain an average value. Randomly select 100 subgrains from
two SEM images of each sample for size measurement and frequency
distribution statistics.

3. Results
3.1. Microstructure

The optical micrographs of the SLM-AlysCoCrFeNi samples with
different EPT states are shown in Fig. 2. It can be seen that the CCAs
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Fig. 1. (a) Schematic diagram of EPT. (b) Configuration and orientation of SLM and characterization specimens. (c) Image of the samples with different EPT states.

Table 1

Processing parameters of EPT for the SLM-Aly sCoCrFeNi CCAs.
Sample Frequency EPT Voltages Processing Temperature
code (Hz) W) time (s) Q)
SLMed - - - -
30V/10s 350 30 10 64.1
60V/10s 350 60 10 223.0
90V/10s 350 90 10 352.8
90V/20s 350 90 20 530.5
90V/30s 350 90 30 713.1

exhibit a clear fish scale like molten pool morphology, and the epitaxial
columnar grains grow along the building direction. Clearly, the epitaxial
columnar grains grow under the temperature gradient during the SLM
process, which is consistent with the previous reports elsewhere [4]. The
short EPT time cannot alter such crystal structure, however, the internal
columnar crystal diameter of the CCA increases with increasing EPT
voltage under the 10 s processing time. As shown in Fig. 2a, the grain
size in the printed state is the smallest, with maximum and minimum
widths of 113.2 pm and 68.8 pm, respectively. When the EPT voltage
rises to 90 V, the columnar crystal size inside the CCA is the largest, and
the maximum width can reach 201.5 pm (Fig. 2d). The increased voltage
brings higher Joule heat, while the number of drift electrons inside the
metal increases. The effects of Joule heating and electron wind force
promote the movement of metal atoms inside high entropy alloys, in-
crease the size of columnar grains [36,39]. When processing at 90 V
voltage for more than 20 s, the boundary of the molten pool disappears

and a large amount of precipitates appear. After the EPT time reaches 30
s, an equiaxed crystal structure is formed, and the size of the precipitate
phase significantly increases.

The XRD results of the SLM-Aljy sCoCrFeNi CCA samples with and
without EPT are shown in Fig. 3. The patterns revealed that the 90V/20s
and 90V/30s samples consisted of the major FCC phase and a minor
(110) reflection of the BCC phase and other samples exhibit a single-
phase FCC microstructure. This is consistent with the phase composi-
tion of AlpsCoCrFeNi CCAs obtained by traditional heat treatment
process, the FCC phase transforms to BCC phase during EPT [48]. Pre-
vious studies have interpreted it as that the Al-Ni rich phase have a
higher negative mixing enthalpy than the other atom pairs of the five
main elements in the alloy system [49]. It can also be seen from the XRD
that the peak intensity of BCC phase reaches the maximum in 90V/20s
sample.

Fig. 4 shows SEM images under different EPT conditions. Similar to
other SLM-CCAs, massive columnar and cellular substructures exist in-
side each columnar grain [23]. Its shape varies depending on the sam-
pling direction. Related researchers have found a large number of
dislocations at the boundary of the substructure, known as the “dislo-
cation network” [50]. The diameters of these subgrains will have a
significant impact on the tensile mechanical properties of SLM-Alg 5.
CoCrFeNi, which is discussed in detail in section 4.1. Fig. 4e shows
dislocation cell network disappear after 90V/20s EPT. A large amount of
elliptical and needle shaped precipitates appear inside the grains. A
small amount of precipitates are interconnected to form bands similar to
grain boundaries. After 90V/30s treatment, the precipitation phase at

Fig. 2. OM images of (a) SLM-Al, sCoCrFeNi CCA; (b) 30V/10s EPT; (c) 60V/10s EPT; (d) 90V/10s EPT; (e) 90V/20s EPT; (f) 90V/30s EPT.



