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ABSTRACT

Additive manufacturing (AM) of high-entropy alloys (HEAs) is a new challenge in the Material Science and
Advanced Manufacturing fields. In the AM processing procedure, heat treatments after fabrication are often
beneficial to stabilize microstructure and properties, while limited reports are available for AM HEAs. In the
current study, the effect of a post-printing heat treatment at 400-1000 °C for 24 h and for 21 days on the
changes in structures and phase compositions of an AM CrFeCoNi alloy prepared by the laser powder bed
fusion AM technique is presented to better understand a heat treatment-microstructure-property re-
lationship of the AM HEA. Heating up to 600 °C demonstrated the polygonization process in the alloy. Grain
growth was observed in the alloy upon heating over 700 °C, while a preferred texture is observed along the
build direction after annealing at 900 °C for 24 h. The formation of the secondary phase was revealed, and it
is associated with the impurities of the initial CrFeCoNi powder. The AM CrFeCoNi system demonstrates
excellent phase stability inthe solid solution for all annealing temperatures.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

High-entropy alloys (HEAs) have received great attention in
materials science due to their new alloy-design approach in com-
parison with the conventional alloy developments. Earlier termi-
nology of HEA was used for expressing a single solid solution [1,2].
However, Miracle and Senkov reviewed that the essential group of
HEAs contains at least two phases [3]. The presence of secondary
phases provides a tangible impact on the mechanical and physical
properties of HEAs. For example, a B2/body-centered cubic (bcc)
phase formed by the presence of Al increases the strength char-
acteristics [4-6] as well as the thermal and electrical properties 7]
in AlCoCrFeNi alloys. Moreover, precipitations of the s-phase nu-
cleated at elevated temperatures of 600-800 °C increase strength in
AlpsCoCrFeMnNi and CoCrFeMnNi alloys [8,9]. A detailed in-
vestigation in the phase stability of a CoCrFeMnNi alloy demon-
strated the formation of a Cr-rich bcc phase, Fe-Co phase, and Ni-Mn
L1, structure at a temperature range of 500-600 °C [9-11]. A stable
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face-centered cubic (fcc) solid solution of a CoCrFeMnNi alloy is
observed only at temperatures higher than 800 °C [11], while an
ultrafine-grained CoCrFeNi alloy without Mn provides a stable solid
solution after heating up to ~730 °C [ 12]. By contrast, Sathiyamoorthi
et al. observed the evolution of Cr;Cs particles in a CoCrFeNi alloy at
600 °C up to 1000 °C [13] and the observed phase was expected as
the o-phase [14].

HEAs are actively constructed through the application of the
modern manufacturing techniques such as Additive Manufacturing
(AM) [15,16]. For the AM process, post-printing heat treatment of the
as-built materials is often applied to remove residual stresses, but it
leads to structural changes including recrystallization and secondary
phase formations [17-19]. Synthesis of CoCrFeMnNi alloys is
common by the AM process due to their nature with a ductile fcc
structure as matrix, which provides stable printability [19-21]. A
CrFeCoNi alloy also demonstrates the same or even better properties
than the five-component alloy [22-25]. The four-component system
is actively explored for composition modification by the AM process
[26,27]. However, the results obtained from structural and phase
analyses are contradictory for the quaternary CoCrFeNi alloy, while
the microstructural and phase thermal stabilities are well in-
vestigated for the CoCrFeMnNi alloys. Therefore, a comprehensive
understanding of the influence of temperature in the post-printing
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Table 1

The chemical composition of CrFeCoNi powder in wt%.
Cr Fe Co Ni o N C
24.65 25.09 25.47 24.55 0.129 0.095 0.015

heat treatment on CoCrFeNi alloy is required for the development of
the desirable HEAs having stable structure produced by the current
AM techniques.

Accordingly, the present research demonstrates a comprehensive
study of structural evolution during post-printing heat treatment of
an AM CrFeCoNi alloy over a wide temperature range of
400-1000 °C.

2. Material and methods
2.1. Material

The CrFeCoNi powder (JSC Polema, Russia) with purity of>
99.7 wt% obtained through a spraying technique was used in the
study. Table 1 summarizes the full chemical composition of the
powder. Fig. 1 presents (a) the low and (b) high magnifications of the
powder morphology. According to previous powder analysis, the
particle size distribution poses in a range of 10-60 pm with average
size of 27 pym [23]. The particles were predominantly spherical,
while some particles had irregular shapes.

