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Experiments were conducted to reveal the refinement of the microstructure and the evolution of the hardness of
an additively manufactured (AM) CoCrFeNi multi-principal element alloy (MPEA) processed by severe plastic
deformation (SPD) using high pressure torsion (HPT) technique. AM was carried out by laser powder bed fusion
(L-PBF) technique at two different laser scan speeds. The as-built alloys for both laser scan speeds have a single-
phase face-centered cubic (fcc) structure with <110> fiber texture parallel to the building direction. X-ray line
profile analysis (XLPA) revealed that the dislocation density was considerably high even in the AM-processed
state before HPT (3 x 10** m~2) which increased by two orders of magnitude during HPT. The saturation of
the lattice defects (dislocation density and twin fault probability) as well as the crystallite size occurred at a shear
strain of about 10 during HPT. In both AM-processed alloys, <111> fiber texture developed parallel to the
normal of the HPT-processed disks. For both laser scan speeds, the initial grain size in the AM-processed samples
was refined from 70 to 90 pm to the nanocrystalline regime after 10 turns of HPT. Additionally, nanotwins
formed with a probability of about 3 %. The initial hardness of the AM-processed MPEA samples for both laser
scan speeds was 2700-2800 MPa, which is superior to that of CoCrFeNi produced by casting (about 1380 MPa).
This can be explained by the high dislocation density in the AM-processed specimens. The formation of nano-
structure with high lattice defect density during HPT resulted in a very high hardness value of about 5500 MPa in
the AM-processed CoCrFeNi MPEA samples for both laser scan speeds.

severe plastic deformation
microstructure
F. diffraction/scattering

resistance to wear [8,9], corrosion [10,11] and fatigue [12], good
thermal stability [13,14]. Potential applications of MPEAs include

1. Introduction

Multi-Principal Element Alloys (MPEAs), also known as Complex
Concentrated Alloys (CCAs), are a new class of materials composed of
three or more principal elements in equal or near-equal atomic pro-
portions [1,2]. If MPEAs contain at least five elements, the high
configuration entropy tends to stabilize a single solid-solution with
several kinds of crystal structures such as face-centered cubic (FCC),
body-centered cubic (BCC) and hexagonal close-packed (HCP) phases
[3]. This type of alloy has attracted widespread interest due to its
excellent performance such as the combination of high strength and
good ductility in a wide range of temperatures [4-7], excellent
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high-temperature turbine blades [15], molds and dies, hard coatings for
cutting tools [16], catalysts [17,18], bone scaffolds, plates [19] and
coatings for orthopedic implants [20].

MPEAs are typically produced by vacuum arc melting and powder
metallurgy [21-24]. Production by arc melting requires extensive
remelting and ingot inverting; furthermore, there are some disadvan-
tages such as composition segregation, defects and large inner stress
[25]. Powder metallurgy consists of several steps: powder production,
powder mixing and consolidation. After that, the fabricated sample is
subjected to various operations such as rolling, extrusion and annealing
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in order to achieve an improved microstructure [26]. Powders for sin-
tering can be produced by atomization and mechanical alloying. The
weakness of mechanical alloying is the possible contamination of the
powder from the grinding media. Consolidation is usually proceeded by
spark plasma sintering (SPS), other methods such as hot pressing (HP) or
hot isostatic pressing (HIP) can also be used. However, these methods
usually require higher temperatures and longer times compared to SPS,
so grain growth is not fully avoided [23]. Many constraints on shape and
scale need to be considered when using these techniques.

In contrast, additive manufacturing (AM) enables the production of
complex geometries with less consuming time [27-30]. AM route, also
known as 3D printing, is a technology in which the part is built up layer
by layer according to computer aided design (CAD) data [31,32]. A wide
range of materials, including metals, polymers, and ceramics, can be
used to produce components [33,34]. In addition, AM offers several
benefits, such as reduced material waste [27,31], rapid prototyping [28,
29], cost savings for small production runs [27,35], environmental
friendliness [36], and supply chain flexibility [37,38]. AM has a wide
range of applications across various industries, including aerospace
[39-41], medical [42-44], and automotive [45,46].

Among AM techniques, specified by ASTM 52900 guidelines [47],
the most frequently applied method for processing metals and alloys is
the powder bed fusion (PBF). This method utilizes a high-energy power
source, such as a laser or an electron beam, to selectively melt a metallic
powder bed [48]. In the first step of laser powder bed fusion (L-PBF), the
layer of metal powder is spread onto the building platform, then the
laser beam selectively melts the desired area. In the last step, the
building platform is lowered down and a new layer of powder is spread.
This process is repeated until the final part is formed. Due to the
complexity of the L-PBF process, there are many different processing
parameters, but the most important ones are the laser power, the layer
thickness, the laser scan velocity, the hatch distance (distance between
successive laser passes) and the scanning strategy (laser scanning
pattern on each layer) [49].

