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Abstract:

Additive manufacturing (AM) of multi-principal element alloys (MPEAS) have
recently attracted considerable attention. However, few studies focus on the thermal
behavior, cracking behavior, and microstructure tunability of AM-processed MPEAS,
which can significantly affect the final performance of AM MPEA parts. In this study,
a ternary equiatomic MPEA CrCoNi, with a single-phase face-centered-cubic (FCC)
structure, was fabricated by the AM process via directed energy deposition (DED) at
different laser scan speeds (10, 30, and 50 mm/s), and special focus was given to the
thermal behavior, cracking behavior and microstructure formation. The increase in the
laser scan speed from 10 to 50 mm/s causes a sharp increase in temperature gradients
and cooling rates by five-fold and seventeen-fold, reaching up to 1,148 K/mm and
57,778 KI/s, respectively, as in-situ measured by a high-speed and high-resolution
thermal pyrometer. Furthermore, the increased laser scan speed induces the severe
cracking, which propagates along high angle grain boundaries and is classified as
solidification cracking based on the observed protruding dendrites from the cracked
plane. Although the Scheil-Gulliver solidification predicts a very narrow critical
temperature range of 16 K which is indicative of a low solidification cracking
susceptibility, the high temperature gradient and the resulting high thermal stress, as
evidenced from the high density of dislocations and stacking faults, are believed to
trigger the severe solidification cracking of the CrCoNi MPEA deposited at a high laser
scan speed of 50 mm/s. With increasing the laser scan speed, the grain structure changes
from elongated grains, which are roughly oriented along the build direction, to a more
heterogenous grain structure with elongated grains converging towards the centerline
and equiaxed grains arranged between the columns of elongated grains. Furthermore,
with increasing the laser scan speed, the cellular structures are refined down to ~ 2 um
due to the increased cooling rates. These findings not only contribute to better
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understanding the thermal behavior, cracking behavior, and microstructure formation
of the AM-processed MPEAs, but also pave a road for further enhancing the mechanical
properties of AM parts via tuning the thermal behavior and microstructures.
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behavior; Cracking behavior; Microstructure formation

1. Introduction

Deviating from conventional alloys which have a single dominant element (e.g. Fe in
steels), multi-principal element alloys (MPEAS) are a new class of alloys, comprising
significant atomic fractions of several elements and giving a new and near-infinite
compositional space for exploration [1, 2]. Although MPEAs often comprise several
base elements in equiatomic ratios (e.g. CrMnFeCoNi [3]), this is not required, and
more and more non-equiatomic MPEAs (e.g. AICoCrFeNi2.1 [4]) have been developed.
This novel alloy design approach can achieve various microstructures, including single-
phase face-centered-cubic (FCC), body-centered-cubic (BCC) or hexagonal-close-
packed (HCP) structures [3, 5, 6] and complex multi-phase microstructures [7]. Several
MPEA systems have been designed with exceptional properties, such as high damage
tolerance of CrCoNi [8] and excellent strength-ductility balance of AlosCrogFeNi25Vo.2
[7]. Hence, MPEAs have generated considerable interest in the field of metallic
materials since their first emergence in 2004.

Until now, however, MPEAs are often processed by casting [9-12], powder metallurgy
[13] and magnetron co-sputtering [14], etc. The conventional metallurgical processes
often generate simple geometry parts, with post tooling required. For magnetron co-
sputtering, it is only applicable to manufacture thin films for ultra-small-dimension
devices [14]. In contrast, additive manufacturing (AM) is a process by which 3D objects
are created layer upon layer from 3D models. The AM process can build industrial-
scale parts with complex geometries and internal features, requiring little or no post
tooling. Furthermore, the AM process is characterized by a highly localized melting
and solidification process, and provides the possibility of achieving hierarchical
microstructures with enhanced mechanical properties [15]. These advantages are the
key drivers for the possible application of the AM process in the manufacturing of
MPEA:s.