2.2. Printing process

The CrFeCoNi alloy was performed using the widely used laser
powder bed fusion (L-PBF) additive manufacturing technique.
TruPrint 1000 metal 3D printer (TRUMPF) was used in the current
work to manufacture the samples with the selected printing process
parameters according to the results from the previous study [18]. A
full list of the applied parameters is shown in Table 2. The samples
were printed with the chess X-Y scan strategy with a square side of
4 mm (detailed information of the applied scan strategy is described
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Table 2

A list of the applied printing process parameters.
L-PBF parameter Values
Laser power 150 W
Laser spot diameter 55 pm
Hatch spacing 80 pm
Layer thickness 20 pm
Laser scan speed 600 mm/s
Gas speed (Ar) 2.5m/s
Oxygen level <0.3at%
Pressure in chamber 1 bar

elsewhere [28]). Totally, 10 cylindrical samples were printed with a
diameter and a height of 10.0 mm and 10.0 mm, respectively. The
printing process was conducted without platform preheating.

2.3. Heat treatment process

The printed samples were annealed at different temperatures in
the range of 400-1000 °C with a step of 100 °C in air. The cylindrical
samples were disposed of in the furnace SNOL 6.7-1300 (AB UMEGA
GROUP) preheated to the required temperature. Each sample was
annealed for 24 h with the following cooling in water. Additionally,
the long heat treatment in air was applied to the as-built samples at
temperatures of 600 and 700 °C for 21 days.

2.4. Differential scanning calorimetry

Thermal stability of the CrFeCoNi powder and the as-built
CrFeCoNi sample was studied using differential scanning calorimetry
(DSC) analysis using the thermal analyzer STA 449 F3 Jupiter
(NETZSCH) with a heating speed of 20 K/min up to 900°C in Ar at-
mosphere.

2.5. Microhardness testing

Top sample surfaces were prepared for the microhardness tests
with the 2000-grit SiC papers. A Vickers microhardness testing

Fig. 1. SEM images of the CrFeCoNi powder at low and high magnifications.
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machine ITV-1-AM (Metrotest, Russia) was used for the micro-
hardness tests under a load of 300 g for at least 10 measurements
per sample.

2.6. Structural and phase analyses

Structural analysis was performed using a scanning electron
microscope Quattro S (Thermo Fisher Scientific Inc., USA) equipped
with an energy dispersive X-ray (EDX) detector. The samples were
cut perpendicularly to the build direction, ground using the SiC
grinding papers up to 2000-grit, and polished with a diamond sus-
pension (up to 3pm) and silica oxide suspension (up to 40 nm). A
transmission electron microscope (TEM) JEM-2100 (JEOL, Japan) was
used for the microstructural and phase analyses with the accel-
erating voltage of 200kV. The samples were prepared by cutting
transversely to the build direction and thinned up to 100 pm using
the SiC grinding papers. The mixture of 95% CH;COOH and 5% HCIO,
at the 25V potential was applied for the twin-jet electropolishing
using TenuPol5 machine (Struers, Denmark). To minimize the edge
effect, all structural investigations were made in the sample centers.
The analysis of light elements was performed using determinators
LECO TC-136 and LECO SC-144 (LECO Corporation, USA). The struc-
tural calculations from images were made using the open source
software Image] developed by National Institute of Health (USA).

Bruker D8 ADVANCE (Bruker, USA) diffractometer with CoKa
radiation (wavelength=1.79026 A) was applied for performing the
X-ray diffraction (XRD) analysis. The top surfaces of the samples was
polished with the 2000-grit SiC grinding paper, polished with the
final silica oxide suspension of 40nm, and electropolished with
LectroPol-5 (Struers, Denmark) using a solution of 900ml
C4HgOH +100 ml HCIO4 at the ~28V potential. The XRD patterns
were obtained in the 26 range from 47°-125° with a step size of 0.07°
and an incremental time of 2.05s.