L-PBF process results in a microstructure that differs from its as-cast
counterparts. These differences arise from various factors, such as the
high cooling rate, the high temperature of the melt pool, the steep
temperature gradients, and thermal cycling during manufacturing.
During L-PBF processing, the material is epitaxially nucleated on the
underlying layer. Epitaxy refers to the oriented growth of one crystal on
the surface of another crystal. This process results in newly growing
cells/dendrites having the same crystallographic orientation as grains in
the substrate or previously solidified layers [50]. The solidification
mode is determined by the ratio of temperature gradient (G) to growth
rate (R), while their product determines the feature size (e.g., grain size)
of the as-received microstructures. The solidification microstructures
can be planar, cellular, columnar, or equiaxed dendritic with decreasing
G/R ratio values. The most widely observed microstructures are
columnar and equiaxed [51]. For instance, 316 L and Inconel 718 alloys
manufactured by selective laser melting (SLM) solidified in the
cellular-dendritic regime while in Ti-6Al-4V columnar microstructure
was observed [52-55]. Submicron cells of dislocations were also
observed in the post-solidification microstructure. Thermal stresses
generated by the cyclic expansion and contraction of different layers
during additive manufacturing stimulate the clustering of dislocation
cells, thus, providing an additional strengthening effect to the material
compared with those fabricated by traditional methods [56-58].

Rapid solidification and strong thermal gradients in the melt pool
result in a textured microstructure in the AM-processed materials. The
preferential growth direction for cubic structures is (100) direction since
the heat transfer from the growing crystal to the liquid phase in the melt
pool is the highest in this direction [33,49,59]. For instance, the com-
mon texture in Inconel 718 alloy is (100). On the other hand, it is
possible to change the texture by varying the laser scan speed. For
example, in Inconel 718 alloy a single-crystal-like microstructure with
(110) orientation in the building direction (BD) developed at the laser
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scan speeds of 1400 mm/s. When the laser speed decreased to 1000
mm/s, a second texture component with (100) orientation parallel to the
BD formed [60]. In SLM-processed 316 L steel, single component (100)
texture, two-component textures comprising of (110) and (100) orien-
tations, and a random texture were produced by varying the laser scan
speed [61].

The first research on the production of MPEAs by AM was conducted
in 2013 when a ZrTiVCrFeNi high entropy alloy (HEA) was successfully
produced using Laser Engineered Net Shaping (LENS) [62]. The pro-
cessing of MPEAs by AM has been studied extensively; for instance, an
equiatomic FeCoCrNi HEA was manufactured by SLM and it showed a
combination of high strength and good ductility [63]. It was also found
that an Aly.3CoCrFeNiCu HEA produced by SLM exhibited superior
mechanical properties compared to its as-cast counterpart [64]. Zhao
et al. fabricated a stepwise compositionally graded CoCrFeNiTiy (x =
0-0.6) HEA and revealed that a maximum of ~10 at.% Ti addition led to
a higher hardness [65]. An equiatomic CoCrFeNi HEA with B4C rein-
forcing particles was produced by the L-PBF technique and showed
much higher tensile yield and ultimate strength values (1250 MPa and
1421 MPa, respectively) compared to CoCrFeNi (625 MPa and 691 MPa,
respectively) at room temperature (RT) [66]. It should be noted that AM
techniques can also be used for producing combinatorial MPEAs in
which the concentration of one or more constituents varies in a single
sample [67]. The application of combinatorial samples can facilitate
finding the optimal composition of MPEAs for a desired performance.

The behavior of AM-processed MPEAs at very high strains (higher
than 100 %) can be tested using severe plastic deformation (SPD)
techniques [68]. These methods apply high hydrostatic stress to sup-
press cracking during deformation for refining microstructure, thereby
achieving extremely large strains without failure of the specimen.
Among the SPD methods, high pressure torsion (HPT) yields the highest
equivalent strain, ranging even up to 50,000 % [69-73]. The motivation
of this study is to reveal the significance of such severe straining leading
to severe microstructural refinement on the AM-processed CoCrFeNi
alloy. In order to achieve this goal, the microstructure and microhard-
ness of AM-processed CoCrFeNi MPEA with two different laser scan
speeds were investigated after different amounts of HPT straining.
Although the influence of SPD on the CoCrFeNi MPEA family (e.g., on
the CoCrFeNiMn Cantor alloy) has been extensively studied [74-78], the
SPD-induced changes on the AM-induced microstructure and mechani-
cal behavior have only been rarely investigated [79]. Electron back-
scatter diffraction (EBSD) and transmission electron microscopy (TEM)
were used to study the microstructure of the AM-processed samples
before and after HPT-processing, respectively. X-ray line profile analysis
(XLPA), which is a non-destructive and effective method, was used to
investigate the crystallite size and density of lattice defects (e.g. dislo-
cations and twin faults) in the as-built and the HPT-processed samples.
In addition, the change in hardness and crystallographic texture during
HPT was monitored. The microstructure and hardness of the
AM-processed alloy were also compared with an as-cast counterpart.