B. Jiao et al.

------ v (220) © FCC ’EE
=9 » o e BCC =
EBER | 5
oce | o i
[— ‘,_/‘.‘\y, . ‘\WN m,»,w_,_/“ ‘L_,g(ﬁ/ﬁ(,)i — . ]
s v
< Wy, \ 90V/20s N__|
>
g L o sovnos| |\ |
g
= n o eovriios| | A |
I ) 30v/10s AM
; W SIMed | | N
T T T T T T T T T
30 40 50 60 70 80 90 41 42 43 44 45 46

20,°

Fig. 3. The XRD of SLM-Alj sCoCrFeNi CCA with and without EPT.

the grain boundary preferentially nucleates and grows, while the
recrystallized structure is completely formed, as shown in Fig. 4f. The
partitioning of elements into these phases in 90V/20s EPT was deter-
mined by SEM-EDS, shown in Fig. 5a. It is obvious that the BCC phase
rich in Al and Ni is dispersed in the FCC matrix. In the 90V/30s state, the
BCC phase rich in Al and Ni coarsens at the boundary of FCC grains
(Fig. 5b). Obviously, the temperature rise causes the SLM-Aly sFeCoCrNi
recovery and recrystallization due to Joule heat.

To further identify the microstructural evolution of SLM-Alj 5CoCr-
FeNi CCA before and after recrystallization created by the EPT. The
samples with 90V/30s EPT and without EPT are analyzed using EBSD, as
shown in Fig. 6. As can be seen from the inverse pole figures (Fig. 6a and
b), the original epitaxial columnar grains have completely disappeared,
replaced by randomly oriented recrystallized grains after 90V/30s EPT.
Furthermore, phase identification for FCC and BCC phases are deter-
mined by EBSD date, as shown in Fig. 6¢c and d. Due to the repeated
thermal cycles experienced by the CCA during the SLM process, a small
amount of BCC phases are precipitated in situ during the thermal cycling
process of the printed high entropy alloy, and the proportion of BCC
phase precipitated in situ is 0.21 %. As shown in Fig. 6d, the precipi-
tation content of BCC increases from 0.21 % in the printed state to 5.3 %
after 90V/30s EPT, mainly precipitated at grain boundaries. This is
consistent with the phase composition analysis results of XRD.

i
et

¢
e,
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To investigate the effect of EPT on the microstructure of SLM-
Alj 5CoCrFeNi, microstructure analysis was conducted on the selected
area of EBSD. To assess the changes in crystallographic texture by EPT,
the IPF for the {001}, {101}, and {111} crystal plane families are con-
structed using the EBSD data. As shown in Fig. 6e and f, the SLM-
Al 5CoCrFeNi CCA exhibits a clear crystallographic orientation in the
<001>//X direction, with a maximum texture strength of 4.89. The
maximum texture strength decreases to 3.69 after 90V/30s EPT. The
EPT causes recrystallization to weaken the formation of <001> direc-
tional textures in the printed CCA, while no other directional textures
are observed. These experimental results further indicate that EPT can
promote the SLM-Alj sCoCrFeNi to form recrystallization in a very short
period of time, thereby changing the anisotropic mechanical properties
of printed parts.

3.2. Mechanical properties

Fig. 7a shows the tensile engineering stress-strain curves of SLM-
Al 5CoCrFeNi CCAs with different parameters EPT and without EPT. It
can be seen that within the same processing time of 10 s, the strength
continuously increases with increasing of voltage. The maximum value
is reached after 90V/10s EPT, with a yield strength of 748 + 17 MPa, a
tensile strength of 982 + 12 MPa, and an elongation of 21.9 %.
Compared with the SLM-CCA, the yield strength increases by about 13.7
% (from 658 + 10 MPa to 748 + 17 MPa), and the elongation slightly
increases (from 20.1 % to 21.9 %). As shown in Fig. 7b, it is found that
the SLM-AlysCoCrFeNi CCA reprocessed by 90V/10s EPT shows sig-
nificant improvement in strength and ductility compared to different
manufactured AlpsCoCrFeNi CCAs treated by other post treatment
methods [4,51-56]. From the comparison, 90V/10s EPT sample exhibits
relatively high yield strength while maintaining considerable elonga-
tion. At a voltage of 90V, as the EPT time increases, the material con-
tinues to soften and its strength gradually decreases. Under the EPT of
90V/20s and 90V/30s, the yield strengthes of the CCAs are 513 + 6 MPa
and 425 + 9 MPa, and the elongations are 28.9 % and 35 %, respec-
tively. Interestingly, the yield strength increases slightly while the
elongation increases by 20 % after 30V/10s EPT.

