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Abstract

Single face centered cubic (fcc) AISI (American Iron and Steel Institute)-316L stainless steel and CoCrFeMnNi-high entropy
alloy (HEA) were successfully fabricated using selective laser melting (SLM). Both the SLM processed alloys reveal the
presence of hierarchical microstructure (presence of columnar grains, and cellular substructures). Also, the microhardness and
tensile properties of AISI 316L stainless steel and CoCrFeMnNi-HEA are similar, where the microhardness varies between
240 and 270 HV ) 5 and the yield strength and ultimate tensile strength are observed to be around ~ 500 MPa and ~ 600 MPa
respectively. The aim of this research is to study the influence of rapid work hardening vs steady state working hardening
in two materials of same crystal structure. Accordingly, CoCrFeMnNi-HEA exhibits higher work hardening rate at lower
strains (< 5% true strain); however, it lacks its work hardening stability at higher strain. While in case of AISI 316L stainless
steel, even though, it shows lower work hardening at initial strain, it withstands at higher strain (high ductility) due to stable
work hardening ability by twin mediated plasticity during plastic deformation.

Keywords Selective laser melting - High entropy alloy - Work hardening rate - Mechanical strength

1 Introduction

Metal additive manufacturing (MAM) is a revolutionizing
manufacturing process recently substituting the conven-
tional manufacturing processes owing to its capability to
develop near-net-shaped components in a single step via
layer by layer fashion with minor or no requirement of post-
processing, significant part reduction, etc. [1-3]. Selective
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laser melting (SLM) is one such metal additive manufactur-
ing technique, which overpasses other techniques due to its
ability to produce intricate structures of any shape (theoreti-
cally) as unused powders act as the virtual tooling/ die/ mold
for the complex design [1, 4]. SLM has the capability to
manufacture a wide range of metallic materials like Al-based
alloys (AI-Si, AlSi10Mg and high strength Al-based alloys
like 2XXX and 7XXX) [5-8], Fe-based materials (316L
stainless steel, 17-4PH stainless steel, tool steels) [9-11], Ni-
based superalloys (IN718 alloy) [12—-14] and Ti-based alloys
(Ti6Al4V, TNZT) [15-18]. Recently, the material spectrum
has been extended towards processing of novel materials
like face centered cubic (fcc) high entropy alloys (HEA)
like CoCrFeNi [19], CoCrFeMnNi [20], Al,CoCrFeNi [21],
AlCrFeNiV [22], metallic glasses [23-25], etc.
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HEAs are also known as multi principal element alloys
that found their importance after their discovery in 2004
[26, 27]. The fcc phased HEAs (like CoCrFeMnNi-HEA
and Al ;CoCrFeNi-HEA) show superior damage-tolerance
properties, especially at a cryogenic temperature [28, 29].
This is due to its synergy with plasticity and shielding
mechanism and high lattice friction, exceptional irradia-
tion resistance [30, 31], and low high temperature soften-
ing (negligible creep) [32] compared to the commercially
available alloys like austenitic stainless steel (304L, 316L,
M316 stainless steel), and pure Zr and Ni-based superal-
loys. However, relatively lower yield strength due to a fcc
crystal structure makes the material inferior. Several efforts
were taken to enhance the yield strength of these alloys by
thermo-mechanical processing (forging [29, 33], rolling [34]
followed by heat treatment), friction stir processing [35],
dispersion of nanoparticles [36], etc. SLM can improve the
strength of the fabricated materials by producing hierarchi-
cal microstructures with finer cellular substructures with a
higher density of dislocations due to the rapid heating and
cooling rate involved in the process [37—40].

Zhu et al. found that SLM of CoCrFeMnNi-HEA could
result in the formation of the hierarchical microstructure
ranging from millimeters to nanometer scale (like melt
pool, columnar grains, cellular substructure, and disloca-
tions) [20]. In addition, higher strength in SLMed CoCrF-
eMnNi-HEA than the cast alloy was observed, which may
be attributed to the dislocation hardening in these cellular
structures [20]. On the other hand, Li et al. have found the
presence of nano-twins and nano-scale tetragonal o phase
in the as-SLMed CoCrFeMnNi-HEA sample, due to rapid
solidification [40]. Further, the strength of the SLM pro-
cessed CoCrFeMnNi-HEA was improved by post-processing
(hot isostatic pressing) as the consequence of reduced poros-
ity and defects [41]. Further, recent research has depicted
the possibility of tailoring the microstructure (columnar
or cellular) and texture by changing the scanning strategy
[42]. Kim et al. found the presence of nano-oxide particles
in SLMed CoCrFeMnNi-HEA along with the inclusions of
nano-Mn,0;. Also found are room and high temperature
strengthening factors for the alloy [43, 44].

