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Additive Manufacturing of Interstitial Nitrogen-Strengthened

CoCrNi Medium Entropy Alloy

Sri Bala Aditya Malladi, Dmitri Riabov, Sheng Guo,* and Lars Nyborg

Equiatomic CoCrNi medium entropy alloy (MEA) is known for its excellent
mechanical properties, oxidation resistance, and hydrogen embrittlement
resistance. Interstitial elements like carbon and nitrogen further enhance these
properties. However, there is limited research on interstitial solid solution-
strengthened alloys produced via powder bed fusion-laser beam (PBF-LB). This
study investigates the role of nitrogen as an interstitial alloying element in CoCrNi
MEA using PBF-LB. Two alloy variants, one without nitrogen and one prealloyed
with nitrogen, are analyzed through thermodynamic calculations and experi-
mental validations. A minor nitrogen loss occurs in as-printed samples compared
to prealloyed powders, but the remaining nitrogen stays as an interstitial solid
solution without forming detrimental secondary phases. This leads to improved
mechanical properties, with yield and ultimate tensile strengths increasing from
about 690 and 900 MPa in nitrogen-free samples to over 750 and 1000 MPa in
nitrogen-containing samples while maintaining the high ductility of the nitrogen-
free counterpart in the as-printed materials. Additionally, the nitrogen-containing
CoCrNi-N MEA exhibits ~35HV higher hardness than the nitrogen-free variant in
both as-printed and heat-treated states. These findings highlight the benefits of
nitrogen addition in enhancing the mechanical properties of CoCrNi MEA pro-

typically includes several remelting steps to
achieve a homogeneous distribution of the
elements. The production of HEAs also
requires high cooling rates during solidifi-
cation to avoid elemental segregation and
stabilization of any detrimental phases,
such as intermetallics.”! This makes the
production process not only laborious but
also difficult to fabricate components with
their final geometry.

The powder bed fusion-laser beam (PBF-
LB) process is an additive manufacturing
(AM) process that enables the manufactur-
ing of near-net-shape components using a
high-power laser. This technology makes it
possible to fabricate parts/components of
nearly any geometry in a layer-by-layer
manner.>™ Owing to rapid melting and
solidification, —atomic  diffusion and
hence elemental segregation are limited,
which reduces the possibility of forming
detrimental phases in the produced
parts.[5"7]

duced by PBF-LB.

1. Introduction

High entropy alloys (HEAs) are a new class of alloys consisting of
five or more elements in nearly equiatomic ratios, with a high
entropy of mixing (AS,;, intended to stabilize the formation
of the solid solution phase). Based on the values of AS,;,, the
alloys can be further classified as HEAs (AS;, > 1.5R), medium
entropy alloys (MEAs) (1.0R < AS,;, < 1.5R), and low entropy
alloys (ASnix < 1.0R), where R is the gas constant. The com-
monly used way to produce HEAs and MEAs is casting, which

S. B. A. Malladi, D. Riabov, S. Guo, L. Nyborg
Department of Industrial and Materials Science
Chalmers University of Technology
Gothenburg SE-41296, Sweden

E-mail: sheng.guo@chalmers.se

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adem.202401182.

© 2024 The Author(s). Advanced Engineering Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.1002/adem.202401182

Adv. Eng. Mater. 2024, 26, 2401182 2401182 (1 of 10)

Equiatomic CoCrNi is one of the most
widely researched MEAs owing to its
excellent strength and ductility at room

temperature, oxidation and corrosion resistance, hydrogen
embrittlement  resistance, and cryogenic  mechanical
properties.®** The addition of interstitial elements such as
carbon and nitrogen is known to further improve the properties
of HEAs (known as interstitial HEAs, or iHEAs) by interstitial
solid solution strengthening and lowering the stacking fault
energy, hence provoking the twinning-induced plasticity
effect.'®?* Although interest in the AM of HEAs is rapidly
increasing, there has been little focus on the development of
iHEAs for AM.

