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Abstract: The micro-cracking behaviors of two high-entropy alloys (HEAs) of the FeMnCoCrNi family prepared by
selective laser melting were systematically studied. Residual stresses were also analyzed by X-ray diffraction technique.
Results show that the equiatomic FeMnCoCrNi HEAs with a relatively stable single-phase face-centered cubic (FCC)
structure suffered from micro-cracking with residual tensile stress after laser melting. In contrast, the metastable
non-equiatomic FeMnCoCr HEAs with reduced stacking fault energy are free of micro-cracks with residual
compressive stress at various volumetric energy densities (VEDs). The displacive transformation from the FCC matrix
to the hexagonal close-packed (HCP) phase during cooling prevents the micro-cracking via consuming thermal stress
related internal energy. Further, the displacive transformation during tensile deformation contributes to the higher
strength and ductility of the metastable dual-phase HEA compared to that of the stable single-phase HEA. These
findings provide useful guidance for the design of strong, ductile, and crack-free alloys for additive manufacturing by

tuning phase stability.
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1 Introduction

Additive manufacturing (AM) is now
attracting significant interests from both academic
and industrial fields owing to its flexible
manufacturing of 3D near-net-shape parts in cost
effective and material saving manners [1-3]. As one
of the powder bed fusion processes of AM, the
selective laser melting (SLM) is increasingly used
for manufacturing of metallic parts in a successive
lay-by-layer fashion with fine microstructures and
complex shapes [4]. Although fabricating fully
dense components using SLM is an area of great
interest, it faces significant challenges of
micro-cracking in many processed alloys. The
micro-cracking behavior is generally related to the

thermal stress induced during SLM, which is
sometimes also coupled with the micro-pores
formed at the late state of solidification during laser
melting [1,5-8]. In this regard, a large number of
conventional high-strength alloys are not suited for
SLM and other laser AM techniques as micro-
cracking behavior deteriorates the mechanical
properties of the printed alloys. Therefore, the
micro-crack associated with the thermal stresses in
3D printed metal parts has been one of the most
critical issues for metal AM.

In order to fabricate crack-free AM metal
components, several methods have been employed
to eliminate the cracks during or after AM process.
First, the hot isostatic pressing (HIP) has been used
to consolidate cracks in the alloys prepared by
AM [9,10]. However, the open porosity and surface
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cracks still remain after HIP [11]. Also, HIP usually
gives rise to grain growth, leading to coarser grains
and lower strength of the AM metal parts. Second,
optimizing the 3D printing parameters, such as laser
power, scan speed, layer thickness and scanning
strategy, has also been employed to alleviate the
residual tensile stress and associated cracks [12—15].
Yet, the optimization of processing parameters can
only be probed in a certain extent and micro-
cracking can still occur particularly in crack-
susceptive alloys. Third, preheating of substrate
prior to 3D printing has been tried to reduce
the thermal stresses. However, the preheating
temperature is usually low (below 250 °C) since
high preheating temperature is detrimental for AM
metal parts [16—18]. In this context, the reduction in
thermal stresses by preheating substrate is limited.
Also, the preheating of substrate could not alleviate
the thermal stresses in layers deposited relatively
far away from the substrate. Fourth, adjusting minor
alloying elements in crack-sensitive alloys to tailor
the solidification path or refine the primary phase
has been studied to relieve the micro-cracking in
AM metal parts. For instance, lowering the contents
of Mn and C has been found to help in avoiding
cracks in SLM printed Hastelloy X alloy due to the
reduced interdendritic brittle phases [5]. Adding Si
can effectively suppress the micro-cracks in the
SLM printed Al-Zn—Mg—Cu alloy [19-21] by
eutectic filling and adding Zr can eliminate the
micro-cracks in the SLM printed Al2024 alloy by
grain refinement [22—24]. Despite that various
approaches have been utilized to relieve the
formation of cracks in AM metal parts, the residual
tensile stresses and the associate cracking issues in
3D printed alloys are still presented commonly.

The concept of high-entropy alloys (HEAs) is
currently also arousing widespread interest owing
to its inherent immense compositional variability
for designing the new materials with the
excellent mechanical, physical and chemical
properties [25—28]. Several HEA systems have been
probed over the past fifteen years, such as face-
centered cubic (FCC) FeMnCoCrNi system [29,30],
body-centered cubic (BCC) TiNbTaZrHf system
and other dual- or multi-phase alloy systems [31,32].
Some of them show promising properties, e.g.,
exceptional cryogenic fracture toughness [33] and
high resistance to hydrogen embrittlement [34,35]
have been revealed in the FeMnCoCrNi HEA.