Fig. 8 shows the microhardness of the SLM-Alj sCoCrFeNi CCAs with
and without EPT. It can be seen that the trend of change in micro-
hardness is the same as that of yield strength. At a power on time of 10s,
the average microhardness of CCA increased by ~20.4 % (from 265.1 +
5.6 HV( 1 to 318.9 + 5.0 HV( 1) as the voltage increases. Under the
conditions of 90V/20s and 90V/30s, the microhardness decreases to
289.2 + 2.5 HVj; and 208.9 + 5.0 HV 1, respectively. Obviously, EPT

Fig. 4. SEM images of (a) SLM-Al, sCoCrFeNi CCA; (b) 30V/10s EPT; (c) 60V/10s EPT; (d) 90V/10s EPT; (e) 90V/20s EPT; (f) 90V/30s EPT.
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m

Fig. 5. Qualitative elemental distribution EDS maps of the EPT sample. (a) 90V/20s EPT sample. (b) 90V/30s EPT sample.

can achieve ideal performance of SLM-CCAs in a short period of time by
adjusting processing parameters.

Fig. 9 shows the tensile fracture surface characteristics of SLM-
Alp 5CoCrFeNi with and without EPT. Typical dimple characteristics are
observed in all samples, indicating that all alloys have undergone
considerable plastic deformation and failed in ductile fracture mode. A
large number of elongated dimples are observed in Fig. 9b. The dimples
in SLMed state of Fig. 9a are small, and their number density is the
largest. Compared with the SLMed state, the dimples of 30V/10s, 60V/
10a and 90V/10s are larger and deeper, indicating that EPT slightly
improves the plasticity of the CCA. This is consistent with the results of
the tensile stress-strain curve. Under 90V/20s and 90V/30s EPT, the
fracture surface is mainly composed of cleavage facets (area A) and
tearing ridge and some large size ductile dimples in Fig. 9e and f. The
fracture mode is a mixture of quasi-cleavage and ductile fracture. As is
well known, the size and quantity of the second phase determine the size
and quantity of dimples. Therefore, it can be concluded that the second
phase of this specimen is greater than that of other specimens, which is
consistent with SEM results. When sufficient stress is applied to break
the interface bond between the particles and the matrix, voids will form
around the second phase particles, leading to final fracture. However,
extra large dimples are observed in samples treated at higher energy and
two samples exhibit good plasticity.

4. Discussion
4.1. Strengthening and softening mechanism

Massive subgrains exist in SLM-Aly 5sCoCrFeNi, which is a unique
structure in additive manufacturing technology (Fig. 4a). In our previ-
ous research [57], it has been fully confirmed that the dislocation
network within CCA divides grains into many small substructures. This
phenomenon is caused by the difference in vacancy energy between
solids and liquids. In the liquid melt pool, vacancy energy is low and
vacancies are abundant. When in solid state, the vacancy energy is high.
During the solidification process of traditional preparation methods,
vacancies are gradually filled up. However, the rapid solidification
process in additive manufacturing and the slow diffusion in CCAs hinder
the filling of vacancies. Therefore, many vacancies are retained in the

Materials Science & Engineering A 892 (2024) 146017

printed material, which in turn merge into a large number of disloca-
tions [50,58]. The dislocation network is one of the major strengthening
mechanisms of SLM-CCA, which maintains lattice continuity and hin-
ders the movement of dislocations during deformation. This can be
clearly seen from the kernel average misorientation (KAM) distribution
map of the sample by EBSD date, as shown in Fig. 6i. The mutual con-
straints between columnar grains in the molten pool during solidifica-
tion process promote a high KAM values inside the SLM-CCA. In our
recent work, the characteristics of the SLM-Alj sCoCrFeNi dislocation
network have been fully studied through TEM [57]. There are a large
number of dislocations inside SLM-CCA, which can be used as a refer-
ence to estimate dislocation density through KAM. The dislocation
density value at the grain boundary within the region can be calculated
according to the following equation.