3. Results
3.1. Thermal analysis and hardness evolution of CrFeCoNi alloy

Fig. 2 presents the DSC traces from 200°C to 900°C for the
powder and the bulk as-built samples of the CrFeCoNi alloy. The
curve for the as-built sample has two endothermic peaks at ~500 °C
and ~610 °C overlapping each other. The first peak begins at 400 °C
with a peak at 500°C, and it switches to the next peak with the
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Fig. 2. DSC thermograms obtained for the powder and as-built sample of AM
CrFeCoNi at heating rate 20 °C/min in an argon atmosphere.
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Fig. 3. Effect of (a) temperature and (b) duration of annealings at 500 and 600 °C on
microhardness of AM CrFeMnNi alloy. The microhardness of as-built CrFeMnNi alloy
in Fig. 3a is presented as the horizontal line and its standard deviation error as dotted
lines.

highest at 610°C and a finish at 740 °C. The powder sample shows
only one peak starting at 550°C and a finish at 740 °C, where the
single peak seems consistent with the second peak of the as-built
sample but with less intensity.

The connected first and second peaks of the exothermic peaks
may be attributed to the recovery and recrystallization of the as-
built CrFeCoNi alloy. Specifically, the first peak is related to the re-
covery process. The second peak for the as-built sample and the only
distinguishable peak for the powder are associated with the re-
crystallization process. The highly strained as-built sample may
provide the thermal peak shifting to lower temperatures in com-
parison to the powder sample. It is worth noting that an ultrafine-
grained conventionally-manufactured CrFeCoNi alloy demonstrated
the exothermic DSC peaks at 407 °C and 597 °C [12]. Considering the
highly strained ultrafine-grained condition leading to the lower DSC
peaks, the present as-built CrFeCoNi alloy demonstrated reasonable
thermal characteristics. The integration of the thermal peak area
yields 4.8 ]/g for the powder and 6.8 ]/g and 22.5]/g for the first and
the second peaks, respectively, for the as-built sample according to
Gaussian peaks fitting.

Fig. 3 shows the effect of (a) annealing temperature for 24 h of
heating and (b) duration of annealings at 500 and 600 °C for 24 h on
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Fig. 4. (a) The homogeneous element distribution and (b) TEM image of M,3C¢ precipitate with a corresponding diffraction in the as-built CrFeCoNi alloy. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

microhardness of the AM CrFeCoNi alloy. Hardness of the as-built
sample before annealing is ~263 HV that is denoted with a solid
horizontal line with the error values with the dotted-lines in Fig. 3a.
After annealing at 400 °C, the hardness is similar compared with the
as-built sample, and it reaches 267 HV at 500-600 °C which is higher
than the as-built condition. Thereafter, hardness showed a con-
tinuous drop towards ~212 HV with increasing annealing tempera-
ture to 1000 °C. The short annealing at 500 °C increases the material
hardness which achieves the highest value of ~285HV after 1 h and
further decreases toward 267 HV after 24 h, Fig. 3b. The hardness
measurements during annealing at 600 °C demonstrate the highest
microhardness value after 30 min and a slight decrease after 1h,
which is then maintained consistent up to 24 h of annealing.

3.2. Microstructural evolution upon the annealing

Fig. 4 represents (a) the homogeneous element distributions
taken by EDX analysis with no proof of secondary phase in the as-
built CrFeCoNi alloy, while (b) the TEM image with corresponding
TEM diffraction is indicating a presence of nano-scale M,3Cg pre-
cipitates [29] in the material. Fig. 5 consists of the backscattered
electron (BSE) images transversally to the build direction (BD) with
two different magnifications of (a, b) the as-built CrFeCoNi alloy
before annealing and after annealing at (c, d) 400 °C and (e, f) 500 °C
for 24 h, and the TEM images of the CrFeCoNi alloy in (g) an as-built
condition and (h) after annealing at 400°C. The as-built sample
demonstrates the bimodal grain size distributions (Fig. 5a) where
there are coarse grains with lengths of ~50 pnm and widths of ~8 pm
elongated transversally to the moving of the melt pool and a fine-
grained structure between the neighboring melt tracks. The domains
in the fine structure consist of subgrains (Fig. 5b) where a cellular
substructure consists of elongated subgrains having a width of
~450 nm and a length of ~700 nm (Fig. 5g). Such cellular structure is
responsible for higher strength characteristics in AM materials
[30-32]. Note that the subgrains form a columnar structure fol-
lowing the build direction, where the elongation indicates their

growth oblique to the build direction [33]. The microstructure re-
mained reasonably consistent after annealing at 400°C (Fig. 5c¢)
where both elongated and fine grains are still visible and the con-
sistent substructure with average size of ~480 nm is observed with
the formation of dislocation walls (Fig. 5d and h). After annealing at
500 °C for 24 h, the square domains with sizes of ~35 um appear and
the elongated structure appears to be ambiguous (Fig. 5e), while the
cell substructure after annealing at 500 °C remains consistent with
the materials in as-built and as-annealed at 400 °C (Fig. 5f).