Recently, additive manufacturing techniques have
also been employed to synthesize bulk HEAs. In
fact, one of the advantages of SLM for HEASs is that
the rapid solidification within the melt pool could
facilitate the formation of supersaturated solid
solutions with ultra-fine grains [36,37]. So far, AM
of HEAs has been widely studied [38—40].
However, similar to the cases of conventional alloys
introduced above, most of HEAs, such as the FCC
CoCrFeMnNi, FCC CoCrFeNi and BCC
AlCoCrFeNi, have also suffered from cracking
when they were printed by SLM [41-47].

In fact, nucleation and propagation of
micro-cracks can be considered as possible ways of
dissipating internal energy related to thermal stress
in the materials. In this regard, we introduce other
pathways rather than crack nucleation and
propagation to absorb the internal energy, and hence
to prevent micro-cracking of the alloys produced by
AM. In the present study, we suggest that rendering
in-situ displacive phase transformation to consume
the internal energy induced by thermal tensile
stress during SLM is effective to prevent the
micro-cracking in  metastable HEAs. To
demonstrate our concept, in the following we show
the SLM processing, morphology, microstructure
and deformation behavior of a representative
metastable HEA  (FesoMn3gCooCrig,  at.%)
comparing with that of a relatively stable FCC HEA

(F ezoan()C OzocrzoNizo, at. %) . Although the
compositions of the stable equiatomic
FeMnCoCrNi HEA and the  metastable

non-equiatomic FeMnCoCr HEA are not exactly
the same, the present work provides the new
insights that phase stability of HEAs can be
properly reduced by tuning the compositions to
trigger displacive transformation and thereby
prevent micro-cracking caused by the residual
thermal stresses.

2 Experimental

2.1 Selective laser melting

Two different HEAs of the FeMnCoCrNi
family, i.e., the stable single FCC phase
FeooMnygCoy0CrygNiyy (at.%) and the metastable
dual-phase FesoMn3yCo;¢Cryg (at.%) were selected
for the SLM processing. Powders of the two HEAs
were prepared by gas atomization with the
following steps. Firstly, the pure metals (Fe, Mn,



Rui-di LI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1059-1073 1061

Co, Cr and Ni) with high purity (299.9%) were
melted at 1500 °C in an induction heated vacuum
furnace. Then, the molten liquid metal was sprayed
through Al,O; ceramic tube with the nozzle hole
diameter of 3.5 mm under high-purity (=99.9%) Ar
atmosphere at 4 MPa. Finally, the obtained powders
were then sieved to have a size distribution range of
5—45 um. The particle size was measured using a
laser particle size analyzer (Matersizer). The
as-prepared powders show spherical shape
according to the scanning electron microscopy
(SEM) analysis. The chemical compositions of the
powders were measured by the inductively coupled
plasma atomic emission spectrometry (ICP-AES)
and the results are shown in Table 1.

SLM processing was performed at room
temperature using an FS271 facility (Farsoon, Inc,
China) equipped with a 500 W Gaussian beam fiber
laser with a focal laser beam diameter of 90 um
under high purity Ar atmosphere. A grit-blasted
stainless-steel plate was used as the substrate of
powder deposition. After the SLM processing, the
printed HEA parts and the steel substrate were

separated by wusing the electrical discharge
machining.
Cubic samples with  dimensions of

10 mm x 10 mm % 10 mm were first printed with
different SLM parameters to obtain the optimal
parameters. Using the optimized parameters, larger
blocks with dimensions of 80 mm x 10 mm X
10 mm were produced. The SLM parameters used
in the present study were: laser power (P) 400 W,
scan speed (v) 800—-1600 mm/s, scan interval (%)
0.09 mm, and layer thickness (¢) 30 pm. Volumetric
energy density (VED) can be estimated based on
the SLM parameters (P, v, t, h), i.e., VED=P/(vh{).
In the present study, to better compare the
printability, micro-cracking behavior and micro-
structural evolution of the two HEAs from the
FeMnCoCrNi family, the same VEDs (SLM
parameters) were used for the two alloys, i.e., 185.2,
123.5 and 92.6 J/mm’, respectively.