The aim of this study is to explore the effect of nitrogen as an
interstitial element in a CoCrNi MEA produced using PBF-LB.
The influence of nitrogen addition on the microstructure and
room-temperature mechanical properties of the alloy was evalu-
ated. Two variants of the equiatomic CoCrNi MEA, one without
nitrogen and the other prealloyed with 0.18 wt% of nitrogen,
were studied. It was observed from both thermodynamic calcu-
lations and experimental studies that nitrogen is stable as an
interstitial element in the as-printed material, devoid of any det-
rimental phase during the printing process. It was also found
that the addition of nitrogen mildly improved the hardness, yield
strength (YS), and ultimate tensile strength (UTS) while
maintaining the ductility of the nitrogen-free counterpart in
the as-printed materials.

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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2. Experimental Section

Two different grades of gas-atomized powder based on an equia-
tomic CoCrNi MEA, one without and the other prealloyed with
nitrogen, were supplied by Hoganis AB. Both variants of the
powder had a spherical morphology and were provided with a
particle size range of 15-45 pm. Bulk chemical analysis of the
powder and printed samples was performed using induction-
coupled plasma optical emission spectrometry (ICP-OES). The
nitrogen and oxygen concentrations of the powder and printed
samples were measured using a LECO CS-844 combustion ana-
lyzer. The chemical compositions of the powder variants and
printed samples are summarized in Table 1. Compared to the
prealloyed gas-atomized powder, a slight loss of nitrogen was
observed in the as-printed samples.

The parts were built in an EOS M100 PBF-LB machine
equipped with 200 W Yb-fiber laser and a spot diameter of
40 pm. The build chamber was purged with argon gas prior to
printing to maintain an oxygen level of 1000 ppm. Two-factor
D-optimal design of experiments (DOE) was implemented using
the JMP software (version 16.0; SAS Institute, Cary, NC, USA) to
evaluate the influence of printing parameters on the densifica-
tion of both CoCrNi and CoCrNi-N alloys. The hatch distance
was varied between 0.06 and 0.1 mm, and the scan speed was
varied between 400 and 1200 mm s~ '. The laser power and layer
thickness were maintained constant at 110 W and 20 pm, respec-
tively, for the DOE. Cubes with dimensions of 10 x 10 x 10 mm
were built with the parameters obtained from the DOE. The sche-
matic of the cube showing a 67° scan rotation with respect to
the orientations of the sample, and the design space for the
two-factor DOE, are shown in Figure 1.

The printed samples were first subjected to sequential grind-
ing using SiC emery papers of 220-1000 grit, followed by

Table 1. Chemical compositions of powder and as-printed samples.

Material Co [wt%]  Cr[wt%] Ni[wt%] N [wt%] O [wt%]
CoCrNi (Powder) 34.05 29.80 36.10 0.003 0.038
CoCrNi-N (Powder) 34.4 30.70 34.60 0.18 0.04
CoCrNi (As-printed) 34.05 29.80 36.10 0.002 0.038
CoCrNi-N (As-printed) 34.48 30.76 34.6 0.12 0.04

Hatch, mm
[=]
f=1
il

0.07

0.06

400 600 800 1000 1200
Speed, mm/s

Figure 1. a) Schematic showing 67° scan rotation between successive
layers and b) two-factor D-optimal design space showing the variations
in scan speed and hatch distance.

Adv. Eng. Mater. 2024, 26, 2401182 2401182 (2 of 10)

www.aem-journal.com

sequential polishing using suspended diamond solutions with
diamond sizes of 9, 3, and 1 pm. Final polishing was performed
using a colloidal solution consisting of 40 nm sized SiO, par-
ticles. Optical microscopy images of the entire cross-section of
the polished samples were taken using a Zeiss Axiovision
7 microscope equipped with a Zeiss digital camera 35 and
Axio Vision software. The acquired images were processed using
FIJI Image] software for density/porosity analysis using the con-
trast threshold method.?” Both alloys were etched using an aqua
regia solution (3:1 volume mixture of HCl and HNOj3) to reveal
the solidification structure.

