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Abstract:

The equiatomic CrMnFeCoNi high entropy alloy is additively manufactured by the
laser engineered net shaping (LENS™) process, and the solidification conditions,
phase formation, as-deposited microstructures, and tensile behavior are investigated.
The LENS™-deposited CrMnFeCoNi alloy exhibits a single-phase disordered face
centered cubic (FCC) structure, as evidenced by X-ray diffraction (XRD), and
rationalized by Scheil’s solidification simulation. Furthermore, microstructures at
multiple length scales, i.e. columnar grains, solidification substructures, and
dislocation substructures, are formed. The tensile deformation process is mainly
accommodated by dislocation activities with the assistance of deformation twinning.
The tensile yield strength of the LENS™-deposited CrMnFeCoNi alloy is comparable
to that of finer-grained wrought-annealed counterparts, due to the additional
initial-dislocation strengthening. However, the uniform tensile elongation, by contrast,

is lowered, which is attributed to the increased dynamic dislocation recovery rate and



hence the weakened work hardening capability of the LENS™™-deposited
CrMnFeCoNi. This study demonstrates the capability of the LENS™ process for
manufacturing the CrMnFeCoNi alloy, with high performance, for engineering

applications.

Keywords: Additive manufacturing; CrMnFeCoNi high entropy alloy; Multi-scale
as-deposited microstructure; Strengthening mechanism; Dislocation strengthening;

Ductility

1. Introduction

Conventional alloys contain one dominant element as the base metal, such as Fe
in steels, with minor addition of alloying elements to tune the microstructures and
properties. This traditional alloy design philosophy has been challenged since high

entropy alloys (HEAs) were introduced in 2004, comprising multi-principal elements

with each at a concentration of 5~35 at.% [1, 2]. This new alloy design strategy

vastly expands the range of possible alloy systems, and therefore increase the
possibilities for discovering improved properties such as high strength [3-5] and
excellent fatigue performance [6, 7]. Among a vast variety of possible alloy systems,
the equiatomic CrMnFeCoNi alloy has received more attention due to its excellent
ductility and extraordinary damage tolerance, especially at cryogenic temperatures
[8-10]. For instance, its fracture toughness value, at liquid-nitrogen temperature,
exceeds 200 MPa-m'?, that is superior to most metal alloys [10].

To date, however, the majority of CrMnFeCoNi alloys are manufactured by
casting processes and are therefore dominated by coarse-grained (CG, up to hundreds

of micrometers) microstructures that produce low yield stress [11]. To achieve



fine-grained (FG, 500 nm to a dozen or so micrometers) microstructures, complex
cold forging and/or rolling and subsequent annealing processes are normally needed
[8, 10]. Some severe plastic deformation (SPD) techniques (e.g. high pressure torsion,
HPT) and mechanical alloying have even been used to prepare the bulk CrMnFeCoNi
alloys with ultrafine-grained (UFG, < 500 nm) or even nanocrystalline (NC, < 100 nm)
microstructures [12-15]. The UFG/NC CrMnFeCoNi alloys are strengthened
effectively, possibly due to the nanoscale and interfacial effects, but the uniform
tensile ductility decreases dramatically below a few per cent, or even approaching
zero [14, 15]. Details of the nanoscale and interfacial effects have been discussed in
[16]. The reduced ductility can be attributed to the weakened capacity for sustainable
work hardening, and thus the early formation of necking that terminates the uniform
plastic deformation [16-18]. Overall, a good combination of the tensile yield strength
and useful uniform elongation is currently achieved in the FG regime. However,
conventional metallurgical routes (e.g. cold-deformation and subsequent annealing)
enabling the achievement of FG microstructures are relatively complex. Furthermore,
only simple geometries can be achieved, and normally post machining is required. All
these disadvantages are intrinsic to these conventional routes, and it is therefore
difficult or even impossible to avoid.

Additive manufacturing (AM) increases the design and manufacturing
flexibilities and therefore has great potential for applications in the metal
manufacturing industry. Components with complex geometries can be
near-net-shaped by the AM process and no post machining is required. Furthermore,
dies are not needed for the AM process. In addition to the above-mentioned
advantages, the AM process has the potential to achieve uniquely fine as-solidified

microstructures due to the rapid cooling effects [19-21]. This enables the AM process



to manufacture complex shaped components and prepare FG microstructures in a
single-step, which are not accessible in conventional metallurgical processes.
Selective laser melting (SLM), a very popular laser powder-bed-fusion (PBF) AM
process, has been used to print the CrMnFeCoNi alloy, with a good combination of
strength and ductility [22-24]. The laser powder-blown AM process has also been
employed to manufacture the CrMnFeCoNi alloys. Some of the powder-blown
AM-ed CrMnFeCoNi alloys are not strong enough [11, 25, 26], maybe due to the
inappropriate processing parameters and thus the coarse microstructures. Recently, a
good combination of strength and ductility has been also achieved in the
powder-blown AM-ed CrMnFeCoNi alloys [27, 28]. However, a more systematic
investigation is needed to better understand the solidification conditions,
microstructural formation and tensile behavior of the AM-ed CrMnFeCoNi alloy.

In this study, the CrMnFeCoNi alloy is additively manufactured by the laser

engineered net shaping (LENS™

) process, that also adopts the powder feeding
mechanism. The solidification conditions, phase formation, as-deposited
microstructures, and tensile behavior of the LENS™-deposited CrMnFeCoNi alloy
are investigated, and its tensile properties are compared with various CrMnFeCoNi
alloys processed by conventional and alternative AM processes. The strengthening

mechanisms and the origin of reduced ductility, as compared with the

wrought-annealed counterparts, are discussed.