2.2 Microstructural and mechanical
characterization

The relative density of the SLM printed
samples was tested by the Archimedean method.
Phase identification was conducted by a
D/max2500pc X-ray diffractometer (XRD) with Cu
K, radiation (1=0.15406 nm). For microstructural
analysis, sample surfaces were ground and
polished, and then etched with a solution consisting
of H,O, (10 mL), HC1 (16 mL) and methyl alcohol
(24 mL). The morphologies of the etched sample
surfaces were observed by an optical microscope
(OM, Leica DM2700P, Germany). Scanning
electron microscopy (SEM) analysis and electron
backscatter diffraction (EBSD) measurements were
performed using a FEI NanoLab 600i microscope
equipped with a NordlysMax® camera and the
Oxford channel 5 data collection software.
Transmission  electron  microscopy  (TEM)
investigations were performed using a JEOL 2100F
microscope operated at 200 kV. The microscale
elemental distributions in the SLM printed samples
were analyzed with an Electron Probe Micro
Analyzer (EPMA) (JXA—8530, JEOL, Japan). Also,
the nanoscale elemental distributions were
investigated using atom probe tomography (APT)
(LEAP 3000X HR, Cameca Inc.). APT tips were
prepared using the focused ion beam (FIB)
technique (FEI Helios Nanolab 600i). The residual
stress measurements were carried out on the
surfaces of the printed alloy parts with different
compositions using the X-ray sin 2y technique by
an X-ray tube (XStress3000) operated at 30 kV and
6.7 mA with 18 different interplanar angles (y)
from —45° to 45°. The diffraction angle (26) was
142°—156°. The residual stress was calibrated with
elastic strain theory according to the Hook’s law
using austenitic stainless, and the elastic modulus
and Poisson ratio are 196 GPa and 0.28,
respectively. Each sample was tested three times to
confirm the data reproducibility.

Dog-bone-shaped tensile specimens with a

Table 1 Chemical compositions of atomized powders measured by inductively coupled plasma atomic emission

spectrometry (ICP-AES) (at.%)

Alloy Mn Co Cr Ni Si

Zr C o S P Fe

Fezoan()COz()CI'zoNiz() 20.1 18.3 18.9
FesoMn3yCo1oCrig

18.6 <0.001
282 9.44 9.89 0.0008 <0.001

<0.00001 <0.0002 0.0032 0.00025 <0.0001 Bal.
<0.00001 <0.0002 0.003 0.00019 0.00016 Bal.
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thickness of 3 mm and a total length of 80 mm were
machined from the SLM printed blocks by
electrical discharge machining. The gauge length
and width were 25 and 3 mm, respectively. Uniaxial
tensile tests were performed on an MST Alliance
RT machine (MTS systems, Eden Prairie, MN,
USA) at a crosshead speed of 2 mm/min at room

temperature, i.€., an initial strain rate of 1.3x107° s

The deformed microstructures in the tensile tested
samples were also investigated by SEM-EBSD and
TEM.

3 Results

3.1 Phase constitutions of as-printed alloys

Figure 1 shows the XRD patterns of the
quaternary non-equiatomic FesoMnzoCo;oCryg (at.%)
and equiatomic quinary FeMnCoCrNi HEAs
printed at different volumetric energy densities
(VEDs) by SLM. The equiatomic FeMnCoCrNi
HEA shows a single FCC y phase after printing at
varying VEDs. In contrast, the non-equiatomic
FesoMn3CooCryp (at.%) HEA contains both FCC y
and HCP ¢ phases. Further, the volume fraction of
HCP ¢ phase increases with increasing the VED
according to the increased intensities of diffraction
peaks of HCP ¢ phase.

3.2 Micro-cracking behavior in as-printed HEAs

Figure 2 shows the optical micrographs of the
as-printed HEAs from the -cross-sections and
vertical-sections at different VEDs. For the
single-phase equiatomic FeMnCoCrNi HEA, a
large number of micro-cracks with an average

185.2 J/mm?
A,

30 40 50 60 70 80 90 100
200(°)

545 s—roe b _ e—FCC =
a (=3
2 21 1852 J/mm® _ o—HCP ) f Clhor o
iﬁb}%ﬁ XA 3, 185.2 J/mm?
123.5 J/mm?3 . :
Ao A Mesmeswcici i | ooy HEA 123.5 J/mm
92.6 J/mm3 FeMnCoCr
A JW

123.5 J/mm?
A >, N - Iguh‘/[m{ygl:f\JA 123.5 J/mm3
e W i 92.6 J/mm?

length of ~10 um can be observed in samples with
varying VEDs. This suggests that the stable
single-phase equiatomic FeMnCoCrNi HEA is
susceptible upon AM by SLM. Interestingly, the
as-printed metastable dual-phase non-equiatomic
FesoMn3oCo,oCryg (at. %) HEA is totally crack-free
at varying VEDs. This is related to the displacive
transformation from the FCC matrix to the HCP
phase during SLM process.