Fig. 6 shows the microscopic images of the AM CrFeCoNi alloy
after annealing at (a, b) 600 °C, (c, d, e) 700 °C, and (f) 800 °C for 24 h.
Annealing at 600 °C leads to the polygonization process. In practice,
the polygonized domains with smooth borders appear next to the
fine structure (Fig. 6a), while the cellular substructure with cells of
~450 nm is formed within the domains (Fig. 6b). Note, the size of
such domains having the length of ~55 pm and thickness of ~7 um is
similar to as-built structure. An increase in the annealing tempera-
ture towards 700 °C shows recrystallized grains in the entire fine
grain regions with average size of ~1.5 pm, while the melt track with
the elongated grains is inherited in some local regions (Fig. 6¢). In
higher magnification, secondary phase precipitates are observed at
grain borders and these are denoted by white arrows (Fig. 6d). The
TEM image presents a degradation of cellular structure and dis-
location-free grains in the regions where recrystallization occurs
(Fig. 6e). The dislocation walls of the substructure are degraded, and,
instead, the dislocations migrate to grain borders and some sub-
grains coalesce. The BSE image of the AM CrFeCoNi alloy annealed at
800 °C reveals the further developed recrystallization process and
the impedance of the grain borders coalescence by the secondary
phase precipitates that are marked by white arrows (Fig. 6f). After
800 °C annealing, the grain size of the substructure is in the range of
0.5-3.3 pm. It should be mentioned that due to high irregularity of
the microstructure after annealing at 700 and 800 °C, the estimation
of the precise grain sizes is complicated.

Fig. 7 presents the BSE images of the AM CrFeCoNi alloy followed
by annealing for 24 h at (a) 900 °C and (b, c) 1000 °C, and (d) a TEM
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Fig. 5. BSE images of (a, b) as-built CrFeCoNi alloy and after annealing at (c, d) 400 and (e, f) 500 °C for 24 h and TEM images of (g) as-built and (h) annealed at 400 °C CrFeCoNi

alloy.

image of the as-annealed alloy at 900 °C. After annealing at 900 °C,
newly formed large grains with size of 5-10 um are visible in the
formally fine-grained region (Fig. 7a). As seen in the depicted image
in Fig. 7a, the formation of recrystallized small grains also occurs
(marked by white arrows). The domain walls are formed by the
dissolved subgrain borders consisting of dislocations, which are
visible in the TEM micrographs where the dissolved subgrain bor-
ders promote dislocation pile-ups and intragranular dislocations are
visible in the observed region of the alloy after annealing at 900 °C
(Fig. 7d). After 900 °C annealing, the average size of microstructure is
~1260 nm. The bimodal microstructure is still observed after an-
nealing at 1000 °C in the AM CrFeCoNi alloy (Fig. 7b), while the high
magnification micrograph shows a replacement of the fine structure
to the equiaxed recrystallized grains with sizes of ~0.5-2.5um
(Fig. 7c).

In previous works, the precipitates observed in a CrFeCoNi mi-
crostructure after annealing at 750 °C and 800 °C are considered as
the s-phase [18,23]. In order to examine detailed structure of the
secondary phase in the alloy heated at different temperatures and
treatment time, TEM diffraction analysis was performed for the alloy