2. Experimental procedure

2.1. Specimen fabrication by the LENS™ process

The CrMnFeCoNi specimen was manufactured on the LENS™ MR-7 system,

which is schematically shown in Fig. 1 (a). The CrMnFeCoNi prealloyed powders



with equiatomic compositions were prepared by the plasma rotating electrode process
(PREP) and were loaded in the powder hopper. The powders were injected, with the
aid of the flowing argon gas, into the powder delivery line, then to the powder feed
nozzles and finally to the melt pool that was created by a high-powered laser beam
with a focus diameter of approximately 600 pm. The specimen was deposited onto an
austenitic 316L stainless steel substrate. The laser beam was scanned in a zigzag way
(i.e. the bidirectional scan), and a 90° rotation of the scan direction (i.e. the
cross-hatched scan) was used between consecutive layers, as shown in Fig. 1 (b).
Before building the tensile specimen, we performed a series of control experiments by
building small CrMnFeCoNi samples (10 mm by 10 mm by 8 mm) and based on the
minimum defects criterion, the following optimized parameters were used for
depositing the specimen for tensile testing: a laser power of 400 W, a scan speed of 5
mm/s, a linear heat input (i.e. the applied laser power divided by the laser scan speed)
of 80 J/mm, and a hatch spacing of 460 pm. During the fabrication, the melt pool was
monitored by the ThermaViz system, which incorporates a two-wavelength imaging
pyrometer as well as image acquisition and analysis software (Fig. 1 (a)). The
two-color or ratio pyrometer measures in two spectral ranges simultaneously and
determines the temperature by calculating the radiation ratio. The imaging pyrometer
was calibrated using a high-temperature tungsten filament before use, and can provide
real-time (25 frames/second) and high resolution (12.1 um/pixel) temperature
measurements over a wide range of temperatures from 1273 to 3073 K. From these
temperature data, we can calculate the solidification conditions, e.g. the thermal
gradient and cooling rate, which are critical for the microstructural formation.
Moreover, the whole fabrication process was carried out in an enclosed chamber with

the oxygen level below 20 parts per million (ppm) to minimize any potential



oxidation.
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Fig. 1. (a) Schematic of the LENS™ MR-7 System; (b) Schematic of the laser scan
pattern showing the bidirectional and cross-hatched scan strategy. The blue and red
arrows indicate the laser scan direction for odd and even layers, respectively. The

building direction Z is aligned vertically upwards.



2.2. Material characterization

The density of the LENS™-deposited specimen was measured by the
Archimedes method. The internal defects inside the LENS™-deposited specimen
were examined by the dual-tube micro-focus X-ray computed tomography (CT)
System YXLON FF35 CT, operating at a tube voltage of 150 kV and a tube current of
60 pA. During CT examination, the specimen was rotated from 0° to 360° with an
increment of 0.2°, and a total of 1800 projections were generated in a full rotation and
then reconstructed to achieve the 3D information of the internal defects. The current
operating mode enables us to detect the internal defects down to 3 pm. The residual
stress (in-plane stress o) in the LENS™-deposited specimen was measured on a
X-ray diffractometer with a Cr Ka radiation. The diffraction angle 26 = 128° for the
{220} crystal plane family was used to have high diffraction peak, and the residual
stress value was calculated by sin?¢ method.

The tensile test was carried out on a servo-hydraulic 810 Material Test System
(MTS), at room temperature, with an engineering strain rate of 10 s™. Rectangular
dog-bone shaped specimens, for tensile testing, were machined from the
LENS™.deposited specimen, with their longitudinal axes (i.e. tensile axis) along the
X direction. The gauge length of the tensile specimen was 10 mm, and the gauge
width and gauge thickness were 3 and 0.9 mm, respectively, after final polishing.
Microstructural analysis before and after the tensile test was performed with the aid of
X-ray diffraction (XRD), optical microscopy (OM), scanning electron microscopy
(SEM) equipped with energy dispersive X-ray spectroscopy (EDS) and electron
backscatter diffraction (EBSD), and electron channeling contrast imaging (ECCI)
techniques. The XRD examination was performed on a Rigaku SmartLab X-ray

diffractometer, with a Cu Ka source scanning from 30° to 100° at a scan rate of



5 °/min. The SEM, EDS, and EBSD investigations were conducted in a Quanta 650
SEM (Thermo Fisher Scientific Inc., USA) with an acceleration voltage of 20 kV, and
the ECCI investigation was done in the same microscope, but with an increased
acceleration voltage of 30 kV. Samples for SEM, EDS, EBSD, and ECCI
investigations were cut from the LENS™-deposited specimen by electrical discharge
machining (EDM), and then successively ground with emery papers up to 4000 grit
size, and finally polished with diamond suspension and colloidal silica-based slurry
down to 0.05 um particle size. The specimen for OM examination was electrolytically
etched, after mechanical grinding and polishing, in a solution of 10% HNOs;, 5%
C,H40,, and 85% H,0. Furthermore, the solidification path and solidification
segregation of the CrMnFeCoNi alloy were simulated by Scheil’s model with the aid
of Thermo-Calc software and TCHEA v2.0 high entropy alloys thermodynamic
database. The simulated results by Scheil’s model were based on the basic

assumptions of no diffusion in the solids and infinite diffusion in the liquids.

3. Results

3.1. Densification

The density of the LENS™-deposited CrMnFeCoNi alloy was measured to be
7.953 g/cm3 by the Archimedes method, leading to a relative density of 99.67%
(assuming the theoretical density of the CrMnFeCoNi alloy is 7.980 g/cm3 ). Fig. 2
(a)-(d) give the X-ray CT 2D and 3D images of the LENSTM—deposited CrMnFeCoNi
alloy, also showing no obvious pores and thus very dense specimen. Based on the
X-ray CT data, the porosity (i.e. defect volume ratio) was determined to be 0.25%,
indicating a relative density of 99.75%. This value is slightly higher than the relative

density value determined by the Archimedes method because some very small pores



cannot be detected by X-ray CT due to its resolution restriction. Fig. 2 (e) shows the
pore size distribution in the LENS™-deposited CrMnFeCoNi alloy. It can be seen that
the pore size follows a normal distribution, and the average size of the pores is

approximately 6 pm. Most importantly, no extremely large pores were detected,

which are definitely detrimental to the ductility.
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Fig. 2. X-ray CT characterization of internal pores in the LENS'-deposited



CrMnFeCoNi alloy. (a) Top view; (b) Right view; (c) Front view; (d) 3D view; (e)

Pore size distribution.

3.2. Salidification conditions

Fig. 3 (a) gives a typical thermal map of the melt pool looking down from the top
during the LENS™ processing, with the laser scan direction indicated by the white
arrow. The map was colorized to show the temperature (in Kelvin) down to the
liquidus temperature, i.e. 1613 K, of the CrMnFeCoNi alloy [29]. Therefore, the
whole melt pool, i.e. inside the purple outline, was visible. The temperature reached a
peak value, approximately in the melt pool center, and decreased with the distance
from the melt pool center. Temperature data were extracted and are plotted along the
white dashed line, i.e. along the laser scan direction and through the hottest (peak
temperature) point in the melt pool, as shown in Fig. 3 (b). The zero value on the X
axis indicated the hottest point. The temperature curve was divided, using the hottest
point, into two parts, with these two parts experiencing the heating and cooling
processes, respectively. We paid more attention to the cooling part in this study. The
liquidus temperature T, of the equiatomic CrMnFeCoNi alloy was indicated by the
horizontal dashed line in Fig. 3 (b), and the crossover point between the cooling part
and the liquidus temperature was the boundary between the liquids and the mushy
zone, i.e. the region where liquids and solids co-existed, and solidification was
occurring. The solidification conditions in the vicinity of this crossover point are
important for as-solidified microstructure formation and were investigated in this
study.