pGND _ % @

ub

In formula (1), p°MP is the density of geometrically necessary dislo-

cations (GND), KAM,,, is the average value of KAM, y is the step size
used in EBSD testing, and b is the length of the Bernoulli vector. The
average KAM of the SLM-AljpsCoCrFeNi is 0.77°, and the average
dislocation density is 0.84 x 10'* m~2 Fig. 52 shows the GNDs distri-
bution of the SLMed and 90V/30s samples.

Notably, EPT can promote the movement of dislocations within CCA.
Under the action of pulse current, dislocations within the CCA undergo
annihilation and rearrangement. This change can be reflected in the
different sizes of cellular substructures. Fig. 10a is a schematic diagram
of the diameter distribution of subgrains with printed and different EPT
states under 10s process time. The size range of SLM-AljysCoCrFeNi
subgrains is the largest, with an average diameter of 0.734 ym. After a
30V/10s EPT, the average diameter of the subgrains is 0.691 pm. Among
them, the proportion of substructure sizes in the range of 0.6-0.7 pm is
the highest, accounting for 39 %. When the EPT voltage is 60 V, the
average diameter of the CCA substructure is 0.668 pm. The substructure
at 0.4-0.5 pm disappears, and the proportion of substructure at 0.6-0.8
pm significantly increases. After 90V/10s EPT, the average diameter of
the CCA subgrain is 0.558 pm. The subgrains with a size greater than 0.9
pm disappears and a substructure with a size less than 0.4 pm appears.
Obviously, In a shorter EPT time, the size of the SLM-Aly 5CoCrFeNi
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Fig. 6. Inverse pole figures of (a) SLM-Al, sCoCrFeNi CCA (b) 90V/30s EPT state. Phase identification for FCC and BCC phases in samples with (c¢) SLM-Al, sCoCrFeNi
CCA (d) 90V/30s EPT state. IPF for (e) SLM-Aly sCoCrFeNi CCA (f) 90V/30s EPT state. Recrystallization distribution maps of (g) SLM-Al, sCoCrFeNi CCA (h) 90V/30s

EPT state. KAM maps of (i) SLM-Aly sCoCrFeNi CCA (j) 90V/30s EPT state.

substructure decreases with increasing voltage. The tensile test results
show that under 10s EPT time, the yield strength increases with
increasing voltage. It reaches 672 + 12 MPa and 681 + 14 MPa under
30V/10s and 60V/10s EPT, respectively. And up to the highest 748 +
17 MPa under 90V/10s EPT, which is about 13.7 % higher than the
printed state. The yield strength of CCAs is usually determined by four
strengthening mechanisms, including grain boundary strengthening,
dislocation strengthening, solid solution strengthening, and precipita-
tion strengthening [59]. In fact, several samples processed in 10s show a
single FCC phase formation, and the grain size gradually increases under
the action of Joule heating. Obviously, dislocation strengthening is the
main reason for the increase in strength. It can be seen that the dislo-
cation structure rearranged under EPT, which is the main factor
affecting the mechanical properties of CCA. The reduction of dislocation
density and rearrangement of dislocation structures under the action of
electric pulses have been widely reported [60,61]. Xiang et al. found
that electron wind force can lead to a decrease in the dislocation
multiplication rate of Frank Read source under the action of high current
density [39]. The final dislocation density decreases and the dislocations
are generally arranged in parallel. However, in this study, it is found that
dislocations exhibit a close packing before parallel arrangement under

the action of lower current density.

A classic Frank-Read source models introduced in previous studies
can be employed to explain this point [39]. The electron wind force
applied to dislocation AB that is aligned with the drift electron direction.
As shown in Fig. 10b, when point A is pinned, dislocations develop from
line O to 4 under the different levels of electron wind forces. Finally,
dislocations parallel to the direction of drift electrons, like line 4, move
forward to the grain boundary or annihilate. When point A and B are
both pinned, dislocations form arcs such as line 0 to 3 under the different
levels of electron wind forces. Fig. 10c shows the actual dislocation
structures predicted by Fig. 10b, corresponding to the samples in this
study.