2. Materials and methods
2.1. AM processing of CoCrFeNi MPEA

Bulk specimens were manufactured from a CosCrasFeasNigs powder
with a mean particle size of 37 + 17 pm. The AM-processing of the bulk
samples was conducted by L-PBF using a TruPrint 1000 3D printer
(manufacturer: TRUMPF, Ditzingen, Germany). During the printing
procedure, the Chess X-Y scan strategy was applied, i.e., the as-printed
sample contained a chessboard structure. This means that square pat-
terns with sides of 4 mm were reprinted by 90°-rotated printing di-
rections and each consecutive layer shifts the pattern by 2.7577 and
3.2527 mm along the X- and Y-axis, respectively. Samples were printed
at two laser scan speeds: 500 and 700 mm/s denoted as LS1 and LS2,
respectively, with the same laser power of 150 W. The laser spot
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diameter and the layer thickness were 55 pm and 20 pm, respectively.
The value of hatch spacing was set as 80 pm. The printing process was
performed in an Ar atmosphere with a gas flow velocity of 2.5 m/s. The
oxygen concentration in the 3D printing device was less than 0.3 at.%.

2.2. HPT processing of the 3D-printed CoCrFeNi MPEA

The as-built samples were printed in the form of bars with a length of
65 mm and a diameter of 12 mm, and cut into disks with a cross-section
diameter of 10 mm and thickness of ~0.85 mm. Processing by HPT was
conducted by utilizing a conventional HPT facility with a quasi-
constrained set-up [80]. The surface of the HPT disks was perpendic-
ular to the AM building direction. The processing was operated at RT
under 6.0 GPa at the rotational speed of 1 rpm for 5, 1, 5 and 10 turns.
The thickness of the disks was about 0.7 mm after HPT for all numbers of
turns.

2.3. Microstructure study performed by electron microscopy

The AM-processed samples were examined by electron backscatter
diffraction (EBSD) using a JEOL IT700HR-LA field emission scanning
electron microscope (SEM) equipped with an Oxford Symmetry S3 EBSD
detector. This study was performed on the plane lying perpendicular to
the building direction. The accelerating voltage of the electron beam and
the step size were 20 kV and 0.5 pm, respectively. The measured data
was evaluated using Oxford AztecCrystal software and the datasets were
filtered by routine cleaning process (wild spike and iterative zero solu-
tion process) in the AztecCrystal software. The grain size was deter-
mined by considering high-angle grain boundaries (misorientation angle
greater than 15°) and areas of at least 10 pixels on the evaluated inverse
pole Fig. s (IPF). Energy dispersive X-ray spectroscopy (EDS) was used to
determine the chemical composition of the specimens. The surfaces of
the samples for the SEM study were first mechanically polished with
1200, 2500 and 4000 grit SiC abrasive papers, and then the polishing
was continued with a colloidal alumina suspension with a particle size of
1 pm and then 0.5 pm. In the final step of mechanical polishing, the
samples were polished with a colloidal silica suspension (OP-S) with a
particle size of 40 nm. Finally, the surfaces were electropolished at 25 V
and 1 A with Struers A3 electrolyte.

The microstructure of the samples HPT-processed up to the highest
number of turns (10) at the disk edge was investigated by transmission
electron microscopy (TEM). Thin sections were cut at about 1 mm dis-
tance from the disk edge, perpendicular to the radius and the circular
surface of the disk by a dual beam FIB/SEM instrument Scios II
(manufacturer: Thermo Fisher Scientific, Waltham, MA, USA) using a
focused Ga™ beam. For cutting and polishing 30 kV and 5 kV acceler-
ating voltages were used respectively. After the FIB process, a Technoorg
Linda LEGtoSEM prototype instrument (similar to Technoorg’s Gentle-
Mill in cleaning effect) was used to clean the sample surface with a broad
Ar" ion beam with accelerating voltages of 500 V and 300 V. This
process results in a very clean surface enabling imaging of fine details in
very thin parts of the sample such as nano-twin lamellae inside grains of
about 50 nm size. A sample thickness less than the grain size is achieved
on a limited area using a wedge shape section to avoid overlapping of
different grains for optimum imaging. This rather small thickness im-
plies the constraint for practically zero damaged surface layer (with a
thickness less than 1-2 nm), which is reached by low energy Ar" ion
milling. The cleaned thin sections were studied by a Themis 200 kV
image-corrected transmission electron microscope with a nominal point
resolution of 80 p.m. (manufacturer: Thermo Fisher Scientific, Waltham,
MA, USA). Images showing nano-twin lamellae were recorded in high-
resolution TEM (HRTEM) mode (without any objective aperture),
while the search for these objects was done in bright field (BF) mode.
Twin boundaries were imaged inside the grains which had their <110>
type directions nearly parallel with the electron beam. In this orienta-
tion, the (111) plane of the twin boundary and the intersecting {111}
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planes can be resolved to clearly prove the presence of twin boundary.
During imaging no structural changes were observed in the samples due
to beam damage or heating, i.e., the specimens were stable under the
electron beam even at high magnifications with concentrated illumi-
nation. The grain sizes were determined from dark-field (DF) images
since in these pictures the orientation differences can be seen better than
in the BF micrographs.