From the cooling part of the temperature curve, the temperature gradient and

cooling rate curves were calculated accordingly and are plotted in Fig. 3 (c) and (d),



respectively. The temperature gradient curve was obtained by differentiating the
temperature curve with distance, and the cooling rate curve was obtained by
multiplying the temperature gradient by the laser scan speed, i.e. 5 mm/s. The
temperature gradient and cooling rate curves exhibited the same trends, both of which
decreased initially and then increased with the distance from the hottest point. The
temperature gradient, Giiquiqus, and cooling rate, CRiquiqus, Values at the crossover point

were calculated to be 347 K/mm and 1732 K/s, respectively.
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Fig. 3. (a) A typical colorized thermal map of the melt pool looking from the top; (b)
Temperature curve which was along the laser scan direction and through the hottest
point in the thermal map in (a); (c) Temperature (red line) and temperature gradient
(blue line) curves; (d) Temperature (red line) and cooling rate (blue line) curves. The

liquidus temperature T;=1613 K is indicated by the black broken line in (b)-(d).

3.3. Phase formation

Fig. 4 (a) shows the XRD pattern of the LENS™-deposited CrMnFeCoNi



specimen, with the X'Y-plane examined. Only a single disordered face centered cubic
(FCC) structured phase was detected, which is in good agreement with its
counterparts manufactured by conventional metallurgical routes [9, 10, 30] and
alternative AM processes [11]. The single-phase characteristic was rationalized by the
solidification path simulated by Scheil’s model with the aid of the high entropy alloys
database, as shown in Fig. 4 (b). According to the simulated solidification path, only a
single FCC phase solidified from the liquid, i.e. L=L+FCC—-FCC. It should be noted
that, at lower temperatures, the single-phase structure has been proven to be
thermodynamically unstable, and multiple precipitates may be formed in the matrix
[31-33]. However, a very long annealing time was a prerequisite to establish the
thermodynamic equilibria and lead to the precipitate formation, which could not be
fulfilled in the present case. Therefore, the single-phase disordered solid solution
structure in the just solidified state was retained down to room temperature.
Furthermore, we observed that the predicted liquidus temperature (i.e. 1596 K) by

Scheil’s model was in good agreement with the measured value of 1613 K [29].
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Fig. 4. (a) XRD pattern of the LENS™-deposited CrMnFeCoNi specimen, with the
XY-plane examined; (b) Solidification path (L—-L+FCC—FCC) of the CrMnFeCoNi
alloy calculated by Scheil’s model with the aid of the high entropy alloys database.
Both results confirm the single-phase disordered FCC structure of the

LENS™.-deposited CrMnFeCoNi alloy.

3.4. As-deposited microstructures

Fig. 5 shows the longitudinal cross-sectional, i.e. the XZ plane, microstructures
of the CrMnFeCoNi alloy in the as-deposited state. The layer-by-layer deposition
patterns are visible, with the melt pool boundaries and layer boundaries indicated, as

shown in Fig. 5 (a). The average layer thickness was determined to be 154 um based



on optical micrographs. The deposition patterns are closely related to the laser scan
strategy [34-37]. For the bidirectional and cross-hatched scan strategy used in the
present study, the as-deposited specimen exhibits a periodic deposition pattern with a
cycle of two layers, i.e. the layers 1, 3, and 5 correspond to the laser scan along the X
direction, and the layers 2, 4 and 6 correspond to the laser scan along the Y direction.
The distance between two adjacent melt pool bottoms corresponds to a hatch spacing
of 460 um. The enlarged optical micrograph shows that the melt pool solidification
was dominated by columnar growth, approximately along the maximum heat flux
direction that was perpendicular to the melt pool boundaries (Fig. 5 (b)). As the
LENS™.deposited CrMnFeCoNi alloy exhibited a single-phase FCC solid solution
structure (Fig. 4), each columnar grain could be seen as a tiny FCC-structured single
crystal. Fig. 5 (c) and (d) give the inverse pole figure (IPF) and kernel average
misorientation (KAM) maps of a same region of 900 pm by 900 pm, respectively. The
grains in the IPF map were colorized based on their orientations with respect to the
building direction (i.e. the Z axis). The high angle grain boundaries (HAGBs,
misorientation > 15°) were highlighted in black in the IPF and KAM maps, and based
on the HAGBs, the average grain size (i.e. the average width) of the columnar grains
was estimated to be 13 um. Furthermore, a large color variation was observed within
the individual grains (Fig. 5 (c)), indicating the large local misorientation across the
grains. This was further evidenced in the KAM map. As for the large local
misorientation within the grains, we attribute it to the solidification substructures and
high dislocation densities in the as-deposited specimen, as revealed by the ECCI

images in Fig. 6. It can be seen from Fig. 6 (a) that within columnar grains some

micron sized (2 ~5 pm) solidification substructures were formed as indicated by the

white arrows. These substructures were either cellular or pillar shaped, which were



view-angle-dependent. High densities of dislocations (i.e. the white lines) were
observed within these substructures, as shown in Fig. 6 (b) and (c). It should be
mentioned that the residual stress in the LENS™-deposited CrMnFeCoNi alloy was
measured to be approximately 182 MPa (the average value of residual stresses
measured at three points). The existence of residual stress indicates the plastic
deformation inside the specimen, which coincides with the observed high density of
dislocations. These dense dislocations are deemed associated with the mechanical

behavior in a specific way and are discussed in Section 4.2,
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Fig. 5. The longitudinal cross-sectional (i.e. the XZ plane) microstructures of the
CrMnFeCoNi alloy in the as-deposited state. (a) and (b) Optical micrographs showing
the layer-by-layer deposition patterns and the epitaxial growth mode, respectively; (c)
and (d) IPF and KAM maps of a region of 900 pm by 900 um, respectively. The high
angle grain boundaries (HAGBs, misorientation > 15°) were highlighted in black in (c)

and (d). The reference axis for the IPF map is the building direction.



Fig. 6. ECCI images of the LENS™-deposited CrMnFeCoNi alloy showing (a)
solidification substructures and (b-c) high dislocation densities. Some solidification
substructure boundaries are indicated by the white arrows in (a). The dislocations in
(b) and (c) appear bright as compared with the matrix under the current diffraction
conditions.