Some MPEAs, with exceptional properties, have been manufactured using various AM
processes in recent years, and these include CrCoNi [16-19], CrMnFeCoNi [20-29],
AlCoCrFeNi  [30-38], Coos5CrCugsFeNiisAlTios [39], TiZrNbMoV [40],
Co15CrFeNi1sTiosMoo.1 [41], AICoCrFeNiTios [42], compositionally graded MPEAS
[43-45] and laminated MPEAs [46], etc. There has been indirect evidence regarding the
tunable microstructures of the AM-processed MPEAs through comparing the
publications by different authors. For example, in Ref. [22], a columnar grained
microstructure with alternating sequence of <100> and <110> crystallographic
orientations was achieved in the AM-processed CrMnFeCoNi MPEA. In contrast, it
was demonstrated in Ref. [20] that a columnar grained microstructure with an obvious
<100> crystallographic orientation was achieved in the AM-processed CrMnFeCoNi



MPEA. Furthermore, there have also been some reports demonstrating more random
textures [27] and even some equiaxed grains [24] developed in the AM-processed
CrMnFeCoNi MPEA. Owing to the diverse microstructures of the AM-processed
CrMnFeCoNi MPEA, the tensile properties reported in open publications are very
scattered, with yield strengths ranging from 200 — 600 MPa and tensile ductility ranging
from 20% — 60% [23-28]. These results published by different authors indicate that the
microstructural features of the AM-processed MPEAs, such as grain structures
(columnar, equiaxed, or mixed) and grain sizes (a few micrometers to several hundred
micrometers in width), are tunable, but sparse systematic studies have been reported.
Furthermore, it’s worth noting that, as the most critical defect, the cracks should be
strictly avoided in the AM-processed parts. However, the study on the cracking
behavior of the AM-processed MPEAs is very lacking. Nevertheless, in Ref. [36], the
CoCrFeNi MPEA was found to be very prone to solidification cracking during the AM
process, which was attributed to the large residual stress resulting from the large grain
size (~ 200 pum in width, ~ 3 mm in length). Another research by Bi et al. found that the
intergranular hot cracks of AM-processed CrCoNi MPEA are closely related to the high
oxygen content which originates from the starting powders as well as the AM process
[16]. Other cracking mechanisms, e.g. liquation cracking [47-50], strain-age cracking
[51] and ductility-dip cracking [52], may be also activated in the AM process and have
been reported for the conventional alloys processed by the AM process.

This study aims to reveal the microstructural formation mechanism and to probe into
the cracking behavior of a ternary equiatomic MPEA CrCoNi during the directed
energy deposition (DED) process which is a typical laser powder-blown AM process.
The CrCoNi alloy is a single-phase FCC-structured MPEA with exceptional cryogenic
fracture toughness [11, 53], which makes some complicated effects eliminated, such as
liquation of some low-melting temperature phases, and hence simplifies the complexity
of the study. By changing the laser scan speed and with the aid of the powerful
temperature measurement technique as well as detailed microstructural characterization,
we not only reveal the microstructural formation mechanism but also identify some
common features that help probe into the origin of cracking. This work paves a road for
tuning the microstructure and suppressing the cracking behavior of the AM-processed
MPEAs, which may further enhance their properties.

2. Experimental

2.1. Starting powder

The CrCoNi pre-alloyed powder particles were manufactured by the plasma rotating
electrode process (PREP). It was observed in a field emission gun scanning electron
microscope (FEG-SEM) that the as-manufactured powder particles are perfectly
spherical, without any satellites, indicating good flowability (Fig. 1 a). The surfaces of
the particles are very clean, indicating no oxidation (Fig. 1 a). Furthermore, the dendrite
morphology was also clearly observed in the magnified SEM image (Fig. 1 b). Based
on SEM images, the particle diameter distribution was determined using Nano
Measurer software and is shown in Fig. 1 c. It can be seen that the particle diameter is
Gaussian distributed, with an average value of ~ 75 pum. Such powder particles are in



fairly good agreement with the particle size range specified by the DED system.
Furthermore, very sparse spherical gas pores were occasionally observed in the
sectioned particles (Fig. 1 d). This suggests a good particle quality because the gas pores
in the particles may be entrapped in the final AM parts [54].
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Fig. 1. () and (b) SEM images showing the as-manufactured CrCoNi powder particles
at different magnifications. (c) Particle diameter distribution. (d) Sectioned particles
showing very sparse entrapped gas pores.
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2.2. Manufacturing of specimens using the DED process