The microstructure of the SLM printed
FesoMn30Co,oCry (at.%) HEA revealed by optical
micrographs in Figs. 2(d—f) shows a typical stripe
structure in the cross-sections and an overlap
structure in the vertical-sections. From the
micrographs of the cross-sections, the weld tracks
are overlapped and their shapes are irregular. From
the micrographs of the horizontal cross-section, the
scan tracks can be clearly observed, and the angle
between the laser scanning direction and the
consecutive layers is ~67°. For both the two HEAs,
the relative density of the as-printed samples
gradually increases with increasing the VED
according to the Archimedean method. At the
highest VED (i.e., 185.2 J/m®), the relative density
of the dual-phase FesoMn;Co;oCryp (at.%) and
single-phase equiatomic FeMnCoCrNi HEAs are
99.8% and 98.2%, respectively. Also, some
spherical particles are presented in the melt pools.
They are inclusions enriched in Mn and hard to be
avoided in high Mn-containing alloys [48,49].

3.3 Residual stress in as-printed alloys
Figure 3 shows the measured
stresses of the additively manufactured equiatomic

residual

92.6 J/mm? .
185.2 J/mm?

42 43 a4 45 a6 47 48
200°)

Fig. 1 XRD analysis of SLM processed equiatomic FeMnCoCrNi and non-equiatomic FesoMn;qCo,Cryg (at.%) HEAs:
(a) XRD patterns of two types of HEAs printed at different VEDs; (b) Zoom-in images of patterns with 26 ranging from

42° to 48°
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92.6 J/m?

FCC

123.5 J/m?

185.2 J/m?

No
cracks

300 um

Fig. 2 Optical micrographs showing cross-sections and vertical-sections of SLM printed HEAs at different VEDs:

(a—c) Single-phase equiatomic FeMnCoCrNi; (d—f) Dual-phase non-equiatomic FesoMn3,Co1oCryq (at.%)

FeMnCoCrNi and non-equiatomic FesoMn3yCojo-
Cryo HEAs at different VEDs. The SLM processed
single-phase  equiatomic FeMnCoCrNi HEA
samples show tensile stresses at the different VEDs,
while compressive stresses were detected in the
dual-phase non-equiatomic FesoMn3yCo;oCr;p HEA
samples under the same processing parameters.
This suggests that the residual stress transformed
from tensile stress in stable single-phase HEA to
compressive stress in metastable dual-phase HEA,
which is related to the partial martensitic phase
transformation in the metastable HEA. The
occurrence of residual compressive stress in the
metastable HEA can be ascribed to the slight
volume expansion with the increase of phase
interfaces and defects accompanying the phase
transformation. Generally, tensile stress can lead to
micro-cracking behavior in additively manufactured
alloys during the fast cooling process [50], while
the micro-cracks are absent from the compressive
stress condition [51]. Further, both the residual
tensile stress in the stable single-phase HEA and the

residual compressive stress in the metastable
dual-phase HEA gradually increase with the
increase of VED, as shown in Fig. 3. This is related
to the much higher melt pool temperature and faster
cooling rate at higher VEDs.

3.4 Microstructure and elemental distribution
Figure 4 shows the typical microstructures of
the SLM printed single-phase equiatomic quinary
FeMnCoCrNi and dual-phase non-equiatomic
quaternary FesoMn;yCooCryo (at.%) HEAs. Similar
to that shown in the optical images in Fig. 2, the
quinary equiatomic FeMnCoCrNi HEA exhibits
micro-cracks at the melt pool boundaries and inside
the melt pools (Figs.4(a—c)). However, in the
quaternary Fes;oMn3;oCooCrig  (at.%) HEA, no
cracks were found at any VEDs (Figs. 4(d—{)).
Also, the melt-pool boundaries of both the single-
and dual phase alloys are clear. For single-phase
HEA, the micro-cracking occurs mainly at high
angle grain boundaries. Further observation of the
microstructure shows fine columnar and cellular