Fig. 7 (a) gives the elemental distribution in a region containing several
solidification substructures. It can be seen that Mn and Ni segregated at the

substructure walls, and Co, Cr, and Fe segregated in the substructure interiors. The



elemental concentration in the remaining liquid as a function of the temperature was
simulated by Scheil’s model with the aid of the high entropy alloys database, and is
shown in Fig. 7 (b). It can be seen that with the decrease of the temperature, the
concentrations of Mn and Ni in the remaining liquid increased, and the concentrations
of Fe, Cr, and Co showed the opposite trend. Based on the simulated results, the
solidification process of the CrMnFeCoNi alloy can be regarded as a process of
rejecting Mn and Ni atoms into the remaining liquid, leading to the enrichment of Fe,
Cr, and Co atoms in the first solidified regions, i.e. substructure interiors, and the
enrichment of Mn and Ni atoms in the later solidified regions, i.e. substructure walls.

Clearly, the simulated and experimental results agree well with each other.

(b) 1600
1560-
1520-

1480

Temperature (K)
=
=

Fe CrCo Ni Mn

1400

0 10 20 30 40 50
A Mole percent of components in liquid



Fig. 7. Elemental micro-segregation of the CrMnFeCoNi alloy during solidification.
(a) EDS elemental mapping of a region of several solidification substructures; (b)
Compositional evolution of the remaining liquid simulated by Scheil’s model with the
aid of the high entropy alloys database. All scale bars in (a) are 2 um. Both elemental
mapping and simulated compositional evolution show the segregation of Co, Cr and
Fe at first solidified regions (i.e. solidification substructure interiors), and the
segregation of Mn and Ni at later solidified regions (i.e. solidification substructure

walls) during solidification.

3.5. Tensile behavior

The typical engineering tensile stress-strain curve at ambient temperature of the
LENS™.-deposited CrMnFeCoNi alloy is shown in Fig. 8 (a). The engineering yield
strength, i.e. the stress at which 0.2% plastic deformation occurs, g,, and the strain to
failure, &, were measured to be 517 MPa and 26%, respectively. Furthermore, uniform
tensile elongation was measured to be 17% which is the engineering strain value
corresponding to the maximum point, i.e. the ultimate tensile stress, on the
engineering stress-strain curve. When the maximum point was reached, nonuniform
plastic deformation begins, and geometric instability, i.e. necking phenomenon,
occurs. Clearly, the uniform tensile elongation is an important measure of the ductility
of an alloy. Fig. 8 (b) gives the typical SEM secondary electron image of the tensile
fracture surface. The ductile fracture characteristic can be confirmed from a vast
number of fine dimples on the fracture surface.

Fig. 9 shows the microstructure of the LENS™-deposited CrMnFeCoNi alloy
that was tensile tested to fracture. The deformed microstructures investigated both by

EBSD and by ECCI were approximately 3 mm far from the fracture surface to avoid



the necking region, and therefore the investigated regions experienced uniform plastic
deformation during the tensile test. Twins were occasionally observed in the IPF map
and further confirmed by the misorientation profile, as shown in Fig. 9 (a) and (b).
Due to the absence of twins of any types, i.e. growth, annealing, or
deformation/mechanical, prior to straining, these twins are formed during the tensile
process and are classified as deformation twins. Fig. 9 (¢) and (d) give the ECCI
images of these deformation twins at different magnifications. It can be seen that the
thickness of these deformation twins was about 50 nm. It is also noted that the step
size 1 pm for EBSD characterization is larger than the nanotwin thickness, and
therefore the nanotwins seem not continuous and intact in the IPF map (Fig. 9 (a)).
However, since the electron beam size is far below 50 nm, the crystallographic
information could still be obtained when the beam hits the twin region, and thus the
combination of the misorientation profile in Fig. 9 (b) and the ECCI investigations in
Fig. 9 (c) and (d) can confirm the twin relationship. In view of the slight degree of the
twinning, the deformation process is reckoned to be dominated by dislocation
activities which are shown in Fig. 9 (e). The deformation mechanisms and their

contributions to the uniform tensile ductility are discussed in detail in Section 4.3.
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Fig. 9. Microstructures of the LENSTM-processed CrMnFeCoNi alloy tensile tested to
fracture. (a) EBSD IPF map with the reference axis (black arrow) aligned vertically
upwards. Deformation twins are indicated by the yellow arrows; (b) Misorientation
profile plotted over the white solid line in the IPF map (red line: point-to-point; blue
line: point-to-origin); (c) and (d) ECCI images at different magnifications showing
nanoscale deformation twins; (e) ECCI image showing the dislocation substructures

in the deformed microstructure.



4. Discussion

4.1. Formation of the as-deposited microstructures

The as-deposited microstructures at multiple length scales, i.e. columnar grains,
solidification substructures, and dislocation substructures, are formed. Clearly, the
columnar growth, rather than the equiaxed growth, dominates the melt pool
solidification of the CrMnFeCoNi alloy. This is consistent with the AM-processed
conventional alloys, such as Ni-based superalloys [35] and titanium alloys [38], and is
mainly attributed to the intrinsically high thermal gradient, i.e. 347 K/mm in the
present study. Furthermore, the average grain size (13 pm) in the LENS™-deposited
CrMnFeCoNi alloy is much finer than that reported for CrMnFeCoNi alloys (100-300
pm grain size [11, 25]) processed by other powder-blown AM processes. This is

largely due to two reasons. First, the linear heat input used in the present study is

much lower than that reported in the literature (80 J/mm in this work vs 120 ~ 850

J/mm in Refs. [11, 25]). The lower linear heat input normally results in a higher
cooling rate, which facilitates the formation of finer microstructures. Furthermore, the
grain size and the crystallographic orientation of the substrate are also believed to
play an important role in grain growth and selection during solidification, and hence
the final grain size [39]. However, this is not discussed in the present paper due to
insufficient microstructural details of the substrate. In addition, a very high density of
dislocations is formed in the LENS™-deposited CrMnFeCoNi alloy, which is also
reported for the AM-processed 316L stainless steel [40-42], and Inconel 718
superalloy [43]. The formation of such dense dislocations is possibly due to the
development of the internal stress, and hence the internal strain, as the parts rapidly

cool down to the ambient temperature after solidification. The gradually accumulated



thermal strain in the AM-processed parts has to be accommodated, at least partially,
by the dislocations. The effect of the accumulated dislocations on the yield strength is
discussed in Section 4.2. Finally, elemental segregation at the micrometer scale is
observed, with the cellular interior enriched in Co, Cr and Fe, and the cellular wall
enriched in Mn and Ni. This is consistent with the observed dendritic segregation in
the as-cast counterparts despite different solidification substructures, i.e. celluar for

LENS™. and dendritic for casting [29, 44, 45].