The above-mentioned powder particles were loaded into a commercial DED system
(LENS™ MR-7), which is equipped with a 500 W IPG fiber laser with a spot size of
0.6 mm. Cuboidal specimens with dimensions of 8 mm x 8 mm x 8 mm were
manufactured. During the manufacturing process, the particles were blown into the
laser-created melt pool with the aid of argon gas. Each layer was scanned in a zigzag
(bidirectional) way. After one layer was deposited, the deposition head was moved
upwards to scan the next layer and the laser scan direction was rotated by 90° (cross-
hatched). The bidirectional and cross-hatched scan strategy is schematically shown in
Fig. 2. It is worth mentioning that the DED process was performed in an ultra-high-
purity argon-filled chamber which is connected to an oxygen and moisture getter. This
getter can absorb the trace oxygen and return cleaner argon gas to the chamber, with
oxygen levels maintained below 10 ppm to minimize any potential oxidation.
Furthermore, during the fabrication of these cuboidal specimens, the melt pool was
continuously monitored by the ThermaViz system which incorporates a two-
wavelength imaging pyrometer as well as an image acquisition and analysis software.
The imaging pyrometer was placed above the LENS™ MR-7 system and mounted on-
axis with the laser path. A macro lens and broad band pass filter were used in the image
path. The pyrometer, lens, and filter were calibrated with a tungsten strip lamp before
use. The two-wavelength imaging pyrometer measures in two spectral ranges



simultaneously, and determines the temperature by comparing the radiation ratio. This
imaging pyrometer could provide real-time (25 frames/s) and high resolution (12.1
um/pixel) temperature measurements within a wide range of temperatures from 1273
to 3073 K. The measured temperature enables us to estimate the temperature gradient
and cooling rate in the melt pool. The laser scan speed V; (10, 30 and 50 mm/s) was
varied to study its effects, and the corresponding specimens were designated as V1o, Vao
and Vso specimens. Other DED process parameters, including the deposition head
increment t, hatch spacing h, laser power P, and powder feed rate f, were kept constant
for these cuboidal specimens, which have been optimized previously [55] and are as
summarized in Table 1.
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Fig. 2. Schematic of the cuboidal specimen manufactured by the DED System. The
coordinate system (i.e. X-, Y-, and Z-axis), and the three cross-sections (i.e. top, front
and side views) are indicated. The black and gray broken arrows represent the laser
scan directions for two consecutive layers, showing the bidirectional and cross-hatched
scan strategy used in this study. Furthermore, the layer thickness and the hatch spacing
are also schematically shown.

Table 1
The DED process parameters used in this study.

Processing parameters Values (units)

Deposition head increment (t) 102 (um)

Hatch spacing (h) 457 (um)

Laser power (P) 400 (W)

Laser scan speed (Vb) 10, 30 and 50 (mm/s)

Powder feed rate (f) 2.4 (g/min)

Scan strategy Bidirectional and cross hatched

2.3. Material characterization and thermodynamic calculations

The oxygen levels in the starting powders and the DED-processed specimens were
measured by Horiba EMGA-930 analyzer. In order to study the pores and the cracks,



the DED-processed cuboidal specimens were cut along the YZ-plane, ground, polished
and then examined by a Leica optical microscope (OM). For determination of the phase
formation, the X-ray diffraction (XRD) measurement was performed on Rigaku
SmartLab, with the aid of the Cu Ka radiation and at a scan rate of 5 degrees per minute.
The electron backscatter diffraction (EBSD) measurement was performed on the
polished YZ-plane, with an acceleration voltage of 20 kV and a step size of 2 um. EBSD
data was analyzed with Orientation Imaging Microscopy (OIM) analysis software. We
used neighboring confidence index (CI) correction and restricted cleanup to points with
Clslessthan 0.1. The FEG-SEM was used again to examine the microstructural features,
e.g. melt pool boundaries, grain boundaries and solidification substructures. In order to
visualize these microstructural features, the specimens were polished and
electrolytically etched in a solution of 10 mL HNO3z + 5 mL C2H4O2 +85 mL H20. To
reveal the crystallographic defects (e.g. dislocations, stacking faults, etc.), the DED-
processed specimens were characterized by the electron channeling contrast imaging
(ECCI) technique, which was carried out at an acceleration voltage of 30 kV.
Furthermore, the solidification behavior of the CrCoNi MPEA was simulated by the
CALculation of PHAse Diagram (CALPHAD) method, on the platform of Thermo-
Calc software (v. 2019a) equipped with a high entropy alloy thermodynamic database
(TCHEAV. 2.1.1).