1064 Rui-di LI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1059-1073

120
100
80
60 FCC Cracks
40
20
0
=20
40 |
=60 FCC+HCP

92.6 123.5 185.2
VED/(J-mm™)
Fig. 3 Residual stresses in as-printed single-phase equiatomic FeMnCoCrNi and dual-phase non-equiatomic
FesoMn3Co1¢Cry (at.%) HEAs at different VEDs

Residual stress/MPa

Stable FeMnCoCrNi

R Sele

-7

Metastable FesyMn;Co,(Cr,,

Fe Conc Area% |

Co Conc Area/%

Cr Conc Area/%
0.1

Ave 45.75
Ave 25.62
Ave 10.83

Fig. 4 Microstructures and elemental distributions of as-printed HEAs: (a) EBSD IPF map; (b, c) SEM images of
single-phase equiatomic FeMnCoCrNi HEA; (d) EBSD IPF map; (e, f) SEM images of dual-phase non-equiatomic
FesoMnzoCoy¢Cryg (at.%) HEA; (g—j) Elemental distribution maps of Fe, Mn, Co and Cr in as-printed dual-phase
non-equiatomic FesoMn3oCo;oCryg (at.%) HEA obtained from EPMA analysis (The microstructural observation plane is
parallel to the building direction. The white arrows in (b) indicate the micro-cracks, and the white dashed lines refer to
the melt pool boundaries)
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grains. Bundles of these grains in the consecutive
layers follow the same direction, indicating the
epitaxial growth. In the process of grain growth, the
“easy growth” direction (the (100) of the FCC
crystal structure) is dependent on the thermal
dissipation direction. In order to reveal the grain
texture, the IPF images of the single FCC and dual
FCC+HCP samples printed by SLM were provided
in Figs. 4(a) and (d), respectively. From the cross-
sections of the samples, it can be seen that the melt
pools were accumulated layer by layer. The
elongated grains are often blocked at the
solidification front, forming new grains with
random crystallographic orientation and resulting in
more isotropic grain characteristics after SLM. In
order to analyze the elemental distribution of the
quaternary FesoMn;oCooCrio (at.%) HEA, EPMA

Stable FeMnNiCoCr

Metastable Fes,Mn;,Co,(Cr,

” A"l B=[001]

maps of Fe, Mn, Co and Cr were collected from the
sample section parallel to the building direction, as
shown in Figs. 4(g—j). All the alloy elements are
homogeneously distributed in the side view of the
as-printed sample.

We also conducted TEM analysis to further
reveal the nano-scale microstructure, as shown in
Fig.5. From the TEM bright field images
(Figs. 5(a, b, d, e)), high density dislocations
are present in both the stable and metastable HEAs.
This also suggests the presence of residual stresses
caused by the rapid solidification during SLM.
There is also a high number density of stacking
faults (SFs) in the as-built metastable
FesoMn3pCooCrig HEA due to its low SF energy
(~6.5 mJ/m?) [52]. HCP laminates with thickness
ranging from 20 to 500 nm are also captured in the

B FCC 100%

e

M FCC 60%
M HCP 39.31%

Fig. 5 Microstructures of different HEAs prepared by SLM: (a, b) TEM images with different magnifications; (c) EBSD
phase map; (d, e, g) TEM bright field image; (f) EBSD phase map; (h) Corresponding dark field image; (i) HRTEM

image of interface between HCP phase and FCC matrix
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as-built metastable HEA by TEM observation
(Fig. 5(e)) and transmission EBSD analysis
(Fig. 5(f)). Figures 5(g) and (h) display the bright
field and dark field TEM images of the typical
microstructure in the SLM printed metastable
dual-phase HEA, respectively, which further
illustrates the co-existence of HCP and FCC phases.
According to the atomic columns shown in
Fig. 5(1), there is a standard S—N orientation
relationship between the HCP phase and
the FCC matrix, i.e., (1120),0p//(110)pcc and
(0002)ycp// {111 }pcc  [52]. Also, the uniform
Z-contrast of the two phases shows no apparent
atomic scale composition modulation.