Theoretical considerations of the force exerted by drift electrons on
dislocations were given by Klimov et al. [42].
fed _ m*bVF

l

1
= gnm*va(ve —vy) = %e J (2)

where de is the force per unit length acting on the dislocation, v, is the
electron velocity, b is the Burgers vector, e is the electron charge, J is the
current density, n is the electron density, m* is the effective electron
mass, vr is the Fermi velocity, v4 is the dislocation velocity.
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In this consideration, the force due to the drift electrons is propor-
tional to the drift electron velocity v, (assuming that the dislocation is
temporarily held up at some obstacle, 13 = 0). Further, the drift electron
velocity v, is proportional to the current density, namely, the electron
wind force fer is proportional to the current density. Therefore, the
electronic wind force increases with increasing electrified voltage.
Under the action of electronic wind force, the original dislocation
network forms different levels of distortion. In the dislocation distortion
zone, some atoms leave their original equilibrium positions, resulting in
a stress field that increases the interaction between the dislocation
network and the moving dislocation, increasing the slip resistance of the
dislocation and thereby improving the strength of the material. The
substructure exhibits a finer morphology after dislocation network
squeezed by electronic wind force. At a processing time of 10 s, although
the grain size continuously increases under the Joule heating effect, the
yield strength continuously increases with increasing voltage. It can be
seen that changes in dislocation structure can strengthen SLM-
Alj 5CoCrFeNi CCA under lower energy level electrical pulse processing.

In addition, the microhardness results indicate that the hardness value of
90V/10s is the highest, which is also beneficial by the refinement of the
substructure. However, the continuous increased EPT time accumulated
more Joule heat, resulting in a decrease in dislocation density and
softening of the sample.

At 90V/20s and 90V/30s EPT states, the yield strengths of CCAs has
significantly decreased to 513 &+ 6 MPa and 425 + 9 MPa, respectively.
Typically, temperature rise cause vacancies to be filled or relocate,
thereby reducing dislocation density. However, the precipitation of hard
BCC phase and the continuous decomposition of dislocation network can
both alter the mechanical properties of the sample. The boundary of the
dislocation network can serve as the nucleation site for precipitates,
preferentially forming BCC phase. Under 90V/20s EPT, a large number
of precipitates are formed at the boundary of the dislocation network. In
previous studies [57], uniformly distributed hard and brittle precipitates
can hinder the movement of dislocations and significantly improve the
strength of CCA. Compared with SLMed CCA, the yield strength of CCA
under 90V/20s EPT decreased by 22.0 %, and the elongation after
fracture increased by 43.8 %. It can be seen that the continuous
decomposition of dislocation networks is the main reason for changing
the mechanical properties of the sample. At 90V/30s EPT, the micro-
structure is completely composed of recrystallized grains. As shown in
Fig. 6j, the dislocation density in the recrystallized structure is only 53.6
% of the printed state.

Let’s summarize the changes in microstructure during the recrys-
tallization. In the early stages of EPT processing, electronic wind force
dominates. Under the action of directional electronic wind force, the
dislocation network is pulled and deformed. And the dislocation
network pile-up and forms a dislocation wall. With the EPT processing
time increases, Joule heat accumulates to a certain extent, replacing
electronic wind power as the dominant force. The melting point of the
dislocation wall is relatively low, and the decomposition of dislocations
occurs first. The electronic wind force promotes the deflection and
motion of the dislocation network boundary, which also accelerates its
annihilation. Meanwhile, the BCC phase prioritize the precipitation of
dislocation network positions. Finally, the dislocation network is
completely decomposed, and the BCC phase aggregates and forms a
recrystallized structure. The strengthening of dislocations in the
recrystallized grains is significantly weakened, and the strengthening of
dislocation networks is eliminated.
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Fig. 9. Fracture surface of (a) SLMed, (b) 30V/10s, (c) 60V/10s, (d) 90V/10s, (e) 90V/20s, (f) 90V/30s.
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4.2. Recrystallization