3. Results and discussion

3.1. Thermal behavior

The imaging pyrometer on our DED system in-situ measures the temperature in the
vicinity of the melt pool and can show the temperature distribution by a two-
dimensional color-coded thermal image. Fig. 3 a shows a typical thermal image of the
CrCoNi alloy deposited at a laser scan speed of 10 mm/s. The temperature is shown
down to the liquidus temperature (i.e., 1713 K) of the investigated alloy. Therefore, the
image contour is corresponding to the liquidus isotherm and hence the melt pool
boundary. The whole melt pool can be roughly divided into two halves by the melt pool
center (approximately the hottest point with the peak temperature). For the present case,
the left half of the melt pool is experiencing heating and the right half of the melt pool
is experiencing cooling. In this study, we focus more on the tail of the melt pool, which
not only cools but also solidifies. In order to determine the temperature gradient and
the cooling rate at the tail of the melt pool, the temperature profile corresponding to the
cooling half is extracted from the thermal image along the laser scan direction (Fig. 3
a, white line). The temperature gradient curve was achieved by differentiating the
temperature with the distance, and the cooling rate curve was achieved by multiplying
the temperature gradient and the laser scan speed. Temperature gradient and cooling
rate curves are shown in Figs. 3 b and c, respectively. Both temperature gradients and
cooling rates vary within the melt pool, and herein we focus on the tail of the melt pool
where solidification is occurring.

Calculations of the temperature gradient and cooling rate were also performed for Vzo
and Vso specimens, and the effect of the laser scan speed on the temperature gradient
and cooling rate is summarized in Fig. 3 d. Obviously, the increase of the laser scan
speed leads to the simultaneous increase of the temperature gradient and the cooling



rate. For example, the temperature gradient and cooling rate values for the V1o specimen
were estimated to be 250 K/mm and 3,333 K/s, respectively, whereas both values for
the Vso specimen were estimated to be as high as 1,148 K/mm and 57,778 KIs,
respectively.
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Fig. 3. (a) A typical thermal image of the Vio specimen. (b) Temperature profile and
temperature gradient profile of the V1o specimen. (c) Temperature profile and cooling
rate profile of the V1o specimen. (d) Effects of the laser scan speed on the temperature
gradient and cooling rate.

3.2. Cracking behavior

3.2.1. Cracking characteristics

The OM images of the DED-processed CrCoNi specimens deposited at various laser
scan speeds Vp are shown in Fig. 4. It can be seen from these micrographs that spherical
pores are formed occasionally. The observed spherical pores in this study are not lack-
of-fusion defects that were reported to be several hundred micrometers large, irregular
and site-specific (i.e. at inter-track and inter-layer locations) [56, 57]. In this study, these
spherical pores are believed to be gas pores in nature. On the one hand, the gas pores
may originate from the sparse gas bubbles in the starting powders (Fig. 1 d). On the
other hand, these gas pores may originate from the occasional vaporization of surface
materials followed by the formation and collapse of cavities [58]. Specifically speaking,
when the laser power density is enough, the metal vaporization will be activated. As a
direct result, a vapor cavity would form, which facilitates the laser absorption and
consequently enables the laser beam to drill to a deeper depth. Occasional collapse of
these deep cavities would leave gas pores inside the melt pool.

As compared to the gas porosity, the cracks are more deleterious defects in this study



that may run several hundred micrometers and deserve more attention. To be more
specific, the V1o specimen is free of any cracks, and in contrast, in the V3o specimen a
few cracks are occasionally formed. As for the Vso specimen, the cracking phenomenon
IS much more pronounced.
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Fig. 4. Optical micrographs of the DED-processed CrCoNi specimens deposited at a
laser scan speed of (a) 10, (b) 30, and (c) 50 mm/s. The rectangular region in (c) were
mapped by EBSD, as shown in Fig. 5.

Unlike the cracks running along the build direction observed in the AM-ed CoCrFeNi
MPEA [36], the cracks in the DED-processed CrCoNi MPEA are very random and run
several hundred micrometers in various directions. To better understand the cracking
behavior, the cracked region (the rectangular region in Fig. 4 c) of the Vso specimen
was examined by EBSD with a scan area of 600 x 600 um?, and the result is shown in
Fig. 5. It can be seen from the EBSD inverse pole figure (IPF) map that the cracks
propagate along the high angle grain boundaries (HAGBs, >15°, in black) (Fig. 5 a),
i.e. these cracks are intergranular cracks. In contrast, the low angle grain boundaries
(LAGBs, 2° — 15° in blue) and the subgrain interior remain uncracked. Such a
phenomenon clearly suggests that the HAGBs are more sensitive to cracking.
Regarding the random running directions of these intergranular cracks, it is due to the
heterogeneous grain structures developed in the Vso specimen, i.e. the grains grow in
various directions and so do the cracks. In the vicinity of the cracks, large plastic
deformations were detected, as evidenced by a larger local misorientation value in the
EBSD kernel average misorientation (KAM) map (Fig. 5 b).




