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Abstract: In this paper, a laser-based directed energy deposition (DED) technique is used to fabricate
FeCoNiCr and CrMnFeCoNi multi-principal-element alloys (MPEAs). Comparing the above samples,
the FeCoNiCr samples with coarse columnar grains cracked, while the CrMnFeCoNi samples with
equiaxed grain were crack-free. The strategy that removes cracks is to induce a columnar-grain-
to-equiaxed-grain transition (CET) with Mn addition to offer more grain boundaries to withstand
residual stress in the process of DED-fabricated FeCoNiCr and to help minimize hot cracking. Further-
more, the yield strength, tensile strength, and tensile ductility of the DED-fabricated CrMnFeCoNi
obviously improved compared with the DED-fabricated CoCrFeNi and exhibited better isotropic
mechanical properties. The present work provides a novel strategy to utilize CET for resisting
crack propagation in the process DED-fabricated MPEAs and improvement in mechanical properties
of MPEAs.

Keywords: multi-principal-element alloys; laser-based directed energy deposition; microstructure;
tensile mechanical properties

1. Introduction

Multi-principal element alloys (MPEAs) have drawn widespread research interests
due to their revolutionary idea for alloy design [1]. Usually, MPEAs are fundamentally
different, with conventional alloys based on one or two dominant elements, because MPEAs
contain equal or nearly equal quantities of four or more metallic elements, and prefer to
form face-centered cubic (FCC) and/or body-centered cubic (BCC) solid solution phases
rather than intermetallic phases [2]. This kind of unique microstructure provides MPEAs
with excellent properties. One typical MPEA system is the CoCrFeNi and CoCrFeNi-based
FCC alloys, which have attracted great interest due to increasing plasticity with decreasing
temperature [3,4]. This alloy is a kind of excellent candidate material that is applied in
low-temperature working environments, such as hulls, planes, low-temperature storage
tanks, etc.

The fabrication of MPEAs mainly relies on conventional casting methods, such as
vacuum arc-melting and then drop casting, which possesses significant disadvantages
in terms of cost and efficiency [5,6]. With the development of additive manufacturing
(AM), it provides a powerful and efficiency tool to obtain MPEAs with more homogeneous
composition and complex geometry [7-10]. Columnar and equiaxed grains are the pre-
dominant microstructures for these AM-fabricated alloys [11-13]. However, the process
of AM usually exhibits processing characteristics such as a high-temperature gradient
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tending to form in the columnar grain along the molten pool boundaries in the deposited
single-phase materials [14-17]. Generally, not only does a columnar grain structure induce
the anisotropic properties of the materials but also its boundaries are sensitive locations for
crack initiation [18,19].

It is reported that fine equiaxed microstructures can reduce the sensitivity to hot
cracks and accommodate strains more easily [20,21]. For conventional alloys such as the
Ti-6Al-4V alloy and the 316 L alloy, adjusting the energy input density in the process of AM
is usually applied for facilitating the columnar-grain-to-equiaxed-grain transition (CET)
to resist crack propagation and to improve the mechanical properties [22-26]. Recently,
Xiang et al. [27] adopted this strategy and achieved an adjustment in the proportions of
the columnar and equiaxed grains of DED-fabricated MPEAs. Furthermore, that paper
presented the advantaged of DED technology compared with other AM methods, such as
easily achieving CET transformation and promoting the mechanical properties. In order to
expand the applications of CET in the MPEAs, we carried out a comparative study of the
CoCrFeNi and CrMnFeCoNi that were manufactured by DED to provide insights into the
correlation of CET and tensile mechanical properties with the compositions of MPEAs and
to inspire tensile mechanical studies of other MPEAs.