Scanning electron microscopy (SEM) and electron backscat-
tered diffraction (EBSD) were performed using the LEO
Gemini 1550 SEM equipped with a Nordlys II detector
(Oxford Instruments). EBSD analysis was performed at an accel-
eration voltage of 20 kV and a step size of 0.15 pm. The obtained
EBSD raw data were analyzed using MTEX, an open-source
MATLAB toolbox.”® X-Ray diffraction (XRD) was performed
to identify the phases present in the powder and bulk samples
using a Bruker AXS D8 Advance diffractometer equipped with
a Cr Ka source (4 =2.28970 A) operated at 35kV and 40 mA.

The Vickers hardness of both alloys was measured using
a Struers Durascan 70G5 (Ballerup, Denmark) instrument
with a load of 1kg and a duration of 15s. Samples of
55 % 10 x 10mm were printed in the horizontal orientation
and tensile bars with a gauge length of 12.5mm, width of
2.5mm, and thickness of 1 mm were machined using electric
discharge machining (EDM). The surfaces of the machined sam-
ples were subjected to grinding with SiC emery sheets, starting
from 800 grits and all the way down to 2000 grits, to avoid the
influence of the EDM process. Tensile tests were performed
using a SHIMADZU, AG-100kN Xplus tester at a strain rate
of 1 x 10 s~ . The strain analysis was performed using digital
image correlation (Vic-2D, Correlated Solutions).

3. Thermodynamic Calculations

Phase equilibria and phase transformations were depicted
using Thermo-Calc,””! following the CALPHAD (CALculation
of PHAse Diagram) method and using the TCHEA4 database,
with the composition of CoCrNi-N (0.12 wt% N) measured from
the as-printed sample (Table 1). The predicted equilibrium phase
fractions versus temperature for the CoCrNi-N system are shown
in Figure 2. As can be seen, solidification to the face centered
cubic (fcc) phase is expected to start at 1430 °C, while some det-
rimental phases such as the sigma, pi, and nitrogen-rich Cr,N
phases (indicated as the hcp phase in Figure 2) are predicted
to form at equilibrium conditions below the melting point.
However, as the kinetic constraints imposed owing to the fast-
cooling rates in PBF-LB, it is expected that the formation of
the indicated phases is suppressed, whereby nitrogen is stabi-
lized as an interstitial element and the formation of detrimental
phases in the as-printed samples is avoided.

From the phase equilibria plot in Figure 2, it could be expected
that nitrogen would react with chromium given sufficient time
between 800 and 1200 °C, resulting in the precipitation of Cr,N.
To experimentally verify the stability of nitrogen as an interstitial
element in the as-printed materials and to explore the possible

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. Equilibrium phase fractions of all phases in the CoCrNi-N
(0.12wt% N) system calculated using Thermo-Calc.

post-PBF-LB formation of Cr,N, heat-treatment experiments
were designed based on calculations using TC-Prisma. The
resulting continuous cooling transformation (CCT) curves are
drawn at cooling rates ranging from 0.01 to 100Ks ' from
1500 °C, and the time required for the start of the formation
of Cr,N at each of the cooling rates is overlapped on those curves,
as shown in Figure 3a, while Figure 3b shows the predicted time-
temperature-transformation (TTT) diagram for the same starting
condition. From Figure 3a, the precipitation of Cr,N occurs
mainly inside the bulk and no precipitation was predicted at
the grain boundaries. It was also predicted that the formation
temperatures for Cr,N are seen to be lower at faster cooling rates.
Based on these calculations, isothermal heat treatments were
performed for the as-printed samples of both CoCrNi and
CoCrNi-N for 30min (1800s) each at 800, 900, 1000, 1100,
and 1200 °C, i.e., the critical temperature range for the formation
of Cr,N, as shown in Figure 3b.