4.2. Strengthening mechanisms

4.2.1. Theyield strength of the LENS™-deposited CrMnFeCoNi alloy

The yield strength of a polycrystalline alloy is known to be the critical applied
stress which can activate the dislocation motion in the vast majority of the grains and
thus lead to the onset of the macro plastic deformation. This critical applied stress
value (i.e. the yield strength) is determined by the microstructural features, i.e.
base-metal lattice, interstitial or substitutional solute atoms, nanotwins, precipitates,
grain boundaries, and initial dislocations. As the LENS™-deposited CrMnFeCoNi
alloy is nanotwin-free, the contribution from the nanotwins can be disregarded. It
should be noted, however, that the nano-twinning behavior after yielding point was
observed in this study (Fig. 9), but it does not contribute to the yield strength but to
the work hardening, and is discussed in Section 4.3.3. Furthermore,, the precipitation
phases have been found in many alloys, such as Ni-based alloys and steels, and
several models (e.g. Friedel’s shear cutting model [46], and Mohles’ dislocation
dynamics model [47]) have been proposed to evaluate its contribution to the overall
yield strength. However, as indicated by the XRD pattern and calculated solidification

path (Fig. 4), the LENS™-deposited CrMnFeCoNi alloy exhibits a single-phase FCC



structure, and therefore the precipitation hardening mechanism doesn’t operate in this
alloy, and its corresponding contribution can be also disregarded.

As for the solute atoms, they are normally discussed in dilute solid solution
alloys with a single base metal, i.e. the solvent lattice, plus a certain amount of
interstitial and substitutional solute atoms. These interstitial or substitutional solute
atoms generate a local stress field which hinders the dislocation motion and therefore
strengthen the alloy. However, in the present case, the CrMnFeCoNi alloy is a
concentrated solid solution system with five elements in equiatomic ratios. All these
five elements occupy the FCC lattice randomly, and no distinct solvent lattice and
solute atoms exist. Therefore, for the CrMnFeCoNi alloy, the resistance from the
solute atoms which is normally discussed in conventional alloys has to be converted
to the lattice friction stress. Based on the above analysis, the yield strength of the
LENS™.deposited CrMnFeCoNi alloy can be predicted by adding the contributions

from the base-metal lattice friction, grain boundaries, and initial dislocations:

0.

y = 0Oy + AO—GBS + AO_DS (1)

where g, Adsss, and Aaoysrepresents yield stresses resulting from the lattice friction,
grain boundary strengthening, and dislocation strengthening, respectively. But as
discussed earlier, the o, value here is the resistance from a complex lattice of all these
five constituent atoms rather than from the base metal. The o, value of the
CrMnFeCoNi alloy at 293 K has been experimentally determined to be 125 MPa, in
Ref. [9] and 194 MPa, in Ref. [48], respectively. In this study, their average value of
160 MPa is adopted. In the following, the contributions from grain boundary
strengthening and dislocation strengthening are assessed based on classical equations

and microstructural details achieved experimentally in Section 3.



Grain boundary strengthening mechanism operates in all polycrystalline alloys,
and the grain refinement introduces higher concentrations of incoherent grain
boundaries which more strongly block the dislocation motion and therefore strengthen
the alloy. For microcrystalline alloys, the yield stress resulting from the grain

boundary strengthening effect, Aoass, can be estimated by [9]:
Aoggs = k- d™°° (2)

where k=494 MPa-pm®” is the Hall-Petch coefficient for slipping at 293 K [9], and d
is the average grain size. The Ao value is calculated to be 137 MPa for the grain size
of 13 um in this study. In addition to the grain boundary strengthening effect, the high
density of initial dislocations in the AM-ed alloys is also frequently regarded as an
effective strengthening mechanism [24, 49]. The yield stress resulting from the
dislocation strengthening effect, Aoy, can be estimated according to the Taylor

hardening law [50]:

AO—DS = MaGb\/; (3)

where the Taylor factor M was estimated to be 3.06 [51], a=0.2 is a constant for FCC
structured alloys, the shear modulus G was measured to be 80 GPa at 293 K [52, 53],
b is the magnitude of the Burgers vector (<110>/2) of the full dislocation and was
determined to be 0.2539 nm [54], and p is the initial dislocation density, i.e. the total
length of dislocations per unit volume of the material. As indicated by Eq. (3),
increasing the dislocation density, p, increases the Aoy value, due to the stronger
interactions between the stress fields of dislocations. As shown in Fig. 6, the
CrMnFeCoNi alloy in the as-deposited state exhibits a high density of dislocations,

and the dislocation density, p, can be roughly estimated by following equations [55,



56]:

p = 2V3¢e/(Db) (4)

Bcosd = KA/D + 4esinf 5)

where ¢ is the micro-strain, D is the crystallite size, b is again the magnitude of the
Burgers vector (<110>/2) of the full dislocation, f is the full width at half maximum
(FWHM) of the analyzed peaks from the XRD profile after subtracting the
instrumental line broadening, € is the Bragg angle of the analyzed peaks, K is a
dimensionless shape factor with a value of 0.89, and 4 is the X-ray wavelength that
equals to 0.154056 nm for Cu-K, radiation.

Based on Egs. (4) and (5), the dislocation density p in the LENS™-deposited
CrMnFeCoNi alloy is estimated to be 3x10'* m™ Putting the estimated p value into
Eq. (3), the yield stress resulting from the initial dislocations is estimated to be 215
MPa. The calculated yield strength (i.e. go+Adcs+Ao,=512 MPa) resulting from the
lattice friction resistance, fine-grain strengthening effect, and dislocation
strengthening effect agrees well with the measured value of 517 MPa. It also indicates
that the yield strength of the LENS™-deposited CrMnFeCoNi alloy originates from

multiple strengthening mechanisms, especially the dislocation strengthening

mechanism whose contribution accounts for ~42% of the total yield strength. In other

words, the highly dense dislocations of the LENS™.-deposited CrMnFeCoNi alloy

contribute to its yield strength significantly.