2.4. Phase and texture analysis by X-ray diffraction

The phase composition of the AM-processed and the HPT-deformed
CoCrFeNi samples was studied by XRD using a Smartlab powder
diffractometer (manufacturer: Rigaku, Tokyo, Japan) with Bragg—-
Brentano geometry and a D/Tex Ultra 250 one dimensional detector.
The diffractograms were measured on the surface lying perpendicular to
the AM building direction using CuKa X-ray radiation with a wavelength
of A = 0.15418 nm in the 20 range between 40 and 120°. The step size in
26 was 0.01°. The diffractograms were evaluated with the PDXL2 pro-
gram (manufacturer: Rigaku, Tokyo, Japan) using the ICDD-2018
database. The average lattice constant was determined from the
diffraction peak positions using the Nelson-Riley method [81]. The
crystallographic texture was measured by the same XRD machine. The
texture was characterized by < 111>, <200> and <220> pole Fig. s
(PFs) measured with parallel-beam optics. 3D-Explore software
(manufacturer: Rigaku, Tokyo, Japan) was utilized to plot PFs. The
sample surface before XRD experiments was prepared in the same way
as for the EBSD study.

2.5. Characterization of the microstructure by XLPA

XLPA was applied to characterize the microstructure of the AM-
processed samples and the HPT-deformed disks at the center and the
edge. The surface preparation was the same as for the EBSD study
(described in section 2.3). This analysis was carried out on diffracto-
grams measured by high resolution diffractometer operating at 30 kV
and 25 mA with CoKa; radiation (wavelength: A = 0.1789 nm) with a
single crystal Ge monochromator. The spot size of the parallel X-ray
beam on the surface of the samples was 0.2 x 2 mm?. The scattered X-
ray radiation was detected by two-dimensional imaging plates. The in-
tensity at a given scattering angle (20) was obtained by integrating the
signal along the corresponding Debye-Sherrer ring. The 26 range be-
tween 40° and 120° with a step size of 0.014° was measured and eval-
uated. The X-ray diffraction peak profiles were evaluated by the
Convolutional Multiple Whole Profile (CMWP) fitting method [82]. In
this procedure, all measured diffraction peaks were fitted by the sum of a
background spline and the convolution of theoretical microstructural
profiles related to crystallite size, dislocation density and twin faults. In
the CMWP fitting method, the crystallites are modelled by spheres with
log-normal size distribution. The CMWP analysis provides the median
(m) and the lognormal variance (6?) of the crystallite size distribution,
the dislocation density and the twin fault probability. The twin fault
probability for fcc materials gives the fraction of {111} planes con-
taining twin faults in percentage [83]. The area-weighted mean crys-
tallite size was determined from m and ¢° as <X>area = m-exp (2.5 ).

2.6. Determination of the porosity

The porosity in the AM-processed samples and the disks deformed for
the highest number of turns (N = 10) was determined from the density
measured with a pycnometer using distilled water. For obtaining the
relative density, the measured density was divided with the theoretical
density of the Coys5CrasFegsNigs alloy which was calculated from the
atomic mass values of the constituent elements and unit cell volume. The
latter one was obtained from the lattice constant determined by X-ray
diffraction (XRD). Thus, the following value of the theoretical density
was used in the calculation of the relative density: 8.1804 g/cm®.
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2.7. Hardness test

The hardness of the as-built and the HPT-processed samples was
inspected using a Zwick Roell ZHy indenter (manufacturer: ZwickRoell
LP, Kennesaw, GA, USA) with an applied load of 500 g and a dwell time
of 10 s. The spacing between the neighboring indents was 0.5 mm. The
experiments were performed at RT. The as-built samples were indented
ten times and then the mean of the hardness values was calculated. For
the HPT-processed samples, the hardness was determined along the di-
ameters of the disks.

3. Results

3.1. Microstructure and crystallographic texture of the AM-processed
samples

Fig. 1 shows the XRD patterns of the as-built LS1 and LS2 samples.
The XRD experiments revealed that both specimens have a full face-
centered cubic (fcc) structure with a lattice parameter of 0.3577 +
0.0002 nm. In addition, the high relative intensity of reflection 220 in
the as-built LS1 sample indicates the development of a strong crystal-
lographic texture. Therefore, <111>, <200> and <220> PFs were
measured by XRD which are shown in Fig. 2. The pole Fig. s confirm
<110> fiber texture for the as-built LS1 sample while the as-built LS2
sample has a less pronounced texture.

Table 1 lists the concentrations of the four elements in the as-built
LS1, and LS2 samples as determined by SEM-EDS analysis. The results
do not reveal any considerable difference between the chemical
composition of the specimens AM-processed at two different laser scan
speeds. For both samples, the composition is nearly equimolar, however,
the atomic concentration of Cr is slightly below 25 % while for the other
three constituents it is somewhat above that.