Fig. 5. EBSD (a) IPF map and (b) KAM map of a cracked region in the Vs specimen
The HAGBsS are highlighted in black in both maps. The LAGBs are highlighted in white
in the IPF map. The Z-axis (i.e. the build direction) is vertically upwards, and the Y
direction is horizontal. The reference axis for the IPF map is the build direction. All the
scale bars are 200 pm.

3.2.2. Cracking mechanism

Several cracking mechanisms have been reported in the welding and AM literature, e.g.
solidification cracking [59, 60], liquation cracking [50, 61, 62], ductility-dip cracking
[63] and strain-age cracking [51]. Solidification cracking, also known as hot tearing,
occurs in the mushy zone of the melt pool at the very last stage of solidification when
the dendrites have coalesced and the inter-dendritic melt could initiate a crack under
thermal stress [59, 60]. In contrast, liquation cracking occurs in the heat affected zone,
and such cracks typically originate from the liquation of certain low melting
temperature phases (e.g. eutectics and carbides) at the grain boundaries [50, 61, 62].
Obviously, these two cracking phenomenon occur in the presence of a liquid film. In
contrast, ductility-dip cracking and strain-age cracking occur at a fully solid state
although these two cracking mechanisms are triggered during different processes. As
its name suggests, ductility-dip cracking originates from a significantly reduced
ductility that often occurs in an intermediate temperature range [63]. Such a cracking
behavior was well documented in Ni-based superalloys when cooled down from high
temperatures after laser processing. It is worth mentioning that post ageing heat
treatment is occasionally needed, and this leads to precipitation phenomenon. Although
precipitation strengthens the alloys, it normally leads to the decrease in ductility and
the increase in stress. Such a combined effect may also cause the cracking phenomenon,
i.e. strain-age cracking [51].

To probe into the cracking origin of the Vso specimen in this study, the cracked region
of the Vso specimen was examined and is shown in Fig. 6. Severe deformation was
observed in the vicinity of the cracks, indicating a large thermal stress and hence a high
strain level (Fig. 6 a). Furthermore, the cracks are very jagged (Fig. 6 a and b), and a
high magnification SEM micrograph in Fig. 6 ¢ shows that the cracked surface exhibits
obvious protruding dendritic structures. These microstructural features lead to a
judgement that these intergranular cracks are formed in the presence of a liquid film
[64]. In other words, it is only when cracking occurs in the presence of a liquid film
that these solidification substructures are retained on the cracked surface. Hence, the
two solid-state cracking behaviors, i.e. ductility-dip cracking and strain-age cracking,
could be safely excluded for the present case. As discussed before, the liquation
cracking often occurs in the presence of the liquid film that originates from the liquation
of some low melting point phases at grain boundaries. For example, the IN738 (or
IN738LC) superalloy was reported to form multiple phases at the grain boundaries, e.g.
MC-type carbides, y-y' eutectics, M3B> borides and NizZrz zirconium compounds, and
the liquation of these phases were found to be the origin of micro-fissuring in the heat
affected zone [50, 61, 62]. However, the CrCoNi MPEA is a typical single-phase FCC
alloy, which has been well documented in Refs. [53]. The single-phase FCC structure
can be also seen from our XRD patterns which will be presented later in Fig. 8.
Therefore, the liquation cracking can also be excluded. These observations and
discussions finally lead us to point to the solidification cracking mechanism.



Fig. 6. (a) BSE and (b) SE micrographs of a cracked region of the Vso specimen. (c) A
magnified view of the rectangular region in (b).