Even though a handful of works were carried out on the
single fcc phased CoCrFeMnNi-HEA, most of them were
concentrated on the microstructural studies and subsequent
evaluation of their strengthening mechanisms. In addition,
some of the reports compared the superiority of CoCrF-
eMnNi-HEA with their as-cast counterparts. Recently, fcc

phased HEAs are being substituted in the place of austenitic
stainless steel in the nuclear power plant, aerospace, and
automobile applications by employing dissimilar welding
between Al ;CoCrFeNi-HEA and austenitic stainless steels
[45]. Further, CoCrFeMnNi-HEA coating on the carbon
steel was employed to enhance the corrosion resistance and
to study the feasibility of using CoCrFeMnNi-HEA over the
commercially used corrosion-resistant 316L stainless steel
[46]. The aim of this research is to study the influence of
rapid work hardening vs steady state working hardening in
two materials of same crystal structure. Accordingly, the
present work analyzes the microstructure evolution, phase,
and related mechanical properties of CoCrFeMnNi-HEA
processed by SLM and compare the same with the conven-
tional 316L stainless steel (also produced by SLM).

2 Materials and methods

2.1 Additive manufacturing of HEA and stainless
steel

Single fcc-based alloys: AISI (American Iron and Steel
Institute)-316L stainless steel and CoCrFeMnNi-HEA were
prepared by gas-atomization were used as the feedstock
material for the present study. The average particle size of
the AISI 316L stainless steel and CoCrFeMnNi-HEA pow-
ders are 31 + 10 pm and 33 + 11 um respectively with parti-
cle size distribution ranging from 10 to 100 pm. Further the
chemical composition of the powders by energy dispersion
spectroscopy (EDS) analysis is given in the Table 1. Selec-
tive laser melting device (ReaLizer GmbH make, Model:
SLM50) equipped with Yb-YAG laser source with a maxi-
mum laser power of 120 W and a spot size of ~30 pm was
used for the fabrication process. The processing parameters
for AISI 316L stainless steel and CoCrFeMnNi-HEA are
given in the Table 1. Processing parameter for AISI 316L
stainless steel is already available for the machine. To opti-
mize the process parameters for the CoCrFeMnNi-HEA,
cubes of size 10x 10x 10 mm? were fabricated by keeping
the focal length, layer thickness, hatch distance, hatch offset,
point distance and hatch rotation constant and varying the
exposure time (25, 30, 40, 60, and 80 ps) and laser power
(60, 72, 84, and 96 W). The fabrication of these samples was
performed in an Ar environment (such that the oxygen con-
tent in the chamber was maintained below 0.1 ppm to avoid
any possible oxidation during the fabrication process). Apart

Table 1 Chemical composition

N . Elements Co Cr Fe Mn Ni Mo Si
of AISI 316L stainless steel and
CoCrFeMnNi-HEA (wt%) AISI3lI6L - 179407  64.6+0.1 19+40.1  122+07 26+02 1.0+0.1
CoCrFeMnNi 19.5+0.2 19.75+0.25 19.76+0.35 21.97+0.82 19.00+0.32 - -
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from the cubic samples, the tensile samples (according to the
dimensions given in [47]) were printed from CoCrFeMnNi-
HEA powder by using the optimized parameter (exposure
time — 25 ps and laser power — 96 W respectively) and from
316L stainless steel powder by using the following opti-
mized parameters: exposure time — 25 us and laser power
— 60 W, respectively (Table 2).