The EBSD images in Fig. 3a—c show the hierarchical microstructure
of the as-built CoCrFeNi alloy for both LS1 and LS2 samples. The grain
boundaries are indicated by black lines in the IPF maps. It is evident that
the grains consist of columnar and equiaxed subgrains. The Kernel
Average Misorientation (KAM) maps reveal highly distorted parts of the
microstructure, which are related to low angle grain boundaries and
represented by green color in Fig. 2b and d. The as-built LS1 and LS2
samples have an area-weighted mean grain size of 92 pm and 66 pm,
respectively.

The crystallite size, the dislocation density and the twin fault prob-
ability in the as-built LS1 and LS2 samples as well as after HPT were
determined by XLPA. As an example, the CMWP fitting on the XRD
pattern taken at the edge of the disk processed by HPT for 5 turns is
shown in Fig. 4. The small values of the difference between the
measured and calculated diffractograms indicate a good quality of
fitting. No significant difference between the microstructural
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parameters of the as-built samples LS1 and LS2 processed by the two
laser scan speeds: the crystallite size and the dislocation density were
around 300 nm and 3 x 10** m~2, respectively, for both specimens. The
twin fault probability was below the detection limit (0.1 %), i.e., the
average twin fault spacing was at least 200 nm.

3.2. Microstructure evolution during HPT processing

The evolution of the crystallite size, dislocation density and twin
fault probability of additively manufactured CoCrFeNi MPEA samples
under different processing stages as a function of the nominal shear
strain imposed during HPT is shown in Figs. 5-7, respectively. The value
of y was obtained as y = 2xrN/h, where r is the distance from the disk
center, N is the number of turns and h is the thickness of the disk [83].
Due to the extended height of the beam (2 mm, see section 2.5), the XRD
pattern taken in the center corresponds to the distance from the center of
r = 0.5 mm. Regarding the XLPA study at the disk edge, due to the
extended X-ray beam size the diffractogram was taken at a distance of 1
mm from the periphery, i.e., at r = 4 mm. In this study the lowest and the
highest shear strain values were 2.2 and 360, respectively. These values
are characteristic at the disk center for % turn and edge for 10 turns.

The crystallite size decreased while the dislocation density and twin
fault probability increased with increasing the shear strain for both
samples LS1 and LS2 as shown in Figs. 5-7. The crystallite sizes of
samples LS1 and LS2 were saturated with a consistent value of ~40 nm
at the shear strain of about 20 as shown in Fig. 5a and b. The different
laser scan speeds had no considerable effect on the saturation values of
the crystallite size. Regarding the dislocation density, the saturation
value of ~300 x 10'* m~2 was achieved at the same shear strain of
about y = 20 for both samples LS1 and LS2. It should be noted, however,
that the dislocation density increased slightly faster for sample LS2 at
the shear strains lower than ~20 and saturated with a slightly higher
value compared to specimen LS1 as indicated in the insets of Fig. 6a and
b.

Fig. 7 shows that the twin fault probability for sample LS1 was
saturated with the value of about 2.5 % at the shear strain of ~40 while
for specimen LS2 the saturation occurred earlier (at y = 20) with a
slightly higher value of about 3 %. The slight difference between the
evolution of the dislocation density and the twin fault probability for
specimens LS1 and LS2 is discussed in section 4.

Fig. 8 shows BF and DF TEM images for the edge parts of the disks
LS1 and LS2 processed by 10 turns of HPT. The grains in both samples
are elongated. The grain length of specimens LS1 and LS2 is about
50-300 nm while the thickness ranges from about 10 to 50 nm. It can be
seen that the grains in the DF-TEM images consist of subgrains with an
average size of about 40 nm for both samples LS1 and LS2 which agrees
well with the saturation crystallite size obtained by XLPA.

The significance of twinning in the HPT-processed CoCrFeNi alloy
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Fig. 1. XRD patterns taken on the as-built LS1 (a) and LS2 (b) CoCrFeNi samples.
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Fig. 2. <111>, <200> and <220> XRD pole Fig. s obtained on the as-built LS1 and LS2 CoCrFeNi samples. The intensity in all pole Fig. s varies between zero and

one due to normalization of the X-ray signal.

Table 1
Concentration of elements in the AM-processed LS1 and LS2 CoCrFeNi samples,
and an as-cast specimen as measured by SEM-EDS.

Sample Co [at.%] Cr [at.%)] Fe [at.%] Ni [at.%]

AM-processed, LS1 251 +0.1 241 +0.1 254 +0.1 254 +0.1
AM-processed, LS2 25.4 £0.1 23.7 £0.1 25.3 £0.1 25.6 +£0.1
As-cast 24.7 £0.1 25.4+£0.1 249 +0.1 25.0 £0.1

observed by XLPA is also confirmed by the HRTEM images in Fig. 9
taken at the periphery of the disks LS1 and LS2 after 10 turns of HPT.
The twin lamella thickness varies between 1 and 7 nm which is in
coincidence with the average twin fault spacing calculated from the twin
fault probability determined by XLPA. Namely, at the edge of the HPT
disks processed for 10 turns the saturation twin fault probability value
was found to be about 3 % which corresponds to an average twin fault
spacing of ~7 nm calculated as 100-dy11/, where dj11 is the spacing
between the {111} planes and f is the twin fault probability [83]. It is
important to highlight that the TEM images were obtained from orders
of magnitude smaller volume than the region probed by XLPA; there-
fore, the statistics of the microstructural parameters determined by
XLPA are much more accurate than the ones obtained by TEM/HRTEM,
and a slight deviation between the average twin fault spacing values
obtained by the two methods can be acceptable.