4.2.2. Compared with conventionally manufactured CrMnFeCoNi alloys

Section 4.2.1 discusses the vyield strength of the LENS™-deposited



CrMnFeCoNi alloy based on classical equations (i.e. Hall-Petch relationship, and
Taylor hardening law) and experimentally achieved microstructural details (i.e. grain
size and dislocation density). The variation of microstructural details, which can be
achieved by changing the processing route, affects a lot the yield strength of an alloy.
Fig. 10 shows a summary of the tensile yield strength versus uniform tensile
elongation of the CrMnFeCoNi alloy manufactured by various routes. These include
casting [11, 44], cold deformation, i.e. cold forging and rolling, followed by annealing
[9, 10, 48], high pressure torsion followed by post-deformation annealing (HPT+PDA)
[15], mechanical alloying followed by spark plasma sintering (MA+SPS) [14],
selective laser melting (SLM) [22-24], and various laser powder-blown AM processes
(i.e. laser metal deposition (LMD) [11], laser additive manufacturing (LAM) [25, 26],
laser aided additive manufacturing (LAAM) [27], laser 3D printing [28], and LENS™,
i.e. the present work). It should be noted that different universities, labs or companies
may use different terminologies to denominate the laser powder-blown AM process,
however, they all build a part by remelting the surface of previous layers and
simultaneously feeding metal powders into the remelted region, i.e. melt pool.
Therefore, these processes can be classified into the same type in essence (i.e. using
the laser as the heat source, and feeding powders by nozzles), and therefore in Fig. 10
we unify them as laser powder-blown AM process. These CrMnFeCoNi alloys are
grouped into three categories, i.e. coarse-grained (CG, up to hundreds of micrometers),
fine-grained (FG, 500 nm to a dozen or so micrometers), and ultrafine-grained or even
nanocrystalline (UFG, < 500 nm; NC, < 100 nm), depending upon their grain sizes. It
can be seen from Fig. 10 that the yield strength of the CrMnFeCoNi alloy
approximately ranges from 170 to 1600 MPa, depending on the processing route and

the resultant microstructure.



For the as-casted CrMnFeCoNi alloy, besides the lattice friction stress, only the
grain boundary strengthening mechanism contributes to its yield strength. And
considering its coarse grains, the yield strength of the as-casted CrMnFeCoNi alloy is
extremely low based on Eq. (2). Until now, most of the CrMnFeCoNi alloys are
fabricated by cold deformation followed by annealing, and this specific kind of the
CrMnFeCoNi alloy is referred to as wrought-annealed CrMnFeCoNi alloy in this
study. For the wrought-annealed CrMnFeCoNi alloy, the grain boundary
strengthening mechanism also operates, and its contribution to the yield strength is
determined by the grain size. As reported in published works [9, 10, 48], the grain size
of the wrought-annealed CrMnFeCoNi alloy may range from 155 to 0.5 pum, and the

yield stress resulting from the grain boundary strengthening mechanism is therefore

calculated to be from 40 to 865 MPa based on Eq. (2), i.e. Agw=40~ 865 MPa.

Furthermore, as the high dislocation density introduced during cold deformation is
dramatically decreased during the recrystallization annealing treatment, the

dislocation density is extremely low in the as-annealed state [8, 9]. The dislocation

density in the as-annealed alloy is normally of the order of 10" ~ 10" m™?[57]. Even

when adopting the upper limit of 10'> m™, the calculated Agysis only 12 MPa, which
is much lower than that of the LENS™-deposited CrMnFeCoNi alloy. The total yield
stress of the wrought-annealed CrMnFeCoNi alloy resulting from all possible

strengthening mechanisms is therefore calculated to be 212 to 1037 MPa, i.e.
Oo+A0st+Acns=212 ~ 1037 MPa, which well agrees with the experimental values (Fig.
10). For the CrMnFeCoN:i alloys fabricated by HPT+PDA or MA+SPS processes [14,

15], the grain size can be further reduced and even fallen into UFG and NC regimes.

For this case, the dependence of the yield stress resulting from the grain boundary



strengthening mechanism on the grain size cannot be precisely predicted by Eq. (2)

that well applies to the microcrystalline alloys. But the strengthening effect is almost

continuously observed when reducing grain sizes down to ~ 10 nm, and the yield

strength of such UFG/NC CrMnFeCoNi alloys reaches above ~ 1000 MPa. Despite

of the excellent yield strength, their uniform tensile elongation is very low. Overall
speaking, a relatively good combination of the tensile yield strength and uniform
tensile elongation is achieved in the FG regime. Fortunately, the LENS™-deposited
CrMnFeCoNi alloy in this work also exhibits a FG microstructure, i.e. 13 um grain
size, and this is largely attributed to the rapid cooling rate, i.e. 1732 K/s, during melt
pool solidification. Furthermore, it can be clearly seen that the high initial dislocation
density activates an additional strengthening mechanism, i.e. dislocation
strengthening, and therefore endows the LENS™-deposited CrMnFeCoNi alloy with
a higher tensile yield strength than the wrought-annealed FG counterparts with similar

grain sizes. By contrast, however, the uniform tensile elongation is lowered, which is

discussed in Section 4.3.
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Fig. 10. A summary of tensile yield strength versus uniform tensile elongation for



CrMnFeCoNi alloys manufactured via various routes, including casting [11, 44], cold
deformation, i.e. cold forging and rolling, followed by annealing [9, 10, 48], high
pressure torsion followed by post-deformation annealing (HPT+PDA) [15],
mechanical alloying followed by spark plasma sintering (MA+SPS) [14], selective
laser melting (SLM) [22-24], and various laser powder-blown AM processes [11,
25-28], and LENS™, i.e. the present work). From a microstructural perspective, these

alloys are classified into CG, FG, UFG/NC CrMnFeCoN!i alloys.

4.3. Origin of reduced ductility

4.3.1. Evaluation of work hardening capability

As analyzed in Section 4.2, the yield strength of the LENS™-deposited
CrMnFeCoNi alloy compares favorably with its wrought-annealed counterparts with
similar grain sizes. However, its uniform tensile elongation is lowered, as can be seen
from Fig. 10. Actually, reduced ductility is also commonly reported for the laser-based
additively manufactured conventional alloys, e.g. 316L stainless steel [58], and
titanium alloys [59, 60]. However, this phenomenon is not well understood to date. In

this study, we compare the work hardening capabilities of the LENS™

-deposited and
wrought-annealed CrMnFeCoNi alloys. Fig. 11 shows the true stress versus
logarithmic strain curves that are calculated from the engineering ones, and the plots
of the true work hardening rate (WHR, h), i.e. the derivative of the true stress with
respect to the logarithmic strain, as a function of the logarithmic strain. The data for
the wrought-annealed CrMnFeCoNi alloy (17 pm grain size) is extracted from Ref.
[8]. It can be seen from Fig. 11 that the WHR values are initially high but decrease

with the logarithmic strain for both alloys. However, the WHR value of the

LENS™.-deposited CrMnFeCoNi alloy, by contrast, drops more rapidly during



straining. This leads to the earlier intersection of the WHR- and true
stress-logarithmic strain curves at a lower strain level. The crossover point indicates
that the WHR value equals to the true stress, and at this critical point, the strain
localization, i.e. the necking phenomenon, occurs according to the Considere’s
criterion [61]. In other words, the relatively inadequate work hardening capability of
the LENS™-deposited CrMnFeCoNi alloy leads to its earlier necking and hence

reduced uniform tensile elongation, i.e. 17% of the LENSTM—deposited CrMnFeCoNi

alloy vs ~35% of the wrought-annealed counterpart.
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Fig. 11. Measured true stress-logarithmic strain curves, work hardening rate (WHR)

curves, and curve fitting results for the LENS™-deposited and wrought-annealed

CrMnFeCoNi alloys. The measured true stress-logarithmic strain curve and the WHR

curve for the wrought-annealed CrMnFeCoNi alloy is abstracted from Ref. [8]. The

true stress-logarithmic strain data for both alloys are fitted by Eq. (12).