www.aem-journal.com

4. Experimental Results and Discussion
4.1. DOE and Relative Density of Printed Samples

The contour plots obtained from the DOE analysis based on the
assessment of the relative density by quantitative optical micros-
copy on the cross-sections of CoCrNi and CoCrNi-N are shown in
Figure 4. More than 50% of the combination of processing
parameters from DOE resulted in a density greater than
99.5% for both materials, suggesting good overall printability.
The processing of CoCrNi-N appeared to be even more robust
than that of CoCrNi, with a higher number of parameters yield-
ing a density greater than 99.5%. ICP-OES on the printed sam-
ples revealed loss of nitrogen during the printing process, as
mentioned in Table 1. This nitrogen loss is due to the limited
solubility of nitrogen in the liquid phase as compared with
the solid phase.”®?”! Notably, with nitrogen being the sole dis-
tinction between the two alloys, prealloying nitrogen in the pow-
der appears to enhance the densification behavior during the
printing process. The significance of the fitted model is usually
measured using the determination coefficient (RSq) and the
p-value. The models for both alloys showed RSq values greater
than 99.8% and p-values of less than 0.001. A higher RSq value
signifies that the model predicts the variation in parameters with
greater than 99.8% confidence, and it was predicted that the
speed influences the densification more than the hatch distance.
An exceedingly small p-value indicated that the model’s predic-
tion was statistically significant. Based on the results obtained
from the DOE, the highest measured density (%99.9%) was
observed at a scan speed of 1010 mms™" and hatch distance
of 0.07 mm, at a fixed laser power of 110 W and layer thickness
of 0.02mm. The parts were produced using these printing
parameters for further characterization and analysis.

4.2. XRD

Figure 5 shows the XRD patterns of the as-received powder
and the as-printed samples of the CoCrNi and CoCrNi-N alloys.

(@) a0 (0) 1500
1400
- hep (Bulk)
1300
1250 |
_ § 1200
3
) = 1100
£ s
] )
£, 1000 o 1000
g &
= o
= 900
« hep (Bulk)
- Cooling rate 0.1 °C/s L
7504 - Cooling rate 1.0 °C/s
= Cooling rate 10.0 °C/s 700
- Cooling rate 100.0 °C/s
1072 107 100 10 10% 10° 104 107 10° 10t 10% 10° 10*
Time [s] Time, s

Figure 3. a) TC-Prisma calculations to predict the nucleation kinetics of the formation of Cr,N using CCT and b) TTT diagrams.
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Figure 4. a) Contour plots showing the densification regions in terms of relative density based on the two-factor D-optimal DOE for CoCrNi and

b) CoCrNi-N MEAs.
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Figure 5. XRD patterns of gas-atomized powder and as-printed samples
of CoCrNi and CoCrNi-N.

From the diffraction patterns, all samples exhibit a single fcc
phase. This means that either none of the detrimental phases
predicted to exist under equilibrium conditions are present in
the powder samples and the as-printed samples, or their volume
fractions are too low to be detected by XRD.

4.3. Microstructural Characterization

4.3.1. As-Printed Samples

A typical mixture of elongated and equiaxed cellular solidification
structures for the CoCrNi MEA is shown in Figure 6a. A similar
solidification structure was observed for the CoCrNi-N. Both
materials also show epitaxially grown columnar grains in the
x-z orientation, spanning across several melt pools. The seen epi-
taxial growth of columnar grains and cellular solidification struc-
tures is typical morphological characteristics of the microstructure
generated in the PBF-LB process because of the high local thermal
gradients during solidification.?*? It has also been previously
reported that cell size correlates with the local thermal gradient

Adv. Eng. Mater. 2024, 26, 2401182 2401182 (4 of 10)

and local growth rate in the melt, and cell size decreases with
increasing thermal gradients and growth rate, which represents
the local cooling rate.’*% The difference in the size and orien-
tation of the cells observed in the two materials in the x-z orien-
tation is supposed to be due to the different thermal gradients and
solidification velocities within one melt pool.