In order to check the nanoscale elemental

Rui-di LI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1059-1073

distribution and the exact local composition in the
metastable FesoMn;oCooCrip HEA, the APT tips
were lifted out for analysis, and the representative
results are shown in Fig. 6. The 3D-APT tip
reconstruction of all the elements in the
representative tip shows that there is no apparent
elemental segregation in the probed volume
(Fig. 6(a)). The one-dimensional compositional
profiles (Fig. 6(b)) show that there is no obvious
fluctuation of the elemental composition along the
length direction of the tip, and the analysis
reveals that the tip of the quaternary HEA has an
overall composition of Fesp79Mnyg44Co1139Cryy 38
(at.%). Further, the statistical binomial frequency
distribution analysis shows that the experimental

(a) ree RO
FgeZiini s Mn CQ AR % Cr
10-nm
60 2
(b) ) () Element Reduced y* ny; u
[T AT Fe 15898 35 0.0243
30 Fe i Mn 11138 27 0.101
;F | Co 0.574 19 0.137
° 40+ | Cr 0.902 19 0.0194
RS ” Pl —— Fe observed
= 30 n 1ty e Fe binomial
% et o I i~y Mn observed
3 T If Y Mn binomial
201 Cr | L { —— Co observed
= I T Co binomial
L f | L 4 —— Cr observed
10 \ | ; Jj i Cr binomial
‘ ‘ l l Co I l L\q ,r:f‘ I Lhk I I
0 20 40 60 80 100 0 20 40 60 80 100

Distance/nm

Content/at.%

Fig. 6 Representative APT analysis of SLM processed FesoMn3oCooCrig HEA: (a) 3D-APT tip reconstruction of
different elements; (b) One-dimension compositional profiles taken along length direction of tip; (c) Frequency
distribution analysis from experimental results and binominal simulation (Several parameters were used to evaluate the
fitting quality, as shown in the Table inserted in (c). ng and x are the degrees of the freedom for a given ion and the

normalized homogenization parameter, respectively)
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binomial curve is in good agreement with the curve
corresponding to the complete random distribution
(Fig. 6(c)). The normalized homogenization
parameter () is close to 0 for the four elements,
confirming the random distribution of all elements
(Fe, Mn, Co and Cr). Therefore, effects of
segregation and precipitation in both micro- and
nano-scales on the properties of the material can be
ruled out based on the above EPMA and APT
analysis.

3.5 Mechanical properties and deformation

microstructure
Figure 7(a) shows the representative
engineering stress—strain curves of the SLM

samples at different VEDs. Both the yield stress and
ultimate tensile stress are enhanced with the
increase of VED from 92.6 to 123.5 J/mm”®. At VED
of 185.2 J/mm’, the highest ultimate tensile strength
of 776 MPa and elongation of 26% were obtained.

The enhanced tensile properties with increasing
VED is related to the fact that the increase of VED
favors the densification of the as-printed samples
(Figs. 2(d—f)). At the relatively low VED of
92.6 JJmm®, a large number of pores are visible,
thus the strength and ductility are significantly
weakened. With the increase of VED to
185.2 J/mm’, the densification of the as-printed
samples is highly improved, thus the tensile
strength and ductility are increased.

Figures 7(b—d) show the EBSD maps of the
regions with different local strain levels (20%, 25%
and 30%) in the tensile tested sample at the VED of
185.2 J/mm’. It is clear that more HCP martensite is
formed in the FCC matrix with increasing the strain
levels. Specifically, the phase fractions of HCP
martensite at strain levels of 20%, 25% and 30%
are 63.1%, 78.8% and 80.2%, respectively. This
suggests the dynamic displacive transformation
from the FCC matrix to the HCP martensite during

FeMnCoCrNi

Engineering stress/MPa
N
(=]
S

185.2 J/mm3

185.2 J/mm?

92.6 J/mm?

123.5 J/mm?

0 5 10

15 120 251 130

Engineering strain/%

M HCP 63.1%
M FCC 36.9%

W HCP 80.2%
MFECC 19.8%

Fig. 7 Tensile engineering stress—strain curves of SLM samples at different VEDs (a), EBSD maps of SLM processed
FesoMn3oCo,0Crio HEA at VED of 185.2 J/mm® with different strain levels of 20% (by), 25% (c;) and 30% (d,), and
corresponding phase distribution maps with strain levels of 20% (b,), 25% (c,) and 30% (d,)
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tensile deformation in the printed metastable HEA.
4 Discussion