2. Materials and Methods

The CoCrFeNi and CrMnFeCoNi samples were synthesized with the DED technique.
The average sizes of alloyed CoCrFeNi and CrMnFeCoNi spherical powder were 120 um
via using a Microtrac S3500 laser particle size analyzer (Microtrac MRB, Montgomeryville,
PA, USA). The chemical compositions of the pre-alloy in weight percent were measured
by inductively coupled plasma mass spectrometry (ICP-OES) (Thermo Fisher Scientific,
Waltham, MA, USA), as shown in Table 1. In the DED fabrication, the alloyed powder was
sent through a coaxial nozzle into the laser molten pool on a 316 L steel substrate at an argon
gas flow of 15-22 L/min and a feeding powder rate of 6-10 g/min. The manufacturing
environment was under high-purity argon gas protection. Thin wall samples with lengths
of ~80 mm and heights of ~40 mm were fabricated by laser multi-layer deposition. The
optimal process parameters of DED-MPHAs were obtained via an orthogonal test: a laser
power of 1200 W and a scanning speed of 400 mm/min. After each single laser scan, the
laser head rose at 0.45 mm increments in height, keeping an 8 mm distance gap above the
molten pool.

Table 1. Chemical compositions of the CoCrFeNi and CrMnFeCoNi MPEAs in weight percent
measured by inductively coupled plasma mass spectrometry.

Element/wt.% Co Cr Fe Ni Mn
CoCrFeNi 27.06 22.24 25.49 25.21 —
CrMnFeCoNi 22.58 17.92 19.94 20.28 19.28

The samples were disposed by spark erosion to study the microstructures of the plane,
which consisted of the laser scanning direction (SD) and the deposition direction (DD). X-ray
diffractometric with Cu-Ka radiation (XRD, D/max-RB, Rigaku, Japan), scanning electron
microscopy (SEM, LEO1530) (LEO Electron Microscopes, Moorenweis, Germany) equipped
with X-ray energy dispersive spectrometer (EDS) (Oxford Instruments, Abingdon, UK),
and Zeiss Supra 35 instruments equipped with an Oxford Instruments electron backscatter
diffraction (EBSD) system (Carl Zeiss AG, Jena, Germany) were applied to study the
microstructure, fractography, and chemical composition distribution of the DED-fabricated
samples. The thermal behaviors of the specimens were evaluated by differential scanning
calorimetry (DSC, DSC-60, Shimadzu, Japan) at a heating rate of 20 K/min. The tensile
mechanical properties of the samples were tested by an Instron 5982 static testing machine
at a strain rate of 1073 s~ 1.
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3. Results and Discussion
3.1. Microstructure Characteristics

Figure 1a exhibits some cracks that are parallel to the DD direction, observed on the
surface of the DED-fabricated CoCrFeNi wall sample. For the CrMnFeCoNi wall samples in
Figure 1b, there are surfaces without visible defects. Therefore, CrMnFeCoN:i is better suited
for DED technology than CoCrFeNi. The XRD spectrum of powders and corresponding
DED-fabricated samples for the different alloy compositions are shown in Figure 1c. The
XRD spectrum in Figure 1c shows the (111), (200), and (220) diffraction characteristic peaks
of the face-centered cubic (FCC) single-phase solid solution for the four kinds of samples.
For the CrMnFeCoNi composition, the peak intensity of the DED-fabricated sample and
the corresponding powder maintained the same distribution, demonstrating no obvious
preferential orientation. However, the peak intensity of the DED-fabricated CoCrFeNi
sample had a different distribution from the corresponding powder. For the XRD spectrum
of the DED-fabricated CoCrFeNi sample, the (200) peak intensity was stronger than the
other peaks, indicating that crystal growth had a preferential orientation. Apparently, Mn
addition exerted a significant effect on the crystal growth and grain distribution of the
DED-fabricated CoCrFeNi samples. The DSC curves of both DED-fabricated samples are
given in Figure 1d, where Ty, corresponds to the beginning temperatures of the melting
transitions observed in the DSC traces for the respective alloys. It is presented in Figure 1d
that the Ty, of CoCrFeNi is reduced from 1693 K to 1553 K after Mn addition. Furthermore,
there is just one melting peak observed in the DSC traces for the two kinds of alloys,
meaning that each alloy had a stable solid solution below Tr,.

c (200 vrec | d
(111) CrMnFeCoNi 1553K l
.
3 (220) -~
© * . CoCrFeNi 1693K
; CrFeCoNi-LMD L S
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)
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Figure 1. (a,b) DED-fabricated samples of CoCrFeNi and CrMnFeCoNi, respectively; (c) XRD
spectrums and (d) DSC curves of the CoCrFeNi and CrMnFeCoNi MPEAs.