Scheil solidification simulations were performed to predict the
elemental redistribution during the solidification pathway of the
CoCrNi and CoCrNi-N MEAs to understand which elements
tend to accumulate in intercellular locations®" and the results
are shown in Figure 7. It can then be seen that among the prin-
cipal elements, Cr is supposed to segregate to the cell walls for
both materials (Figure 7a,b). In addition, for CoCrNi-N, along
with chromium, nitrogen was predicted to accumulate in the cell
walls (Figure 7c).

4.4. EBSD

Figure 8 shows the EBSD orientation maps of CoCrNi and
CoCrNi-N in the x-z orientation. As evident from the inverse pole
figures in Figure 8c,d, CoCrNi shows a <110> texture, whereas
CoCrNi-N shows a mixture of <001> and <110> textures in the
x-z orientation. However, since both alloys in the present study
were printed using the same printing parameters, the difference
in the texture observed is caused mainly due to the addition of
nitrogen. Although fcc materials fabricated with PBF-LB are sup-
posed to show a <001> texture along the building direction,
Sun et al. reported that it is possible to engineer the <011>
texture in 316 L by manipulating the printing parameters.l*”)
Pham et al. reported that in PBF-LB, the scan rotation influences
the solidification behavior (thermal gradients and velocity of
solidification front), resulting in the <001> orientation of grains
being parallel to the build direction. Furthermore, they also dem-
onstrated that cells could change the direction by side-branching
along perpendicular <001> directions, resulting in complex
growth paths.’® It was also reported that materials with a
<011> texture could enhance the formation of nanotwinning,
resulting in improved YS, ductility, and toughness of the
parts.[37’39] Hence, in the current scenario, a 67° rotational scan
was employed during the printing process. This strategy aimed to

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 6. a) SEM images showing the epitaxially grown columnar grains and their internal cellular solidification structure in the as-printed samples at
lower magpnification for CoCrNi, and at higher magnifications for b) CoCrNi and c) CoCrNi-N in the x-z orientation.
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Figure 7. a) Scheil solidification curves showing elemental segregation in CoCrNi, b) CoCrNi-N, and c) magnified curve showing segregation of nitrogen

in CoCrNi-N.
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Figure 8. a,c) EBSD orientation maps and their respective inverse pole figures of the as-printed samples of CoCrNi and b,d) CoCrNi-N in the

Xx-z orientation.

mitigate epitaxial grain growth by interrupting thermal gradients
and growth rates, ultimately minimizing microstructural anisot-
ropy and consequently, mitigating mechanical anisotropy.

In terms of the grain size, it was found from EBSD analysis
that the average grain sizes of 7.4 pm and 6.6 pm were obtained
for CoCrNi and CoCrNi-N, respectively. These grain sizes in as-
printed samples are substantially smaller compared to what has
been observed for cast CoCrNi (=45 pm) as well as for as-printed
CoCrNi (%25 pm). It has been previously reported that grain
size can be influenced by manipulating the PBF-LB printing
parameters.>3*®*Y The smaller grain size in the as-printed
samples in the present study could help obtain better mechanical
performance of both materials compared to that of the coarser-
grained material.

4.5. Microstructural Characterization of Heat-Treated Samples

From phase identification and microstructural observations, it is
clear that nitrogen did not lead to the formation of any detrimental
phase and is stable as an interstitial element. Figure 9 and 10
show the backscattered electron mode of SEM micrographs
of the as-printed and heat-treated samples of CoCrNi and
CoCrNi-N, respectively. The microstructure was not significantly
affected by the heat treatment up to 1100 °C. However, in both
materials, heat treatment at 1200 °C led to a recrystallized micro-
structure (Figure 9f and 10f). The presence of small spherical par-
ticles was observed in both samples after heat treatment, which
seemed to decorate what looks like the cell boundaries after heat
treatment at 800 °C (Figure 9b and 10b). As the heat treatment

Figure 9. Backscattered SEM images in the building direction of heat-treated CoCrNi samples. a) as-printed; b—f): after heat treamenet at 800 °C, 900 °C,