2.2 Characterization and mechanical testing

The longitudinal and cross-section of the bulk SLMed AISI
316L stainless steel and CoCrFeMnNi-HEA were polished
following the standard metallographic procedure. X-ray
diffraction was carried out by scanning the samples with
Cu-Ka radiation in the 26 range 30° and 90° with a step
size of 0.05° in Rigaku, Germany (UltimallI). The polished
samples were then etched with Aquaregia (HNO; and HCl
in 3:1 ratio) for HEAs and Kalling’s No. 2 reagent (5 g of
CuCl,, 100 ml of HCI, and 100 ml of C,HsOH) for AISI 304
stainless steel. The microstructures were observed using an
optical microscope (OM) and HITACHI S-3000H scanning
electron microscope (SEM). The Vickers microhardness
measurements were carried out along the longitudinal using
the MICRO MET 2001 device with a load of 500 g and a
dwell time of 10 s. The tensile samples were tested under
tensile load at a strain rate of 107%/s using an Instron device.

3 Results and discussion

The microstructure of the SLMed AISI 316L stainless steel
and CoCrFeMnNi-HEA observed along the cross-section
and longitudinal side of the sample under OM are given in
Fig. 1a—d respectively. The microstructure (cross-section)
shows the presence of numerous overlapped laser weld
tracks and intersection of these tracks at the intersecting
points of the islands. Microstructure along the longitudinal
(building) direction reveals the layer-by-layer macrostructure

Table2 SLM processing parameters for AISI 316L stainless steel
and CoCrFeMnNi-HEA

Parameters AISI 316L stain- CoCrFeMnNi-HEA
less steel

Focal length [um] 25

Layer thickness [um] 25

Hatch distance [pum] 60

Hatch offset [um] 50

Point distance [pm] 20

Exposure time [ps] 25 25, 30, 40, 60 and 80

Laser power [W] 60 60, 72, 84 and 96

Hatch rotation/layer 60°

Fig. 1 Optical microscopy images of AISI 316L stainless steel along
the a cross section and b longitudinal directions and CoCrFeMnNi-
HEA along the ¢ cross-section and d longitudinal directions

with numerous semi-elliptical scan tracks like structure as
visible in the weld pool in the welding as represented in
Fig. 1b, d (OM image) and Fig. 2a, b (SEM image). Further,
it can be observed that the columnar grain growth extends
over several layers by epitaxial grain growth phenomenon,
due to melting and re-melting of the pre-solidified layer of
alloys. As, additive manufacturing is the multi-pass weld-
ing of the feedstock (powders) layer-by-layer, it starts with
building of support structures on substrate and ends with the
final designed complex component. Thus, the microstructure

Fig.2 Scanning electron microscopy images of the SLMed a AISI
316L stainless steel and b CoCrFeMnNi-HEA in the longitudinal
direction at lower magnification and its higher magnification images
(c) and (d) and insets showing the cellular morphology
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evolution during solidification in the additively manufac-
tured samples also follows structure evolution during similar
welding; where epitaxial growth is observed when the melt
pool chemical composition remains same [27] or matches
with the unmelted base metal [48]. The SLMed AISI 316L
stainless steel and CoCrFeMnNi-HEA has expressed the
epitaxial growth of the columnar grains from the partially
melted grains of earlier built layer over several layers as in
Fig. 1b and d (OM image) and Fig. 2a and b (SEM image).
This is attributed to the matching composition of each layer
of the build material and favourable orientation of the grains
along the maximum thermal gradient direction over many
layers of the build.

Furthermore, observation of each grain in SLMed AISI
316L stainless steel and CoCrFeMnNi-HEA at higher mag-
nification [Fig. 2 (c,d and insets)] shows the presence of
the very fine dendritic cellular features with columnar sub-
structures. Such finer microstructure evolution in the SLMed
alloys is due to the high cooling rates (~10*-10° K/s)
observed during the process [23, 49]. The average size of
the cellular structure in AISI 316L stainless steel is ~0.5 pum
and that of CoCrFeMnNi-HEA is~0.35 um. Finer cellular
features observed in the HEA samples (compared to 3161
stainless steel) could be attributed to the in-process charac-
teristics i.e., high applied laser power for HEA. In addition,
material characteristics like high temperature structural sta-
bility and sluggish cooperative diffusion in HEA also con-
tribute to the finer cellular size. The microstructure of both
SLMed AISI 316L stainless steel and CoCrFeMnNi-HEA
show hierarchical microstructures, starting from macro-
scopic scale, weld pools/scan tracks, columnar grains, and
cellular dendritic structures. Such occurrence of hierarchical
microstructure for 316L stainless steel and CoCrFeMnNi-
HEA is in line with other research reports [20, 50-52].