In order to further understand the function of Mn addition on the microstructure of
DED-fabricated CoCrFeNi MPEA, the inverse pole figure (IPF) and pole figure (PF) of the
samples obtained through EBSD analysis are presented in Figure 2. Figure 2a presents the
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IPF map of the CoCrFeNi samples, with the columnar grain microstructure being ~1.2 mm
in length and ~0.2 mm in width. Furthermore, the corresponding PF of CrFeCoNi shows
that the orientation of most of the grains through the deposited direction are close to the
<100> direction, exhibiting a strong texture, as displayed in Figure 2b. However, the IPF
map in Figure 2c exhibits that the CrMnFeCoNi consists of the equiaxed grain with a mean
size of ~150 um. Figure 2d shows a random texture due to the occurrence of CET for
DED-fabricated CrMnFeCoNi MPEAs.

v/

Max:4.22

Max:51.67

DD DD

1.

Figure 2. (a) The IPF coloring map and (b) PF maps of the DED-fabricated CoCrFeNi samples. (c) The
IPF coloring map and (d) PF maps of the DED-fabricated CrMnFeCoNi samples.

TD TD

The microstructure morphology is revealed to depend on the degree of undercooling.
With the degree of undercooling increasing, the microstructure morphology will change
from planar to cellular, to columnar dendritic, and then to equiaxed dendritic [28-30]. The
degree of undercooling for a certain alloy depends on the solidification condition such as
the temperature gradient (G) and the growth rate (R). For the solidification condition of an
alloy, G is the highest at the bottom of the molten pool and R is the highest at the surface of
the molten pool in DED process. The bottom region possesses the highest G/R value, where
the columnar grains dominate the microstructure. Contrarily, the top region possesses the
lowest G/R value, with the microstructure tending to be uniform equiaxed grains. The wall
sample is formed by an overlap among adjacent one-layer layers [31]. The formation for a
new layer is accompanied by a certain volume of the former layer to be melted, resulting in
equiaxed grains that are only present at the top of the molten pool being melted. Therefore,
the columnar grains at the bottom of former layer easily continue to grow epitaxially [12].
With Mn addition, the decreases in the Ty, lead to more heat accumulation, which results
in a decrease in the value of G/R over the entire region. The low G/R could promote the
nucleation of equiaxed grains, thus forming an extensive equiaxed grain zone. Meanwhile,
the epitaxial growth of columnar grains would be interrupted due to a new layer not being
able to clear all of the equiaxed grains from the former layer, resulting in the formation of
CET behavior for CrMnFeCoNi, as shown in Figure 2c.
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Furthermore, the distribution of elements in each alloy has been comparatively exam-
ined. Figure 3a,b show that Co, Fe, Cr, and Ni are homogeneously distributed in CoCrFeNi
with equiaxed grain microstructure samples. However, the CrMnFeCoNi with columnar
grain microstructure samples exhibits dendrites enriched in Co, Fe, and Cr and interden-
drimers enriched in Ni and Mn, as shown in Figure 3c,d. It is known that Mn and Ni have
melting points of 1517 K and 1726 K, respectively, while Co, Cr, and Fe have melting points
of 1768 K, 2130 K, and 1808 K, respectively. According to the report, the CrMnFeCoNi HEA
can be described by a schematic phase diagram of the CrFeCo-MnNi system consisting of a
liquid and a solid can be described by analogy with a completely miscible binary alloy [32].
Therefore, Mn and Ni, with lower melting points, are easily enriched in the interdendrites
during the solidification of an alloy, as shown in Figure 3d.

|

Figure 3. EDS maps of (a,b) CoCrFeNi and (c,d) CrMnFeCoNi samples prepared via DED.