Fig. 10 shows the XRD pole Fig. s obtained after 10 turns of HPT for
the as-built LS1 and LS2 samples. It is evident that during HPT defor-
mation the <110> texture in the AM-processed specimens changed to a
<111> fiber texture.

The density measurements with a pycnometer revealed that the AM-
processed specimens had a porosity of 2.5 + 0.3 % irrespective of the
applied laser scan speed, and the pore volume fraction decreased to 1.8
+ 0.2 % after 10 turns of HPT. In theory, HPT-processing may either
increase or decrease the porosity. In the former case, the very high
plastic strain imposed by HPT produces a large amount of vacancies and
their annihilation is hindered by the applied large hydrostatic pressure.
Therefore, a very high vacancy concentration is formed during HPT-
processing [70]. A fraction of these vacancies annihilates when the

pressure is released after completing HPT [84]. On the other hand, the
remaining excess vacancies may agglomerate and form pores. It has
been shown that the increase of porosity in metallic materials processed
by HPT at RT is less than 0.1 vol% [85]. For AM-processed samples, the
large strain and the hydrostatic pressure applied during HPT may cause
the opposite effect, i.e., the close of the pores formed during 3D printing
[86]. For instance, in 316 L stainless steel processed by laser powder bed
fusion, the initial porosity of the 3D-printed samples decreased by one
order of magnitude from about 0.6 vol% to 0.06 vol% even after % turn
of HPT [86]. In the present case, such a large change in the porosity was
not observed. Nevertheless, the reduction of the porosity during 10 turns
of HPT suggests that the close of the pre-existing pores overwhelmed the
pore formation due to the agglomeration of excess vacancies during
HPT-processing of the 3D-printed CoCrFeNi MPEA samples.

3.3. Hardness evolution in the HPT-processed disks

Fig. 11 illustrates the variation of the hardness as a function of the
distance from the disk center for the LS1 and LS2 CoCrFeNi samples after
the different numbers of HPT turns. The hardness of the as-built LS1 and
LS2 specimens was approximately 2760 + 100 and 2680 + 100 MPa,
respectively, i.e., a considerable effect of the laser scan speed on the
hardness was not observed. After ' turn, the hardness of the LS1 sample
increased to ~3500 MPa in the center and to 4600-4900 MPa at the disk
edge. Regarding the LS2 sample, the hardness in the center was about
4100 MPa, while at the periphery the value increased to 5200-5600
MPa. This suggests that at the beginning of HPT deformation, sample
LS2 hardens faster than specimen LS1. Further increase of the number of
HPT turns to one yielded a hardness of ~4700 MPa in the disk center,
while at the edge the hardness values in the range of 5400-5700 MPa
were observed for both LS1 and LS2 samples. Further increase of the
number of HPT turns to 5 and 10 did not yield additional enhancement
of the hardness, i.e., the saturation was achieved even after 1 turn. On
the other hand, in the disk center the hardness increased from ~4700
MPa to about 5100-5400 MPa when the number of turns changed from
one to five. Between 5 and 10 turns, significant evolution in the hardness
was not observed for both samples LS1 and LS2.
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Fig. 3. EBSD images obtained on the as-built CoCrFeNi specimens, (a, b) — maps for the as-built LS1 sample, (c, d) — maps for the as-built LS2 sample, (a, c) — IPF

maps, (b, d) - KAM maps.
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Fig. 4. CMWP fitting on the XRD pattern taken at the edge of the disk processed
by HPT for 5 turns. The open circles and the red solid line represent the
measured and the fitted XRD patterns, respectively, while the blue line at the
bottom of the Fig. indicates the difference between them.

The benefit of utilizing the Vickers microhardness tests is the reali-
zation of the hardness inhomogeneity within a sample when the
straining by HPT is not high enough, such as ', and 1 turn. Each
indentation location indicates a different amount of shear strain intro-
duced by HPT, which enables the relationship between hardness evo-
lution and the introduced shear strain by HPT in the AM-processed

CoCrFeNi samples. Accordingly, Fig. 12 shows the hardness as a function
of nominal shear stain for samples LS1 and LS2 processed by different
numbers of HPT turns. A significant increase in hardness was observed
up to the shear strain of about 25 and 12 for the specimens LS1 and LS2,
and then the hardness saturated on the level of ~5700 MPa for both
laser scan speeds. The slower increase of hardness for sample LS1 is in
accordance with the slightly lower dislocation density and twin fault
probability in this specimen compared to material LS2 at the same
strains. It should be noted, however, that the saturation of the hardness
occurred at lower shear strain values (~25 and ~12 for the specimens
LS1 and LS2) than the saturation of the twin fault probability (~40 and
~20 for the samples LS1 and LS2), although twin faults are effective
obstacles against dislocation glide. This apparent contradiction can be
understood if we take into account that hardness testing causes an
additional deformation with the equivalent strain of about 8 % [87].
This value corresponds to the shear strain of ~14 % which can explain
the difference between the shear strain limits of the saturation of
hardness and twin fault probability.