1000 °C, 1100 °C, and 1200 °C, respectively.
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Figure 10. Backscattered SEM images in the building direction of heat-treated CoCrNi-N in x-z orientation. a) as-printed; b—f): after heat treamenet

at 800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C, respectively.

temperature increased to 900 °C, both the size and number den-
sity of the particles seemed to increase. Further increasing the
temperature led to the particles predominantly increasing in size,
resulting in an average size of 200 nm following heat treatments
at 1200 °C. Specifically, three different types of particles were iden-
tified: 1) dark particles with a cuboidal morphology, 2) dark
rod-shaped particles, and 3) bright particles. Surprisingly, energy
dispersive spectroscopy (EDS) line scans of all three types of par-
ticles observed in the CoCrNi-N sample after heat treatment at
1200 °C revealed that they are chromium-rich oxides, as shown
in Figure 11, and no indication of Cr,N precipitation was observed.

4.6. Hardness

Hardness tests were performed to understand the influence of
nitrogen on the mechanical behavior of CoCrNi and CoCrNi-
N MEAs in both as-printed and heat-treated conditions.

o

The results are shown in Figure 12. In the as-printed state,
CoCrNi-N exhibited ~35 HV higher hardness compared with
that of CoCrNi. The samples heat-treated at 800 °C and 900 °C
showed similar hardness values to the as-printed samples.
With a further increase in the heat-treatment temperature, both
materials started to soften, while the difference in hardness
between both materials remained almost constant, ~35 HV.
The samples heat-treated at 1200 °C showed recrystallized micro-
structures (Figure 9f and 10f), which also resulted in a large
decrease in hardness to 200 and 238 HYV, respectively, much
lower compared with the as-printed hardness values for
CoCrNi (278 HV) and CoCrNi-N (320 HV).

4.7. Tensile Properties

Figure 13 shows the room-temperature engineering stress—strain
curves for the as-printed CoCrNi and CoCrNi-N MEAs. The YS

~
o

70 —N —N
—O0 80 ——O0
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X 60+ S —Co| R ——Co
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Figure 11. EDS analysis of the particles observed in CoCrNi-N heat-treated at 1200 °C.
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Figure 12. Hardness plot of as-printed and heat-treated samples showing
the influence of heat treatments on CoCrNi and CoCrNi-N MEAs.

and UTS values obtained from the tensile tests are shown in
Table 2. These results agree with the hardness results and show
that alloying with nitrogen has a clear positive effect on the ten-
sile properties. Even so, the tensile properties (YS, UTS, and duc-
tility) of the nitrogen-free CoCrNi were significantly improved
compared to those previously reported for CoCrNi, either pre-
pared by casting or PBF-LB,***¥ which could be primarily
due to the significantly smaller grain size that was achieved in

www.aem-journal.com

this study. A slight difference in the ductility was observed
between these two alloys, with CoCrNi showing relatively high
ductility when tested in both XY and XZ orientations as compared
to the CoCrNi-N variant. The variation in mechanical properties
across different building directions is due to the anisotropy pres-
ent in both the microstructure and texture of the as-printed parts,
as discussed in Section 4.4, which is a characteristic of the PBF-LB
process. > This anisotropy could be minimized to an extent by
manipulating the scan strategy during the printing process, which
influences the thermal gradients and the cooling rates.

Examining the stress—strain curves for CoCrNi and CoCrNi-N,
the main distinction is the higher YS and UTS for the latter mate-
rial. When the plastic stress—strain regimes of both materials are
overlaid, their work-hardening responses are essentially identi-
cal, which is also evidenced by the similar level of work harden-
ing (UTS-YS, as shown in Table 2). Therefore, the primary effect
of nitrogen as an interstitial element is linked to effective solid
solution strengthening, even at low nitrogen concentrations. The
elastic modulus (E) calculated from the elastic regions for both
alloys with respect to different printing directions are presented
in Table 2. In case of CoCrNi, the value of E is lower for the XZ
orientation as compared to XY, indicating the influence of the
texture in the as-printed state. However, in case of CoCrNi-N,
the difference in E between XZ and XY planes is significantly
less (%50 MPa). The decrease in elastic anisotropy with the addi-
tion of nitrogen can likely be attributed to the combined effect of
enhanced austenitic cell stability and the strong bonding of nitro-
gen with the surrounding solute atoms."**!