X-ray diffraction (XRD) patterns of the feedstock pow-
ders and the SLMed AISI 316L stainless steel and CoCrF-
eMnNi-HEA in longitudinal and cross-section are given in
Fig. 3. XRD patterns of the gas-atomized AISI 316L and
CoCrFeMnNi-HEA powders show dominant diffraction
peaks corresponding to fcc structure with a minor secondary
peak near the diffraction angle 45°. This minor peak (110)
belongs to bce phase. Recent studies on gas atomized 316L
powder depicts that this minor bce peak indicates the pres-
ence of high-temperature d-ferrite [53, 54]. Yang et al. have
reported the presence of a minor bce phase in CrFeNiMn-
HEA and is indirectly related with the size of the atomized
powder particle (both in the cases of high-speed steel [55]
and CrFeNiMn-HEA powders [56] respectively). Smaller
particles with least nucleant could experience higher degree
of supercooling than that of the larger particle [56]. Kelly
et al. proposed that the bce phase evolution could be higher
in smaller particles in 303 stainless steels, where degree of
supercooling is very high as the consequence of isolation
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Fig.3 X-ray diffraction patterns of the feed stock powders and
SLMed AISI 316L stainless steel, and CoCrFeMnNi-HEA in cross
section (CS) and longitudinal (L) directions respectively

of heterogeneous nucleation catalyst [57]. In addition, it
was found that there would be solute partitioning (a) with
respect to Cr and nickel (fcc structure) and (b) Cr, Ni and
Mn (bcc structure) during rapid cooling. It can be supported
with other findings that, the bec phase will tend to form in
CrFeNiMn-based alloys, when the Cr content is higher than
18 wt% [58]. Hence, such phase transformation in atomized
powders is attributed to the cooling rate and the chemical
composition effect.

XRD patterns along the longitudinal and cross-section
directions are completely different, where the highest intense
peak for the longitudinal direction is along the (111) plane.
However, in case of the cross section direction, the high-
est intense peak is orientated towards (220) plane, show-
ing the presence of texture. The minor bce phase, which
was observed in the feedstock powders is absent in both
bulk SLMed AISI 316L stainless steel and CoCrFeMnNi-
HEA samples. A similar trend in longitudinal direction was
reported by Li et al. [41]. The relatively large volume of melt
pool (compared to the size of the small powder particles)
allows the possibility of several nucleation sites and subse-
quently stabilizes the crystal growth resulting in the forma-
tion of crystals with a single fcc phase. Also, heterogeneous
nucleation sites existing on the partially melted grains at the
melt pool/solid surface interface of the fcc crystal guides the
solidifying material to grow epitaxially along easy growth
direction < 100 > along the building direction. In addition,
the SLM processing of the gas-atomized powder has resulted
in relative broad XRD peaks for both 316L stainless steel
and HEA [17, 40, 43]. Such broadening could be attributed
to either the existence of the residual stress due to laser pro-
cessing or coexistence of two fcc phases with different lat-
tice parameters as found in the EBM processing of 316L
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stainless steel [52]. In addition, excess volume of defects
like the dislocation density may also lead to the broadening
of the peaks along with the size effect.

Further, it is obvious from the XRD patterns, the high-
est intense peaks for the SLM samples examined in the
longitudinal, and cross-section are different. It indicates
the presence of preferential growth (texture) in the bulk-
processed sample observed along the different planes. For
evaluating this, the XRD pattern of the gas atomized powder
is taken as the reference and the texture coefficients along
the longitudinal and cross-section were evaluated by using
the equation in [59] and tabulated (Table 3). The texture
of the grains in the longitudinal is significantly oriented
towards < 111 >and <200 > planes respectively, while that
of cross section is towards < 220> . Even though the easy
grain growth direction is < 100 > for the cubic crystals, the
texture can be varied with applied energy density, sample