4. Discussion

XLPA method indicated a significant dislocation density of about 3 x
10 m~2 in both as-built CoCrFeNi alloy samples, irrespective of the
laser scan speed. These grown-in dislocations formed during AM pro-
cessing in order to reduce the mismatch stresses between the grains
developed under the laser beam. In addition, the local misfit stresses
caused by the large temperature gradients developed during laser
scanning (it can be as high as 10 °C/um) might also yield the formation
of dislocations [56]. These grown-in dislocations may cause
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fragmentation of the grains if they are arranged into dense configura-
tions (e.g., low angle grain boundaries). Indeed, Fig. 3 indicates that in
the as-built samples the grains are fragmented into subgrains and in the
subgrain boundaries there is a considerable lattice distortion as sug-
gested by the high KAM values. These regions with high KAM may
contain a high density of dislocations. If we inspect an as-cast CoCrFeNi
alloy by EBSD, only low KAM values are detected as shown in Fig. 13.

Considerable KAM was observed only at the scratches formed due to
mechanical polishing and the pits developed during additional electro-
polishing (compare the KAM and image quality maps shown in Fig. 13b
and c, respectively). In accordance with the low KAM values, in the
as-cast CoCrFeNi sample the dislocation density was below the detection
limit of XLPA (about 10*® m—2) [74], i.e., in the AM-processed speci-
mens the dislocation density was at least one order of magnitude larger
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Fig. 8. Bright- (a, ¢) and dark-field (b, d) TEM images obtained on the edges of
LS1 and LS2 CoCrFeNi disks processed for 10 turns.
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Fig. 9. HRTEM images showing twins at the edge of the LS1 and LS2 CoCrFeNi
disks processed by 10 turns of HPT.

than in the as-cast counterpart. On the other hand, the grain size was
similar in the as-cast and 3D-printed samples (about 90 pm). It should be
noted, however, that the grains in the as-cast CoCrFeNi alloy were not
fragmented into subgrains in accordance with the low KAM values; only
some thick twin lamellas can be seen inside the grains in Fig. 13a. Due to
the much lower dislocation density, the hardness of the as-cast specimen
(1380 + 100 MPa) was much smaller than that for the 3D-printed
CoCrFeNi alloys (2700-2800 MPa). The microstructural parameters
and the hardness of the AM-processed LS1 and LS2 samples and the
as-cast counterpart [74] are compared in Fig. 14. It should be empha-
sized that the difference in the microstructure and hardness of the
as-cast and 3D-printed specimens can be attributed only to the different
processing routes since the chemical compositions of the two CoCrFeNi
alloys were practically the same as shown in Table 1. Only the Cr content
was slightly (with 1 at.%) lower in the AM-processed samples as
compared to the as-cast counterpart.

Figs. 6 and 7 revealed that the laser scan speed has only a slight effect
on the evolution of the microstructure during HPT-processing of the AM-
processed CoCrFeNi alloy. Namely, the quantities describing the defect
densities (dislocation density and twin fault probability) increased at a
lower rate at the beginning of HPT deformation (at strains smaller than
~20) for sample LS1 than for specimen LS2. This difference can be

Intermetallics 170 (2024) 108336

attributed to the different crystallographic textures in the two samples.
For disk LS1, a strong <110> fiber texture was detected which means
that the <110> direction was perpendicular to the HPT disk surface.
Therefore, two {111} dislocation glide planes from the four ones were
lying perpendicular to the shear direction during HPT; therefore, the
Schmid factors of the slip systems related to these two planes were
practically zero, i.e., dislocation glide occurred only in the other two
{111} planes at the beginning of HPT. On the other hand, for sample LS2
such a strong texture was not observed, thus the slip systems in all four
{111} planes were activated. As a result, the increase of the dislocation
density was faster in sample LS2 for low strains. Since deformation
twinning usually occurs at the obstacles against dislocation glide (e.g., at
the Lomer-Cottrell locks formed at the intersections of the {111} slip
planes), the activation of more slip systems in specimen LS2 could result
in a faster increase of the twin fault probability at low strains. The effect
of the <110> texture on the microstructure evolution in 316 L austenite
stainless steel during HPT was also discussed in Ref. [87]. In the course
of HPT, in both types of samples the texture changed to <111>, i.e., the
texture effect diminished and only a very slight difference in the satu-
ration values of the microstructural parameters was observed.