after annealing for 24 h. Fig. 8 shows TEM diffractions for the pre-
cipitates observed in the AM CrFeCoNi alloy after annealing at (a)
700°C and (b) 900 °C. The analysis reveals that the consistent M,N
structure [34] presents in both samples. The presence of the sec-
ondary phase is further confirmed by a long-term heat treatment at
700 °C for 21 days leading to the coarsening of the precipitates in the
as-built CrFeCoNi alloy and it is available by EDX analysis as shown
in Fig. 9a. It was determined that the precipitates are rich in Cr (up to
50 at%) with an equal value of other elements and high values of N
and O. Table 3 presents the detailed composition of spots presented
in Fig. 9a. Moreover, the as-built CrFeCoNi alloy was also heat treated
at 600 °C for 21 days to evaluate the presence of the secondary phase
with the M,N structure during the recrystallization process at 600 °C,
and a BSE image of the CrFeCoNi sample is shown in Fig. 9b. The
formation of Cr-rich precipitates were visible along grain boundaries
after the long heat treatment at 600 °C. Note that the formation of
the secondary phase may affect the recrystallization behavior of the
as-built CrFeCoNi alloy. The analysis of N content was performed
using a combustion method due to the low effectiveness of EDX
method for the analysis of light elements. As it was presented in
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100 nm|

Fig. 9. (a) EDX result of AM CrFeCoNi alloy annealed at 700 °C for 21 days; (b) BSE image of AM CrFeCoNi alloy annealed at 600 °C for 21 days. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3

The chemical composition (in wt%) of CrFeCoNi alloy annealed at 700 °C for 21 days
estimated with EDX. The number of points corresponds to the locations with the
consistent numbers in Fig. 9a.

C 0] N Cr Fe Co Ni
spot 1 7.42 13.53 4.76 48.20 9.79 8.61 7.69
spot 2 7.60 11.94 4.28 40.10 13.08 12.07 10.93
spot 3 6.58 10.36 4.28 33.92 16.01 15.12 13.73
spot 4 7.45 913 416 29.98 17.33 16.44 15.51
spot 5 732 1.22 2.89 22.73 22.77 21.99 21.08

Table 1, 0.095wt% of N in the powder was determined. There is
relatively the same content of N (~0.085 wt%) in the printed samples
before heat treatment and after annealing at 700 °C for 24 h as well
as 21 days. After printing, the contents of O and C in the material also
drop toward ~0.115 and ~0.004 wt%, respectively, and stay at ap-
proximately the same level after the annealing at 700°C up to
21 days.

Fig. 10 presents (a) the X-ray profiles of the powder, the as-built
CrFeCoNi alloy before and after annealing at 400, 700, and 900 °C for
24 h and the BSE images of CrFeCoNi alloy at (b) as-printed and (c)
as-annealed at 1000 °C for 24 h conditions. According to XRD ana-
lysis, all samples present a pure fcc structure, Fig. 10a. The dotted
lines indicate the interplanar distance for corresponding planes for
the crystal structure with a lattice parameter of 3.58 A. In contrast to
compositional analysis, no additional phases such as M,3C¢ pre-
cipitates and Cr-rich precipitates with M,N structure were de-
termined both before and after annealing due to their small contents
below ~5vol%, which is the XRD detection limit. Only the powder
profile reveals the dominant (111) peak, while all other profiles for
as-built samples demonstrate the strong texture of<100>and <
110 > toward the build direction. It is reported for the 316l stainless
steel having an fcc structure the <110 > crystal texture alignments
with the build direction and the < 100 > crystal texture with the laser
track [33]. In the current study with the CrFeCoNi alloy, the differ-
ence in the XRD peak intensity is associated with the texture variety
between the <100 >and <110 >along the printed sample heights,
and the tendency is maintained after annealing at 900 °C for 24 h. As
can be seen in Fig. 10b and c, the preferable texture is observed even
after 1000 °C annealing for 24 h.
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4. Discussion
4.1. Structural evolution