4.1 Displacive phase transformation alleviated
micro-cracking

In the present work, the most intriguing
finding is that the micro-cracks usually formed in
the SLM processed alloys including the stable
quinary FeMnCoCrNi HEA can be suppressed in
the  metastable non-equiatomic  quaternary
FeMnCoCr HEA with the displacive phase
transformation from the FCC matrix to the HCP
martensite. During the SLM process, residual
thermal stress associated with the cooling of melted
materials is inevitable and generally unfavorable for
metal 3D printing, prone to inducing micro-cracks.
In this regard, reducing or alleviating the residual
thermal stress and the associated micro-cracking
behavior during the printing process is significantly
important for the performance of SLM processed
materials. From the energy dissipation aspect,
cracking is a dissipation route of thermal stress
related internal energy in rapid solidification after
laser melting; the internal energy is usually
spontaneously transformed into surface energy by
micro-cracking. Except for micro-cracking, the
thermal stress stored energy can also be consumed
by other routes. As an interesting finding, the
present study shows that the thermal stress can be
consumed by displacive phase transformation from
the FCC matrix to the HCP martensite. However,
the equimolar FeMnCoCrNi HEA does not show
phase transformation during the fast cooling upon
laser printing, leaving the micro-cracking as the
main approach to consume the thermal stress
related energy. By contrast, in the non-equimolar
quaternary FesoMn;oCo;¢Cryo (at.%) HEA showing
the FCC—HCP martensitic transformation, the
micro-cracks were totally suppressed and the
residual tensile stress in the stable FCC HEA was
changed to compressive stress in the metastable
FCC-HCP HEA (Fig. 3).

For the SLM printed alloy, there are several
possible types of micro-cracking, e.g., solidification
cracking, ductility dip cracking, liquation cracking,
strain age cracking and cold cracking. Based
on a careful identification in the present work, the
main type of micro-cracking in the SLM printed
equiatomic FeMnCoCrNi is strain (age) cracking

under thermal stress instead of solidification
cracking. This was evidenced by the fact that in the
SLM printed equiatomic FeMnCoCrNi alloy
(Fig. 2), an individual crack could pass through two
or more melt pools [1]. Basically, laser additive
manufacturing involves multiple laser scan tracks
and layers, which could accumulate higher thermal
stress than that from conventional laser welding
performed with a single laser scan track.

It should be noted that both the micro-cracking
in the stable quinary FeMnCoCrNi HEA and the
displacive transformation in the metastable
non-equiatomic  quaternary FeMnCoCr HEA
reported here took place during the cooling of the
as-already solidified melt pool and the subsequent
thermal cycle process (i.e., the strain aging
process). The displacive transformation can occur
in a wide temperature range from room temperature
to ~550 °C in metastable non-equiatomic FeMnCoCr
HEA to absorb external energies [52,53], thus, the
micro-cracking can be prevented in a wide
temperature range during strain aging process of
AM.

The difference in the phase stability of the
equimolar FeMnCoCrNi HEA and that of the
non-equimolar FesoMn;yCo1oCrig HEA can be
understood from their difference in stacking fault
energy (SFE). It has been confirmed that the SFE of
the non-equimolar FesoMn3oCo;oCrio HEA is lower
than that of the equimolar FeMnCoCrNi HEA [48].
As evidenced in Fig. 5, the quinary FeMnCoCrNi
HEA exhibits no SFs in as-printed condition while
the quaternary FesoMn3oCooCriy HEA presents a
large number of SFs. In a simple model, SFE
corresponds to the energy difference between the
HCP and the FCC structures [54]. The driving force
of phase transformation from the FCC y to the HCP
¢ mainly comes from the difference of chemistry
free energy change between the parent FCC y and
the product HCP ¢ phases, i.e., AG"*. When AG"™*
is not sufficiently low, additional driving force is
necessary to trigger the transformation. In this
regard, the externally applied stress and internal
thermal stress can provide the necessary driving
force. Thus, in the present work of SLM printing
metastable FesoMn3yCo;oCr;p HEA, the thermal
stress during the fast cooling after laser melting
transfers into beneficial merit to cause the
FCC—HCP phase transformation although such
thermal stress is usually detrimental for other SLM
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materials including the single FCC FeMnCoCrNi
HEA. In this way, the displacive phase
transformation in the metastable FesoMn3;yCo;¢Cryg
HEA releases the internal thermal stress during
printing process, preventing crack generation and
propagation. Further, the residual stress changes
from tensile stress to compressive stress by
FCC—HCP transformation as verified by residual
stress tests (Fig. 3).