3.2.3. Solidification cracking susceptibility vs. thermal stress

It should be noted that each alloy has intrinsic susceptibility to solidification cracking
to a certain extent. Furthermore, the presence of high enough thermal stresses is an
external condition. The combination of these two factors is necessary conditions for
solidification cracking. The solidification cracking susceptibility can be evaluated by a
material constant, i.e. the critical temperature range ATcrr = T (fs=0.95) — T (fs= 1).
As proposed in Ref. [65], this critical temperature range determines the total strain ¢ at
the very last stage of solidification, according to & = a - AT gy + 0.05 - $1/3, where a
is the thermal expansion coefficient of the alloy and S is volume shrinkage coefficient
of the liquid during solidification. Obviously, this equation indicates that a larger ATcrr
value results in a larger total strain ¢ occurred at the very last stage of solidification.
When the strain cannot be accommodated by the elastic and plastic deformation of the
alloy, solidification cracking occurs. According to our Scheil solidification simulation
result which will be presented later in Fig. 8, the CrCoNi MPEA solidifies in a very
narrow ATcrr range of 16 K that is much smaller than 350 K of some non-weldable Ni-



based superalloys [65] and comparable to that of weldable 316L stainless steels [36].
Therefore, the CrCoNi alloy can be classified as a “weldable/printable” alloy system in
terms of its low susceptibility to solidification cracking, and this could also be observed
from the good quality of our cracks-free V1o specimen.

However, we detected severe solidification cracking in the Vso specimen. Similarly, Bi
et al. also observed severe hot cracking in the DED-processed CrCoNi specimen, which
is related to the oxidation mechanism (reaching up to ~ 550 ppm) and corresponding
weakened plastic deformation capability [16]. However, the oxygen content of our
CrCoNi pre-alloyed powders prepared by plasma rotating electrode process was
measured to be as low as ~ 80 ppm. And the DED process was performed in an ultra-
high-purity argon-filled atmosphere with oxygen levels below 10 ppm. This restricts
the oxygen levels of final DED-processed CrCoNi specimens in our study below 120
ppm, which make us safely exclude the oxidation mechanisms. As for the severe
solidification cracking in the Vso specimen, the reasons have been directed towards the
external reason, i.e., the high thermal stress. Indirect evidence for the considerable
thermal stress can be observed from the typical ECCI images in Fig. 7. The Vio
specimen contains discrete dislocations (Fig. 7 a), and in contrast, the dislocations in
the Vso specimen are much denser (Fig. 7 b). Two slip traces are clearly shown, forming
an angle of 60 degrees. Furthermore, the stacking faults are frequently observed in the
Vso specimen, as marked by the white arrows in Fig. 7 b. Such a high density of
crystallographic defects (both dislocations and stacking faults) suggest the presence of
higher residual stresses in the Vso specimen as compared with the V1o specimen. Hence,
severe solidification cracking is activated in the Vso specimen despite of low
solidification cracking susceptibility.

It naturally follows to discuss the origin of the high thermal stress in the Vso specimen.
The considerable thermal stress may originate from the extremely coarse columnar
grains [36]. For example, similar to our CrCoNi alloy, the CoCrFeNi MPEA also
exhibits a very narrow ATcrr range but shows severe solidification cracking. As
revealed by Sun et al. [36], the extremely large columnar grains (~ 200 um in width and
~ 3 mm in length) are the origin of the considerable thermal stress and hence the
intergranular solidification cracking of the AM-processed CoCrFeNi MPEA. Such
grain size effects on the intergranular solidification cracking were also reported in other
“weldable/printable” conventional alloys [66]. However, the grain size effects are not
believed to be the origin of the high thermal stress and intergranular solidification
cracking of our Vso specimen. This is because the Vso specimen has a grain structure of
columnar plus equiaxed, with a smaller grain size, compared with the V1o specimen that
is free of any cracks. In this study, we attributed the high thermal stress and hence the
severe solidification cracking of our Vso specimen to the high laser scan speed and
corresponding high temperature gradient. As we all know, the DED process is
characterized by deposition and solidification of successive layers. The cooling of
depositing layers would be restricted by the cooler substrate and prior deposited layers,
which would create a tensile stress in the depositing layers [67, 68]. The increased laser
scan speed inevitably aggravates the rapid cooling of the melt pool and gives rise to the
substantial temperature gradients, as shown in Fig. 3. As a direct result, the thermal
stress in the Vso specimen would be amplified as compared with the Vi specimen. The
high thermal stress could pull up the liquid film wetting the dendrites at the last stage
of solidification. Furthermore, it’s worth mentioning that the hot cracks in the Vso
specimen preferably develop in the regions of columnar grains instead of the regions of
fine equiaxed grains. This may be due to the fact that the fine equiaxed-grained regions



could more easily accommodate the high thermal stress and strain [69].
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Fig. 7. ECCI images of the (a) V1o and (b) Vso specimens taken on the uncracked regions,
showing the crystallographic defects. Stacking faults and denser dislocations were
observed in the Vso specimen. Two slip traces are formed with an angle of 60 degrees,
as indicated by the broken white lines in b. The stacking faults are also indicated by the
arrows in b.