Table 3 Texture co-efficient in different planes in the SLMed AISI
316L stainless steel and CoCrFeMnNi-HEA

thickness as well as with change in the scanning strategies.
Piglione et al. has reported the preferential grain growth
along the <200 > direction in the SLM processed CoCrF-
eMnNi-HEA, while using bidirectional scanning strategy
without any scan rotation over the layers [42]. While Li
et al. have reported formation of isotropous grain feature
(grain orientation in < 100>, < 110>and < 111 > directions)
and < 100> and < 110 > preferential grain orientation along
the cross section, when CoCrFeMnNi-HEA is additively
manufactured (SLMed) using long scan vectors and with
the employment of 67° scan rotation between layers [41].
The isotropous grain feature is attributed to the instantane-
ous change in the favourable grain growth direction over the
length of the melt pool with varying thermal gradient direc-
tion and the scanning direction, when measured along the
longitudinal direction [60]. Zhu et al. on other hand found
preferential growth along the <001 > and < 101 > directions
with few grains oriented towards < 111 > direction, when a
scan rotation of 90° between layers was used [20]. Hence,
the mixed texture in the current study could be attributable
to the scanning strategy used i.e., bidirectional scanning with

Texture AISI 316L stainless steel ~ CoCrFeMnNi-HEA the hatch rotation of 60° between layers.
E;G)fﬁcwm Cross- Longitudi-  Cross- Longitudinal 'The represerlltative microhardness di§tribution and average
¢ section nal section microhardness in SLMed AISI316L stainless steel and CoCr-
™ 0250 6563 03182 159 FeMnNi-HEA is given in Fig. 4a, b and Table 3 respectively.
L. (200) 0.6936 1‘2476 0. S00 1'0923 The microhardness distribution for the SLMed AISI316L
L. (220) 2.9850 0‘6963 2‘2441 0.9980 stainless steel is concentrated mostly within the range of 240
L. (311) 0'5945 0.6776 0‘8237 0'9543 to 260 HV 5. In case of CoCrFeMnNi-HEA, it shows even
T (222) 0'4572 0.7188 0‘650 0'7 6 distribution of the microhardness, with the hardness values
L. 222) : : /6509 it ranging between 250 and 270 HV, 5. Overall, both the AISI
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316L stainless steel and CoCrFeMnNi-HEA show similar
hardness variation within experimental errors with the aver-
age hardness observed to be 255+ 10 HV,, 5 and 259 +4
HV, 5 for AISI 316L stainless steel and CoCrFeMnNi-HEA,
respectively. The engineering stress—strain plots of the SLMed
AISI 316L stainless steel and CoCrFeMnNi-HEA are given
in Fig. 4c. Further, the yield strength (YS), ultimate tensile
strength (UTS) and % elongation were evaluated and tabu-
lated in Table 4. The YS and UTS of the AISI 316L stainless
steel is 500+ 5 MPa and 570 + 10 MPa respectively with 58%
ductility. In case of CoCrFeMnNi-HEA, the YS and UTS is
observed to be 516 +6 MPa and 600+ 12 MPa, respectively
with a ductility of ~31%, which is in agreement with other
reports on CoCrFeMnNi-HEA [28, 52]. Like microhardness,
tensile strength of AISI 316L stainless steel and CoCrFeMnNi-
HEA are similar, however, CoCrFeMnNi-HEA shows higher
work hardening behaviour with relatively moderate ductil-
ity. In order to compare the statistically work hardening rate
(WHR)—(do /de) was evaluated for SLMed AISI 316L stain-
less steel and CoCrFeMnNi-HEA by Kocks-Mecking method
[61-63]. Figure 4d shows the Kocks-Mecking plot (WHR vs
true strain) and true stress—strain plot for SLMed AISI 316L.
stainless steel and CoCrFeMnNi-HEA respectively.

WHR vs true strain plot of AISI 316L stainless steel
show three different zones (indicated as Zone A, Zone B
and Zone C) with different rates of work hardening. Zone
A (less than 12% true strain) reveals a sharp decrease in
the WHR due to slip deformation of material (disloca-
tion slip-dominated plasticity). With an increase in true
stress beyond 12% (the twinning onset point T,), the
WHR increases steadily up to a transition point called
twinning offset point, T g (true strain of 21%) in Zone B
(twinning mediated plasticity). Such an increase in the
WHR is attributed to the restriction of dislocation motion
and mean free path reduction by the deformation induced
twins. After, T g, when the stress and strain increases, the
dislocations overpass the twins and grain boundaries by
cross gliding and the dislocation moves again by disloca-
tion slip gliding in Zone C and reaches plastic instability
at point T| (do/de = o) with increase in strain and fails
eventually [62]. This multi-stage strain hardening is typi-
cal in twin-induced plasticity (TWIP) steels [27]. WHR vs
true strain plot of CoCrFeMnNi-HEA also reveals three
distinct zones; however, the trend is completely different
from that of AISI 316L stainless steel. In Zone A (<5%
true strain), WHR drops sharply compared to that of AISI