DSC analysis demonstrates two endothermic peaks for the as-
built CrFeCoNi alloy at 500 and 610 °C. The first peak is associated
with the recovery process in the material, which agrees with the
results of SEM analysis revealing no structural changes up to 600 °C.
The second DSC peak at 610 °C ending at 740 °C is associated with the
following two processes. The first process is related to the beginning
of the recrystallization of the material. At 700 °C, the grains grow and
degradation of dislocation walls are observed in the material. The
second process is associated with the secondary phase formation,
where TEM and EDX analyses demonstrated the appearance of the
Cr-rich precipitates with M,N structure at the temperature range of
700-800 °C after heating for 24 h. It should be noted that the long
heat treatment at lower temperature can also form the nitrides in
CrFeCoNi alloy, as shown in Fig. 9b. Thus, the contributions of the
recrystallization process and the secondary phase formation process
to the second DSC peak can be influenced by the heat treatment
conditions. Note, Sathiyamoorthi et al. performing the DSC analysis
on mechanically alloyed CoCrFeNi powder observed the exothermic
peak at 600 °C, which was associated with the appearance of Cr;C3
precipitates [13]. In the present study, the carbides with M»3Cg
structure were observed in the as-built condition (Fig. 4b). Shun and
Du considered the decomposition of the Cr;Cg carbide to Cr,3Cg in
Alg3CoCrFeNiCy; alloy at temperatures of 800-1000°C [35]. The
presence of both carbide types is possible in the current AM CrFe-
CoNi. However, in contrast to the studies [13,35], the present XRD
analysis failed to reveal any additional phases formation and de-
composition except the main fcc structure. Further studies are re-
quired for the significance of the small volume of different secondary
phases to the recrystallization process in the AM CrFeCoNi alloy.

Nevertheless, structural changes with heating of the AM
CrFeCoNi alloy can be visible by utilizing the XRD line profiles. The
obtained XRD line profiles were analyzed using a William-Hall (W-
H) method. The W-H plots with the full width at half maximum
(FWHM) against a scattering vector for the CrFeCoNi powder and the
AM CrFeCoNi alloy before and after annealing at 400, 700, and 900 °C
are presented in Fig. 11a. Table 4 summarizes the obtained results by
the XRD analysis as well as subgrain size and dislocation density
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Fig. 11. (a) Williamson-Hall plot with the full width at half maximum (FWHM) against a scattering vector for the CrFeCoNi alloy powder, and the AM CrFeCoNi alloy at as-built
and as-annealed at 400, 700, and 900 °C conditions; (b) the crystallite size according to W-H analysis and the grain size and (c) the microstrain calculated from XRD profiles and
dislocation density for the powder and AM CrFeCoNi alloy at as-built and as-annealed for 24 h conditions; (d) the lattice parameter and light element content in the CrFeCoNi alloy
at different conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Results of XRD profiles according to W-H method and calculations from TEM analysis.

Crystallite size, nm Microstrain Lattice constant, A Dislocation density, x 1074 m™2 Grain size, nm
powder 74.56 0.00290 3.5787 + 0.0010 - -
as-built 136.05 0.00246 3.5729 £ 0.0025 1.45 530
annealed at 400 °C 202.44 0.00265 3.5729 £ 0.0019 1.92 480
annealed at 700 °C 452.75 0.00274 3.5724 £ 0.0025 1 1420
annealed at 900 °C 156.24 0.00174 3.5724 £ 0.0032 0.96 1260

estimated by direct microstructural measurements by TEM for the
CrFeCoNi alloy. XRD and TEM analyses demonstrate a consistent
tendency for the structural sizes to evolve as shown in Fig. 11b.
Specifically, similar structural sizes of crystallite and grain size are
observed for the as-built and as-annealed samples heated at 400 °C.
These increase dramatically at 400-700 °C, where the recrystalliza-
tion process proceeds, and slightly decrease at 900 °C, which as-
sociates with the appearance of recrystallized small grains in the
material at 900°C. During the recrystallization, following micro-
structural evolution was observed: i) the cellular substructure
transforms to large domains by degradation of the dislocation walls
as the subgrain boundaries; and ii) some subgrain boundaries
transform to the high-angle boundaries by dislocation absorption. It
is worth noting that, although the general trend of the structural
sizes is consistent in these two different analyses procedures, the
differences often appear due to involved examination sizes, areas,