3.3. Phase and microstructure formation

3.3.1. Phase formation

The XRD patterns in Fig. 8 suggest that the DED-processed CrCoNi specimens exhibit
a single-phase FCC structure, regardless of the laser scan speed. This is in good
agreement with their counterparts processed by conventional routes [53]. Such a simple
single-phase structure can be discussed with the aid of the thermodynamic calculations
(Fig. 9). Under the assumption of the infinite diffusion of all the elements in both solids
and liquids (i.e. equilibrium solidification), we predicted that only FCC phase solidifies
from the melt, i.e. L - L + FCC — FCC. The Scheil-Gulliver solidification was also
performed based on the assumption of the infinite diffusion of all the elements in the
liquid and no diffusion of all the elements in the solid. Clearly, the Scheil-Gulliver
solidification has a similar solidification path, also leading to the formation of a single-
phase FCC structure. For the Scheil-Gulliver case, however, it is clear that the effect of
micro-segregation is considered but overestimated and hence predicts a much lower
solidus temperature, i.e., 1678 K for Scheil-Gulliver solidification versus 1707 K for
equilibrium solidification.
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Fig. 8. XRD patterns of the DED-processed CrCoNi specimens deposited at various



laser scan speeds, showing a single-phase FCC structure.
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Fig. 9. Thermodynamic prediction of the solidification path of the CrCoNi alloy based
on both equilibrium and Scheil-Gulliver assumptions.

3.3.2. Grain growth and cellular substructures

In the following sections, we used V1o and Vso specimens to study the grain structure
formation. Fig. 10 presents the EBSD IPF, image quality (IQ) and KAM maps of the
V1o and Vso specimens with a scan area of 1 x 1 mm?. The examination surface is the
YZ-plane, with Y-axis aligned horizontally and Z-axis aligned vertically. In the IPF and
IQ maps, the HAGBs and LAGBs are highlighted in black and in blue, respectively.
For the KAM maps, only HAGBs (in black) are highlighted. It can be observed from
the IPF map in Fig. 10 a that the grain structure, delineated by HAGBSs, is overall
columnar in the front view of the V1o specimen. The longitudinal axes of these elongated
grains deviate from the build direction and are along various directions. Furthermore,
the longitudinal axes of some elongated grains rotate by 90° at certain locations. The
growth of these elongated grains can be well discussed in terms of the melt pool
boundaries. The melt pool boundaries are superimposed by the black broken lines in
the 1Q map (Fig. 10 b). It can be clearly seen from the 1Q map that these elongated
grains grow across the melt pool boundaries, suggesting the epitaxial growth mode.
Furthermore, the longitudinal axes are approximately perpendicular to the local melt
pool boundaries, i.e. approximately along the maximum heat flux direction. The 90°
rotation of the longitudinal axes occurs only when the grains run across the melt pool
boundaries. Atypical columnar grain that rotates by 90° is marked by red arrows in Fig.
10 b. In contrast to the V1o specimen, the Vso specimen has a much more heterogenous
grain structure. Both columnar and equiaxed grains were observed in the front view
(Fig. 10 d and e). Elongated and equiaxed grains are formed alternately, as marked in
Fig. 10 e. These elongated grains form a convergent pattern (i.e. towards a centerline).
In the adjacent column, the grains are much more equiaxed.

Furthermore, it should be noted that the grains in the IPF maps are colored based on
their orientations with respect to the build direction (Fig. 10 a and d). A continuous
color change and thus a local misorientation were frequently observed within individual



grains, especially across the LAGBs (subgrain boundaries). The local misorientation is
directly evidenced in the KAM maps, as shown in Fig. 10 ¢ and f. By comparing the
IPF and KAM maps, a more direct correlation between the misorientation and the
LAGB:s is confirmed. More specifically, the formation of the LAGBs introduces a large
local misorientation. This is reasonable because the subgrains grow together to form a
single grain by the introduction of a LAGB. Such a growth process will lead to a larger
misorientation at LAGBs than other regions within individual grains. In this study, the
total length of the LAGBs in the V1o and Vso specimens was measured to be ~ 15 and
33 mm, respectively, in an equal investigated area of 1 x 1 mm?. The denser LAGBs in
the Vso specimen inevitably leads to a more frequent local misorientation, as compared
to the V1o specimen (Fig. 10 c and f).