Compared with the single thermal effect mechanism of traditional
heat treatment, EPT has a unique synchronous effect of thermal and non
thermal effects. Instantaneous high-energy input can significantly
enhance the atomic flux within CCAs, which is more conducive to
dislocation movement and grain boundary migration. In addition, the
electronic wind force caused by the instantaneous input of a large
number of high-speed moving electrons during the EPT process can also
accelerate dislocation movement and promote grain boundary migra-
tion. Thanks to the instantaneous input of a large number of high-energy
electrons, the unique electroplastic effect of high-energy pulse current
treatment can cause recrystallization of high entropy alloys in a short
period of time. As shown in Fig. 6a and b, most of the original columnar

grains have been replaced by coarsened equiaxed grains. Fig. 6g and h
indicate that the recovery grain area fractions of the SLM-Aly sCoCrFeNi
CCA and 90V /30s states are 33.9 % and 79.6 %, and the recrystallization
grain area fractions are 3.6 % and 17.9 %, respectively. These results
indicate that EPT promotes rapid recrystallization in a shorter period of
time. In addition, the EPT time is extremely short, and some recrystal-
lized grains do not have enough growth time.

Some studies have reported the mechanism of the effect of EPT on
recrystallization, mainly because the pulse current reduces the nucle-
ation potential barrier of recrystallization [33,62]. The variation of
nucleation barrier AG, can be represented by the following formula:

_ (2—01) »
AGe=Hes s o™ *V )
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u is the magnetic susceptibility, g is a positive geometric factor that
depends on the parent phase and the new phase nucleus. j is the current
density, Vis the volume of a nucleus. 67 and o, are electric conductivities
of the parent phase and the new phase. Among them, y, g, j and V are all
constants greater than zero. The nucleation of the new phase reduces
defects such as vacancies, resulting in a decrease in conductivity. With
07 > 02, and it results in AG, < 0. It can be seen that EPT reduces the
nucleation barrier of recrystallization, thereby accelerating the recrys-
tallization nucleation of SLM-Alj sCoCrFeNi. Moreover, EPT can achieve
recrystallization at lower temperatures. Under the action of pulse cur-
rent, the 90V30s sample was heated to 713.1 °C to obtain a recrystal-
lized structure similar to traditional heat treatment heating up to
1400 °C [57]. This has also been reported in relevant studies on other
materials [34].

From the above analysis, EPT can also promote the transition from
FCC phase to BCC phase by decreasing thermodynamic barriers. As re-
ported in the previous study, orcc > opcc, and it results in AGrec_pcc <
0 [63]. At the 90V/30s EPT state, BCC phase precipitates from grain
boundary position within 30 s (Fig. 6¢ and d).

In conclusion, EPT not only affects atomic diffusion flux through
thermal effects, but also plays an important role through non thermal
effects. Compared with conventional heat treatment, the non thermal
effect in the EPT process can cause some atoms with higher energy
deviating from the equilibrium position to migrate towards lower en-
ergy equilibrium positions. Under the coupling effect with thermal ef-
fect, it can promote the occurrence of recrystallization and phase
transition in a short period of time.

5. Conclusions

In this study, the effect of EPT on the SLM-Alj sCoCrFeNi CCA was
analyzed. The microstructure of samples with different EPT states were
characterized. The strengthening and softening mechanism were
revealed. The following conclusions can be drawn from this study:

(1) Dislocation network is a key factor that affects the strength and
microhardness of SLM-Alj sCoCrFeNi CCA.

(2) Electronic wind force can effectively alter the dislocation struc-
ture in SLM-Alp5CoCrFeNi CCA, thereby affecting its strength
and microhardness.

(3) EPT promotes recrystallization and the transition from FCC phase
to BCC phase in a short time by lowering the thermodynamic
barrier.

(4) EPT can control microstructure and mechanical properties by
adjusting parameters, and has broad application prospects in the
field of additive manufacturing CCAs post-processing.
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