4.3.2. Origin of work hardening



The mechanisms underlying the relatively inadequate work hardening capability
needs to be clarified in terms of the evolution of the deformation substructures, i.e. the
dislocation and nanotwin substructures, during straining. These deformation
substructures can act as efficient barriers to hinder the gliding dislocations and
therefore harden the alloys. In other words, the evolution of these deformation
substructures governs the work hardening capability. As reported by Laplanche et al.
[8], the dislocation density of the wrought-annealed CrMnFeCoNi alloy increases
dramatically during straining, and these dislocations tend to tangle or even form
dislocation cells (DCs) to minimize the elastic energy per unit length of the
dislocation line. Such highly dense dislocation substructures effectively block the
dislocation motion and therefore contribute to the work hardening capability. In

addition to the dislocation multiplication, nanoscale deformation twins are reported to

form after ~20% logarithmic strain, corresponding to ~ 720 MPa true stress [8]. As

deformation progresses further, the volume of the deformation twins increases and the
twin spacing decreases. As is well known, the arrangements of atoms on both sides of
the twin boundaries are mirror reflections, and the formation of the twin boundaries
leads to a continuous grain refinement process and thus a reduction in the mean free
path of the dislocations, i.e. the dynamic Hall-Petch effect [62]. The combined effects
of the dislocation multiplication and nanoscale deformation twinning lead to the
substantial work hardening capability and thus the significant uniform tensile ductility

of the wrought-annealed CrMnFeCoNi alloy.

4.3.3. The onset of twinning

As for the twining behavior, it is not always observed during the tensile test of

the wrought-annealed CrMnFeCoNi alloy. For instance, deformation twins are not



observed in the FG (503 nm grain size, which nearly falls into the UFG regime)
wrought-annealed CrMnFeCoNi alloy which has been strained to failure at a
logarithmic strain of nearly 30% [48]. Fortunately, the desirable twinning behavior is
observed during the straining process of our LENS™-deposited CrMnFeCoNi alloy.
To determine the onset of the deformation twins, the twinning stress, i.e. the critical
true stress beyond which the twinning behavior is activated, is estimated in this study.
The twinning stress has been found to be grain size dependent in conventional alloys

[63-66], and a Hall-Petch type relationship is normally followed [63]:

Otw = Otw,o T kew - d-%> (6)

where oy is the twinning stress, oo is the twinning stress for a single crystal, Ky, is
the Hall-Petch coefficient for twinning, and d is again the average grain size. The o0

value can be estimated by [66]:

Otw,0 = Mysg/bs (7N
where M is again the Taylor factor, ys is the stacking fault energy (SFE) that was
determined to be 18 ~27 mJ/m’ for the CrMnFeCoNi alloy [67, 68], b=0.1466 nm

[54] is the magnitude of the Burgers vector (<112>/6) of the Shockley partial

dislocation. Combining Eqgs. (6) and (7), we get:

Orw = Mysg/bs + ki - d—o3 (8)

Eq. (8) indicates that the twinning stress oy, increases with the decrease in the
grain size d. Assuming the twinning stress ow,=720 MPa for a grain size d=17 pum [8],

the Hall-Petch coefficient for twinning, K, is determined to be 1164 MPa- umO'S that



is more than two times higher than the Hall-Petch coefficient for slipping, i.e. 494

MPa-: me'S. This trend is consistent with previous studies that report the ratio of the

Hall-Petch coefficient for twinning to that for slipping ranges from 1~ 4 for

FCC-structured alloys [63, 69]. The much larger Hall-Petch coefficient for twinning
indicates that the twinning stress is more strongly grain size dependent as compared
with the grain size dependency of the yield strength. The twinning stress for the
CrMnFeCoNi alloy with grain sizes of 13 and 0.503 pm is calculated to be 761 and
2083 MPa, respectively, according to Eq. (8). For the aforementioned FG
wrought-annealed CrMnFeCoNi alloy with grain size of 503 nm, the estimated
twinning stress is surprisingly high and is not reached till fracture, and therefore the
nanoscale deformation twins are not observed.

For our LENS™-deposited CrMnFeCoNi alloy, the estimated twinning stress of

761 MPa is reached at a lower logarithmic strain of ~ 13%. The earlier activation of

the deformation twins in the LENS™-deposited CrMnFeCoNi alloy is believed to be
a direct result of two opposite effects. The higher twinning stress and the lower work
hardening rate of the LENS™-deposited CrMnFeCoNi alloy make it more difficult to
generate twinning. However, this adverse effect is fully compensated by its higher
yield strength (i.e. 517 MPa of the LENS™-deposited CrMnFeCoNi alloy vs 265
MPa of the wrought-annealed counterpart), which results in its earlier reaching of the
twinning stress 761 MPa, at a lower logarithmic strain level. As discussed earlier, the
formation of these nanoscale deformation twins introduces additional intragrain
interfaces which act as “strong” obstacles for gliding dislocations, and the earlier
activation of these deformation twins is undoubtedly desirable. We observe that,

however, the onset of twinning in the LENS ™-deposited CrMnFeCoNi alloy is



already very close to its necking instability point, i.e. 15.7% logarithmic strain, which
implies that its uniform plastic deformation capability has been almost exhausted
before the onset of twinning. Therefore, the lowered uniform tensile elongation of our
LENS™.deposited CrMnFeCoNi alloy is believed to result from the evolution of

dislocations (i.e. another work hardening contributor) during the course of straining.
4.3.4. Therole of dislocation evolution in uniform tensile ductility

As can be seen by comparing Figs. 6 and 9, the dislocations are only slightly
denser in the as-deformed microstructure of the LENS™-deposited CrMnFeCoNi
alloy, which differs with the dramatically increased dislocation density reported for
the wrought-annealed counterpart [8]. In other words, the net increase in the
dislocation density during the straining process is smaller for the LENS™-deposited
CrMnFeCoNi alloy as compared with the wrought-annealed counterpart. The
evolution of the dislocation density during the straining process is concurrently
determined by the accumulation and annihilation of the dislocations. According to a
time-proven approach proposed by Kocks and Mecking [70-72], the evolution of the

dislocation density with the strain, dp/de, can be estimated by:

dp/de = M(kiy/p — k2p) ©)

where the dislocation storage rate coefficient, k;, is associated with the dislocation
accumulation due to the dislocation-dislocation interactions (e.g. the interactions
between the gliding dislocations and forest ones), and the dynamic recovery
coefficient, k», is associated with the dislocation annihilation by several possible
mechanisms (e.g. the climb of edge dislocations, and the cross-slip of screw

dislocations). These two parameters k; and k; are microstructural dependent constants.