4.2 Effect of volumetric energy density on

residual stress and phase transformation

As shown in Fig. 3, both the residual tensile
stress in the stable equimolar FeMnCoCrNi HEA
and the residual compressive stress in the
metastable non-equimolar FesoMn3;oCo,oCr;p HEA
gradually increase with the increase of VED. In fact,
the higher VED, the higher melt pool temperature
and the higher cooling rate, which inevitably
induces much larger thermal stress [55,56]. Thus,
the residual tensile stress increases with the increase
of VED for the stable equimolar FeMnCoCrNi
HEA. When the residual tensile stress exceeds a
critical value, cracks occur inside the printed HEA
sample. Further, the increase of residual tensile
stress leads to more extensive cracking behavior in

B=(110) [

the stable equimolar FeMnCoCrNi HEA as
confirmed in Fig.2. For the metastable
non-equimolar FesoMn3oCo,oCrjp HEA, the thermal
stress promotes FCC—HCP phase transformation.
Therefore, the higher cooling rate at higher VED,
the much higher capability to promote phase
transformation as evidenced in the XRD patterns in
Fig. 1. As a result, for the metastable HEA,
increasing VED results in much higher volume
fraction of HCP phase and accordingly a much
higher residual compressive stress in the as-printed
sample.

4.3 Strengthening effect of phase transformation

Other than inhibiting the micro-cracks, the
FCC—HCP phase transformation occurred under
internal stress during 3D printing process produces
harder HCP martensite phase and thereby enhances
the strength of the as-printed HEA as the phase
interfaces provide effective obstacles for dislocation
slip upon the subsequent deformation [53,57,58].
Also, the remaining FCC phase after 3D printing
can undergo subsequent transformation to the HCP
martensite under the external stress during tensile
testing, further providing the strengthening effect to
the printed metastable HEA. Figure 8(a) shows the

Fig. 8 TEM analysis of sample region near fracture surface in SLM processed FesoMn;,Co,oCrjo HEA after tensile

deformation: (a) Bright field TEM image; (b, c) Dark field TEM images of twins and HCP ¢ martensite, respectively;
(d) SAED pattern; (e, f) HRTEM images showing HCP ¢ martensite and FCC twin, respectively
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bright field TEM images of the sample region near
to the fracture surface of the printed non-equimolar
FesoMn3oCooCryy  (at.%) HEA after tensile
deformation, where a large number of dislocations
can be observed. The corresponding SAED pattern
shown in Fig. 8(d) suggests the coexistence of FCC
matrix, HCP martensite and twin in the FCC matrix.
The dark field TEM images (Figs. 8(b, c)) using
different spots in the SAED pattern further confirm
the presence of deformation twins and nanoscale
martensite lamellae. This finding suggests that not
only the FCC—HCP phase transformation can
improve the mechanical property, but also the
deformation twinning mechanism in the printed
metastable FeMnCoCr HEA enhances the strength
and ductility.

5 Conclusions

(1) The stable single FCC equiatomic
FeMnCoCrNi HEA suffered from significant micro-
cracking, while the metastable non-equiatomic
FeMnCoCr HEA did not show micro-cracks after
laser printing at various VEDs.

(2) The residual stress changes from the tensile
stress in the as-printed equiatomic quinary
FeMnCoCrNi HEA to compressive stress in the
as-printed non-equiatomic quaternary FeMnCoCr
HEA. Both the residual tensile stress in the stable
equiatomic FeMnCoCrNi HEA and the residual
compressive stress in the metastable non-
equiatomic FeMnCoCr HEA gradually increase
with the increase of VED.

(3) The displacive transformation from the
FCC matrix to the HCP martensite during SLM
effectively prevents the micro-cracking of the
metastable HEAs via consuming thermal stress
related internal energy. The higher VED, the more
HCP & martensite phase is formed and higher
residual compressive stress is presented in the SLM
printed non-equiatomic quaternary FeMnCoCr
HEA.

(4) Except for alleviating micro-cracking, the
FCC y—HCP ¢ phase transformation under internal
stress during 3D printing process also enhances the
tensile strength of the metastable HEA by
producing the harder HCP & phase. The further
displacive phase transformation from the remaining
FCC matrix (after printing) to the HCP martensite
during tensile deformation also contributes to the

strength and ductility of the printed metastable
HEA.
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