3.2. Tensile Mechanical Properties

Figure 4a presents the tensile mechanical curves of CoCrFeNi and CrMnFeCoNi at
room temperature, and the corresponded tensile mechanical properties are summarized in
Table 2. Compared with the CoCrFeNj, the yield strength (oy ), tensile strength (omax), and
tensile ductility(e) of CrMnFeCoNi along the DD and SD directions obviously improved.
Furthermore, the CrMnFeCoNi samples in Figure 4a exhibit better isotropic mechanical
properties than the CoCrFeNi samples.

To reveal the reasoning for the different tensile performances between the CoCrFeNi
and CrMnFeCoNi samples, the corresponding cross-sectional SEM images of both fractured
samples along the SD direction have been comparably studied in Figure 4b—e. Figure 4b
shows that the CoCrFeNi sample displays the fracture of intergranular. Additionally,
some elongated cracks were detected in the fracture of the CoCrFeNi sample in Figure 4b.
Furthermore, cellular structure patterns, marked by the red arrow, have been observed
on the enlarged image of the fracture in Figure 4c, exhibiting that intergranular micro
hot cracks existed within the DED-fabricated CoCrFeNi samples. These intergranular hot
cracks developed to elongated cracks under a load, leading to its property worsening
and deviating. In Figure 4d, the fracture of the CrMnFeCoNi sample exhibits a necking
behavior, demonstrating a ductile fracture mode under a tensile load. Furthermore, there is
a dense population of dimples on the enlarged image of the fracture, as shown in Figure 4e,
which also reflects the excellent plastic properties.
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Figure 4. (a) The tensile curves of CoCrFeNi and CrMnFeCoNi along different direction; (b—e) the
fracture surface of the CoCrFeNi (b,c) and CrMnFeCoNi (d,e) samples after tensile testing along the
scanning direction.

Table 2. The tensile mechanical properties of CoCrFeNi and CrMnFeCoNi samples.

. . . Yield Strength o9 Tensile Strength
Materials Direction (MPa) Onx (MPa)
CrFeCoNi DD 162 + 8 444 + 22

— SD 241 +£13 321 £ 18
CrMnFeCoNi DD 255 +£11 509 + 26
— SD 259 +£9 505 + 23

To conclude, the hot cracking problem and anisotropic mechanical properties for DED-
fabricated FeCoNiCr MPEAs have been solved. There were limited residual liquids or/and
semi-solids along the columnar grain boundaries at the last stage of solidification [29]. This
is known as liquid feeding, in which unsolidified metals prefer to fill up open channels
under the force of gravity/via capillary action. Cleavages, porosities, and other defects tend
to be generated within the grain boundaries, when the channel of liquid feeding to mushy
regions is hindered. Meanwhile, the tension force perpendicular to the grain boundary
ascribed to residual stress is generated due to thermal shrinkage [18]. The large grains tend
to form severe residual stress and easily experience pressures beyond the characteristic
pressures at which hot cracking tends to start [33,34]. A CET behavior can refine the grain
size to offer more grain boundaries to withstand the tension force and to help reduce hot
cracking. Therefore, CrMnFeCoNi with equiaxed grains conquers the hot tearing issue
for CoCrFeNi with columnar grains in DED processing, resulting in improvements in the
mechanical properties.

4. Conclusions

In this paper, CoCrFeNi and CrMnFeCoNi MPEAs have been successfully fabricated
with the DED technique. Additionally, the effect of Min addition on the grain microstructure
and mechanical properties of DED-fabricated CoCrFeNi were studied. The following can
be concluded:

(1) With Mn addition, the microstructure of DED-fabricated CoCrFeNi transitioned from
the columnar grain to the equiaxed grain.

(2) The hot cracking problem and the anisotropic mechanical properties have been solved
for the DED-fabricated CoCrFeNi MPEAs with Mn addition.
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(3) Compared with the CoCrFeNi, the yield strength, tensile strength, and tensile ductility of
CrMnFeCoNi obviously improved and exhibited better isotropic mechanical properties.

(4) The CET induced by controlling the compositions has been applied to resist crack
propagation and improvements in AM-fabricated MPEA mechanical properties.
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