The increased dislocation density p would lead to an increased flow stress o, as given
by the Taylor equation (Eq. (3)), but the Aasin Eq. (3) is substituted by the flow stress

o here [50]:

o = MaGb,/p (10)

Combining Eqgs. (9) and (10) provides the flow stress as a function of the strain in the

plastic regime:
o = (aGbMk,/k;) [1 — exp(—k,Me/2)] (11)

Eq. (11) satisfactorily describes a large amount of true stress-logarithmic strain
experimental data in the plastic regime of conventional alloys with CG
microstructures [73]. To extend Eq. (11) to FG or even UFG microstructures, the grain
boundary strengthening needs to be considered, and therefore a grain size dependent

constant o, is suggested and introduced into Eq. (11) as follows [74]:
o =0y + (aGbMk,/k,) [1 — exp(—k,Me/2)] (12)

Eq. (12) can be used successfully to describe a variety of alloys over a wide
range of grain sizes [75]. Going one step further, the plastic instability corresponding
to the onset of the nonuniform plastic deformation is derived by linear stability

analysis [73-75]:
(h/o) (1 =1/m) + [k,M/(2m)] (1 — 01 /0) < 1 (13)

where the parameter m is associated with but not exactly the strain rate sensitivity
introduced by Hart [76]. The parameter h is the aforementioned work hardening rate

and given by:



h =do/ds = (aGbM?k,/2) exp(— k,Me/2) (14)

It can be seen from Eq. (14) that both the dislocation storage rate coefficient, ki,
and the dynamic recovery coefficient, ko, affect the work hardening capability of an
alloy. Nevertheless, we want to emphasize that the parameter k, exhibits a more
pronounced effect because it resides in the exponential function. Replacing the flow
stress, g, and the strain hardening coefficient, h, in Ineq. (13) with the expressions in
Egs. (12) and (14), respectively, and substituting the equality sign for the inequality

sign leads to the necking strain e, [73-75]:

EN &
[2/ (ko M)] - In{[1 + (ko M/2)(1 = 2/m)]/[1 + o1k, /(@GbMky) — kM /(2m)}

(15)

For a variety of alloys and testing conditions, 1/m <<1, and therefore Eq. (15)

can be reduced to:

en = [2/(kM)] - In{[1 + (k.M/2)]/[1 + 01k, /(aGbMk,)]} (16)

Eq. (16) can be used to estimate the onset of necking during the course of the
monotonic tension. It can be again seen from Eq. (16) that the dynamic recovery rate
coefficient ky governs the necking phenomenon. By contrast, the other intrinsic model
variables, i.e. k; and o,, are less significant as they affect the necking strain
logarithmically. To further highlight the important role of the parameter k; in the
necking strain ¢y, the lower and the upper bound estimates based on Eq. (16) are given

by:

2/ (kM) < ey < 2In[1 + k,M/2]/(kyM) (17)



This double inequation is valid for any reasonable combinations of the model
variables, and it clearly shows that the estimated necking true strain &, is in a very
narrow band, with the upper and lower bounds governed by the k, value alone. The
non-linear Eq. (12) is fitted to the measured true stress-logarithmic strain curve in the
plastic regime, and very good fitting is achieved by adjusting the fitting parameters,
i.e. the intrinsic model variables, as shown in Fig. 11. The necking true strain, &, is
estimated accordingly, based on Eq. (16), to be 16.2% which agrees well with the
measured value 15.7%. Good fitting is also achieved for the wrought-annealed
CrMnFeCoNi alloy, and the k, values for the LENSTM—deposited and
wrought-annealed CrMnFeCoNi alloys are 5.4 and 2.67, respectively. The larger k,
value of the LENS™-deposited CrMnFeCoNi alloy indicates a promoted dynamic
dislocation recovery process, and hence a less significant net increase in the
dislocation density during straining, which is consistent with what we observed
experimentally. As a direct result, the work hardening capability is somewhat
weakened, which is believed to be the main reason for the reduced uniform tensile

elongation of the LENS™-deposited CrMnFeCoNi alloy.

5. Conclusions

The primary goal of this study is to investigate the potential of the LENS™

process in the manufacture of the equiatomic CrMnFeCoNi high entropy alloy. To
investigate the potential, the CrMnFeCoNi alloy is additively manufactured by the
LENS™ process, and the solidification conditions, phase formation, as-deposited
microstructures, and tensile behavior are investigated. Furthermore, the tensile yield
strength and uniform tensile elongation are modeled, and the underlying mechanisms

for the improved yield strength and lowered ductility, as compared with the



wrought-annealed counterparts with similar grain sizes, are discussed. The following
conclusions could be drawn from our study:

(1) The LENS™.-deposited CrMnFeCoNi alloy exhibits a single-phase
disordered face centered cubic structure, as evidenced by XRD, and rationalized by
Scheil’s solidification simulation with the aid of the high entropy alloys database.

(2) Multi-scale as-deposited microstructures, i.e. columnar grains, solidification
and dislocation substructures, are formed. Furthermore, elemental segregation is
observed and rationalized by Scheil’s simulation.

(3) The LENS™.-deposited CrMnFeCoNi alloy exhibits a tensile yield strength
that is comparable to that of finer-grained wrought-annealed counterparts. This is
largely attributed to the high dislocation density, in the LENS™-deposited
CrMnFeCoNi alloy, and hence the initial-dislocation strengthening, which are
insignificant and can be disregarded in the wrought-annealed counterparts.

(4) The tensile deformation process is mainly accommodated by dislocation
activities with the assistance of deformation twinning. The promoted dislocation
recovery process during straining leads to a weakened work hardening capability, and
hence a reduced uniform tensile elongation, as compared with the wrought-annealed

STM

counterparts. Overall, however, the capability of the LEN process to manufacture

the high-performance CrMnFeCoNi alloy for engineering applications is confirmed in

this study.
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