Fig. 10. EBSD characterization of the (a) — (c) V1o and (d) — (f) Vso specimens (front
view). (a) and (d) are IPF maps, (b) and (e) are 1Q maps, and (c) and (f) are KAM maps.
In the IPF and 1Q maps, the HAGBs and LAGBs are highlighted in black and in blue,
respectively. In the KAM maps, only the HAGBs are highlighted. The black dashed
lines in (b) represent the melt pool boundaries. Atypical columnar grain that rotates 90°
is marked by red arrows in (b). The red dashed line in (e) delineate alternate regions of
columnar and equiaxed morphologies in the Vso specimen. The reference axis for the
IPF maps is the Z-axis that is aligned vertically upwards. All the scale bars are 300 um.

To study the intragrain microstructural features, the Vio and Vso specimens were
electrolytically etched and then examined by OM and SEM, and the results are shown
in Figs. 11-12. First, we observed similar grain structures in both samples, as revealed
by EBSD in Fig. 10, i.e., typically columnar grains in the V1o specimen and columnar
plus equiaxed grains in the Vso specimen. Furthermore, we observed typical cellular
substructures in the V1o and Vso specimens, without obvious dendritic structures. The
elimination of the dendritic structures is attributed to the high cooling rates during the



melt pool solidification, as evidenced by Fig. 3, which enable to suppress the formation
of the secondary arms. As compared with the V1o specimen, the Vso specimen shows a
finer cellular substructure. In other words, the cellular spacing decreases with the
increase of the laser scan speed, as summarized in Fig. 13 a. Such a tendency is
attributed to the variation in the cooling rate, and the relationship between the cellular
spacing and the cooling rate is established, as shown in Fig. 13 b. Many conventional
alloys (e.qg. steels) also show a similar trend during the AM processes [70, 71], and by
fitting the experimental data in this study, a new equation describing the quantitative
relationship between the cellular spacing and the cooling rate is proposed for the
CrCoNi MPEA system as follows:

1 =881-(CR)™013

where 4 is the cellular spacing in um, and CR is the cooling rate in K/s.

Fig. 11. (a) OM and (b) SEM micrographs of the V1o specimen, showing the columnar
grains and internal cellular substructures.
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4. Conclusions

In this study, we additively manufactured CrCoNi by DED at different laser scan speeds
of 10, 30, and 50 mm/s, and special focus was given to the thermal behavior, cracking
behavior and microstructure formation. The main conclusions emerging from the
present work are:

(i) The increase in the laser scan speed from 10 to 50 mm/s causes a simultaneous
increase in temperature gradients and cooling rates, as measured by a high-speed and
high-resolution thermal pyrometer. The temperature gradient and cooling rate for the
specimen deposited at a laser scan speed of 50 mm/s reach as high as 1,148 K/mm and
57,778 KI/s, respectively.

(i) Severe cracking has been observed in the sample deposited at a laser scan speed of
50 mm/s. As revealed by EBSD, these cracks propagate along high angle grain



boundaries. Further microstructural characterization reveals the protruding dendrites
from the cracked plane. Altogether, these cracks are classified as solidification cracking.

(iii) The Scheil-Gulliver solidification predicts a very narrow critical temperature range
of 16 K which is indicative of a low solidification cracking susceptibility. The severe
solidification cracking of the CrCoNi MPEA deposited at a laser scan speed of 50 mm/s
is attributed to the high temperature gradient and the resulting high residual stress.

(iv) With increasing the laser scan speed from 10 to 50 mm/s, the grain structure
changes from elongated grains, which are roughly oriented along the build direction, to
a more heterogenous grain structure with elongated grains converging towards the
centerline and equiaxed grains arranged between the columns of elongated grains.
Furthermore, the increased laser scan speed refines the cell structures due to the
increased cooling rates. Dislocations and stacking faults are also activated in the sample
deposited at high laser scan speeds due to the high thermal stress.
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