HPT-processing of both as-built CoCrFeNi MPEA samples yielded a
saturation of the crystallite size and the dislocation density with values
of about 40 nm and (270-300) x 10'* m’z, respectively. Similar values
were achieved for different MPEAs when HPT-processing was performed
on as-cast samples [67], i.e., a pronounced effect of 3D-printing on the
saturation microstructure achieved by HPT at RT was not observed. It
seems that the very strong deformation during HPT blurs the differences
in the initial microstructures obtained by essentially different processing
methods such as casting and AM. The considerable twinning observed in
the present AM-processed CoCrFeNi samples was caused mainly by the
low stacking fault energy (SFE) of this composition (20-30 mJ/m? [88D).
It should be noted that the HPT-induced saturation value of the twin
fault probability observed for the present 3D-printed CoCrFeNi alloy (3
%) was similar to the values obtained for different HPT-processed as-cast
MPEAs with low SFEs [67]. It is also worth noting that 3D-printed
conventional fcc materials can have similarly high defect densities as
observed in MPEA compositions. Namely, recently published studies
revealed that in a conventional AM-processed fcc 316 L stainless steel
the dislocation density and the twin fault probability were similar or
even higher than those obtained for the present CoCrFeNi MPEA either
before or after HPT [87,89]. In this effect, the similarly low SFE value
(about 20 mJ/m?) of the two alloys has a significant role, since SFE
strongly influences the degree of dislocation dissociation into partials
and the probability of deformation twinning, which determines the
maximum dislocation density and twin fault probability achievable
during HPT [70]. As a result of the comparable microstructural pa-
rameters, the hardness values of the fcc CoCrFeNi and the 316 L steel
samples were very close both before (2500-3000 MPa) and after
(5700-6000 MPa) HPT [87,89]. Due to this similarity in the micro-
structure and hardness, CoCrFeNi MPEA can be an alternative to com-
mercial 316 L steel among the AM-processed materials.

5. Conclusions

Experiments were conducted on CoCrFeNi alloy samples manufac-
tured by AM in order to reveal the microstructure evolution during
nanostructuring due to SPD. SPD was carried out by HPT at RT up to 10
turns on two different materials 3D-printed at the laser scan speeds of
500 and 700 mm/s (denoted as LS1 and LS2, respectively). The evolu-
tion of the defect densities and the crystallite size as well as the hardness
were monitored as a function of the imposed shear strain. The following
conclusions were drawn from the results:

1. AM-processing at two different laser scan speeds resulted in similar
grain sizes (70-90 pm) and dislocation densities (3 x 10"*m~2). On
the other hand, the texture was significantly different: for the lower
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Fig. 13. IPF (a), KAM (b) and image quality (c) maps for an as-cast CoCrFeNi alloy. In the IPF map, the twin boundaries are indicated by black lines.

4.0 e 120
- 35 AM-processed, LS1
E : ] AM-processed, LS2 | 100
- ot
> L —_—
2 5l ?Jf 80 =
58 =
©0 20 60 S
£y 2
T O . A
§s 195 T
25 o
ax 1.04
-2
0.5 L
0.0 /) 0
Grain Dislocation Hardness
size density

Fig. 14. The grain size, the dislocation density and the hardness for the AM-
processed and the as-cast CoCrFeNi alloys [74] before HPT deformation.

laser speed a sharp <110> fiber texture developed which was less
pronounced for the higher laser scan speeds. The considerable
dislocation density is most probably formed due to the mismatch
stresses between the grains developed under the laser beam and the
thermal stresses caused by the large temperature gradients. The
dislocation density in the AM-processed CoCrFeNi samples was at
least two orders of magnitude higher than in the as-cast counterpart.
As a result, the hardness of the 3D-printed specimens (about 2700
MPa) was much higher than that of the as-cast sample (~1380 MPa).

2. The different textures in samples LS1 and LS2 resulted in a slight
difference in the evolution of the defect densities for low strains of
HPT. Namely, the increase of the dislocation density and the twin
fault probability was faster in specimen LS2 due to the higher
number of activated slip systems. This effect was also observed in the
hardness evolution. On the other hand, with increasing the strain the
texture changed to <111> for both laser speeds; therefore, the
saturation values of the microstructural parameters and the hardness
were only slightly different. The minimum crystallite size, the
maximum dislocation density and twin fault probability were about
40 nm, 300 x 10'*m~2 and 2.5-3%, respectively, while the hardness
saturated with the value of ~5700 MPa for both laser scan speeds.
Simultaneously, elongated grains with the length and thickness of
50-300 and 10-50 nm, respectively, developed as revealed by TEM.
The grains were fragmented into subgrains with a size very similar to
the crystallite size obtained by the XLPA method.

3. The very large differences in the initial microstructures of the sam-
ples manufactured by different processing routes (e.g., AM, casting

10
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etc.) were blurred by the very strong deformation of HPT-processing,
yielding similar nanostructures and hardness values in casted and
3D-printed materials after HPT.
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