316L stainless steel, which may be attributed to exces-
sive deformation by slip due to more texture coefficient
in < 220> direction compared to AISI 316L stainless steel
[36]. In Zone B (between 5 and 9% true strain), the work
hardening rate is decreasing, due to onset of the deforma-
tion twin, the rate of decrease in the WHR drops until
T, and further increase in true strain leads to disloca-
tion slip dominated deformation and finally the sample
fails due to plastic instability. Thapliyal et al. shows that
the sustained WHR is required for the metallic material
to show higher strength and ductility [64]. In the present
study, even though AISI 316L stainless steel exhibited less
WHR at initial strain values than that of HEA, it shows
sustained WHR rate over long range of true strain (12 to
38%). In case of the CoCrFeMnNi-HEA, even though it
is initially showing higher WHR due to intrinsic higher
friction stress (solid solution strengthening), with increase
in true strain the work hardening rate keeps on decreasing
and fails earlier than that of AISI 316 stainless steel and
shows lower ductility.

The fracture surface of the tensile tested SLMed
AISI 316L stainless steel and CoCrFeMnNi-HEA sam-
ples is given in Fig. 5. The fracture surface of the AISI
316L stainless steel show smooth features with elliptical
periphery and reduced cross section. On the other hand,
CoCrFeMnNi-HEA reveals irregular features (with up and
downs) in the fracture surface and fails with less plastic
deformation, showing a circular periphery [Fig. 5a, b].
Magnified images of Fig. 5a, b are shown in Fig. 5c—f.
Relatively clean fracture surfaces are observed for SLMed
AISI 316L stainless steel sample, while in case of CoCrF-
eMnNi-HEA, it reveals the presence of pores, which leads
to faster propagation of the cracks, reducing the ductility
of the HEA sample. Higher magnification images reveal
the presence of fibrous dimples indicating ductile mode
of in these samples [Fig. Sc—e]. The size of the dimples
observed in the AISI 316L samples is smaller than that
of the HEA sample, but uneven surface is observed for
the HEA sample compared to the AISI 316L sample.
The results suggests that both fcc materials (AISI 316L
and CoCrFeMnNi-HEA) show similar structure, micro-
structures and microhardness. The mechanical tests also
show similar properties but differences in the ductility and
WHRs are observed, which makes the differences in their
deformation mechanism.

Table 4 Mechanical properties

. Sample designation
of the additive manufactured

Microhardness

Yield Strength Ultimate tensile % Elongation

HV MP. strength [MP.
bulk AISI 316L stainless [HVos] [MPal strength [MPal

steel and CoCrFeMnNi-HEA AISI 316L 255+10 500+5 570+ 10 ~58%
samples CoCrFeMnNi 25944 51646 600+ 12 ~31%

@ Springer



Progress in Additive Manufacturing (2022) 7:453-461

459

Fig.5 Scanning electron microscope images of the fracture surfaces
of AISI 316L a, ¢, e and CoCrFeMnNi-HEA b, d, f respectively

4 Conclusion

Single fcc-phased AISI 316L stainless steel and CoCrF-
eMnNi-HEA were successfully processed using selective
laser melting. Both the alloys reveal hierarchical microstruc-
ture, columnar grains, and cellular substructures after SLM.
The microhardness and tensile properties of AISI 316L
stainless steel and CoCrFeMnNi-HEA are similar, where
microhardness varies within the range 240-270 HV s,
YS ~500 MPa and UTS ~ 600 MPa respectively. Even though
CoCrFeMnNi-HEA shows a higher work hardening rate than
AISI 316L stainless steel at a lower strain, at higher strain,
the work hardening rate of CoCrFeMnNi-HEA decreases
tremendously due to weaker twin mediated plasticity. How-
ever, AISI 316L stainless steel maintains sustainable WRH,
while plastically deforming with twin mediated plasticity
at higher strain maintaining higher ductility than that of
CoCrFeMnNi-HEA.
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