Comparing the properties of both CoCrNi and CoCrNi-N pro-
duced by PBF-LB in the present study with the same alloys

1000+
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Figure 13. Engineering stress—strain curves of as-printed samples of CoCrNi and CoCrNi-N.

Table 2. YS and UTS values measured from as-printed samples of both CoCrNi and CoCrNi-N in XY and XZ directions.

Alloy Orientation YS [MPa] UTS [MPa] Elongation to fracture [¢, %] UTS-YS [MPa] Elastic modulus [MPa]
CoCrNi Xz 584.2+8.6 809.1+£5.4 53.7+45 ~225 1431

XY 690.7 +32.9 915.3+1.0 425+£2.1 ~225 1823
CoCrNi-N XZ 723.5+21.7 927.24+5.2 49.1+£1.3 ~204 1727

XY 785.2+62 1044.9+3.5 36.6+2.8 ~259 1777
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containing similar levels of nitrogen but manufactured using the
thermomechanical processing route, the YS of the alloys in
the present study is much higher. This, however, comes at the
expense of reduced ductility. For example, in the work performed
by Moravcik et al.’® both CoCrNi and CoCrNi-N (0.117 wt% N)
were prepared using the thermomechanical processing route,
and these alloys showed YS of 282 and 565 MPa and UTS of
836 and 1069 MPa for CoCrNi with grain sizes of 45 and
2.6 pm, respectively, and YS of 375 and 703 MPa and UTS of
899 and 1052 MPa for CoCrNi-N (0.117 wt% N) with grain sizes
of 43 ym and 2.6 pm, respectively. The comparison shows that
the PBF-LB processing has significant improvement in YS of
the alloys, which could mainly be due to the relatively high dis-
location densities in the alloys due to the successive thermal
cycling, which is inherent to the PBF-LB processing
technique.[*”~*

It has been previously reported that CoCrNi has an intrinsi-
cally low stacking fault energy, which results in the easy forma-
tion of nanotwins upon deformation, particularly at cryogenic
temperatures.®*>% The addition of interstitial nitrogen is also
known to improve the ductility and strength of MEAs,!'81%21]
which could account for the improved mechanical properties
of CoCrNi-N compared to those of CoCrNi. However, such an
effect tends to yield a different work-hardening response, which
is not observed in the current case. Consequently, the results
indicate that the major effect is the pure solid solution strength-
ening effect of the single-phase structure by interstitial nitrogen.

5. Conclusion

The microstructures of the as-printed samples of both CoCrNi
and CoCrNi-N MEAs showed a cellular solidification structure.
Scheil solidification simulations suggested elemental segrega-
tion of chromium and nitrogen in the cell walls during solidifi-
cation. CoCrNi showed a <011> texture in the build direction
with an average grain size of 7.4pm, while a mixture of
<001> and <011> textures was observed for the CoCrNi-N
MEA with an average grain size of 6.6 pm. The samples heat
treated at 800 °C and above were devoid of Cr,N precipitates;
instead, the formation of chromium-rich oxides across the cell
boundaries was observed after heat treatment. The particle sizes
grew with increasing heat treatment temperature, suggesting an
internal coarsening mechanism for oxide particles in the materi-
als. Both materials experienced recrystallization when subjected
to heat treatment at 1200 °C. The CoCrNi-N MEA consistently
displayed an ~35HV higher hardness compared to CoCrNi, in
both as-printed and heat-treated samples, highlighting a distinct
solid solution strengthening effect induced by nitrogen.
Variations in the mechanical properties with respect to the build-
ing orientations were observed, which are mainly due to micro-
structural anisotropy. It is worth noting that both materials
exhibited significant ductility, underscoring their inherent tough-
ness, a characteristic hallmark of these alloys.
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