and volumes where XRD oversees the global sizes and textures,
while TEM analysis limits the local microstructures. It is important
to note that according to the XRD and microstructure analyses, the
texture in the material is observed along BD after annealing at
900-1000°C (Fig. 10). Only after 1200°C annealing, the full re-
crystallized structure with non-textured equiaxed grains is observed
for L-PBF CrFeCoNi alloy [36]. Similar to L-PBF 316l stainless steel
[33], the L-PBF CrFeCoNi alloy demonstrates relative structural sta-
bility at intermediate temperatures of 800-1000 °C, which is asso-
ciated with the features of L-PBF materials. However, additional
investigations are required to better understand the grain boundary
transformation during the middle- and high-temperature anneals.
Annealing at 400 °C leads to an increase in dislocation density as
shown in Fig. 11¢, and it agrees with the thermal analysis revealing
the beginning of the “recovery” peak. At this temperature, the dis-
locations move from dislocation walls in the subgrain bodies
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towards more equilibrium states, resulting in a slight increase of its
density. There is an apparent decrease in the microstrain during the
heat treatment at 700 and 900 °C, and the reduction of the disloca-
tion density is observed at 700 °C (Fig. 11c). These results confirm the
occurrence of a recrystallization process with microstructural re-
laxation followed by grain growth during heating at 700-900 °C in
the AM CrFeCoNi alloy.

4.2. Post printing heating and strengthening

In the present work, effect of annealing temperature on mi-
crohardness of the AM CrFeCoNi alloy microhardness was de-
monstrated in Fig. 3a. A slight increase of microhardness is seen at
temperatures of 500-600 °C. Schuh et al. showed a similar hard-
ness behavior for an ultrafine-grained CoCrFeMnNi alloy [10],
where the maximum hardness was recorded after annealing at
450°C for one hour. They suggested there are two possible con-
tributions to the strengthening of the alloy. First, the formation of
two new secondary phases having the intermetallics character
leads to promotion in strength of the ultrafine-grained CoCr-
FeMnNi alloy, while the mechanical characteristics were not de-
termined due to a difficulty caused by their small size. Second,
there is a reduction of dislocation density upon annealing. The
same strengthening behavior was observed in the cold-worked
CoCrFeMnNi alloy after one hour annealing at 600 °C which was
associated with the bcc and o particles precipitation [9]. In the
present study, increasing hardness during annealing at
500-600°C for 1h is presented in Fig. 3b, while the annealing at
600 °C formed the secondary phase only after the long-time heat
treatment for 21 days, where the cellular structure persists during
heating (Fig. 9b). Moreover, according to DSC analysis, the first
endothermic peak for as-built CrFeCoNi alloy associated with the
recovery process is observed at 500°C, where the hardness in-
creases by ~22 HV for the first hour of annealing. It allows the
statement that strengthening after short annealing (up to one
hour) is initiated due to absorption of dislocations participated in
the plastic deformation to grain boundaries and annihilation of
dislocations without activating the new dislocation sources. This
process puts the dislocations to a more equilibrium statement
which requires the additional stress effort to continue the plastic
flow. It must be significant in the pre-strained materials, such as
AM materials and ultrafine-grained materials.

4.3. Secondary phase formation

It was mentioned earlier that two precipitate types having the
M>3Cs and MjN structures were determined in the AM CrFeCoNi
alloy through TEM analysis. The M,3Cg was observed in several
studies for the CrFeCoNi systems at different temperatures [13,35],
while no study has described the M,N for a CoCrFeNi alloy. Hung
et al. reveal only the main fcc structure without any additional
phases for a CoCrFeNi alloy with > 99.9 wt% purity [12]. The purity
of > 99.5wt% in a CoCrFeNi alloy provides the oxides and carbides
[13,37,38]. In the present study, the purity of the CoCrFeNi powder
is> 99.7 wt% with the N impurity of ~0.1 wt%. The analysis of a
pseudo-binary CoCrFeMnNi—N phase diagram shows the formation
of a Cr,N structure in the fcc matrix starting at ~0.024 wt% at room
temperature [39]. Other works also demonstrate the Cr,N formation
in CoCrFeMnNi alloy systems with at least ~0.25 wt% N content and
its strengthening effect on the material [40-43]. Due to the similar
behavior of CoCrFeMnNi and CrFeCoNi alloys, the N content of
~0.1 wt¥% is enough for the formation of an M,N structure. Because of
the high cooling rate during the printing process, such structure
does not appear at the as-built condition, but, instead, it precipitates
during post-printing heat treatment at 700-800°C and stops at
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~900-1000°C. In practice, the decrease of the N content up to
~0.085 wt% occurs in the material at the printing process with no
changes during the heat treatments. However, it can be seen that the
0 and C contents are also lower in the printed material compared
with the powder, Fig. 11d, due to a lower surface area for the solid
sample compared with powder. The decrease of the CrFeCoNi lattice
parameter after the printing process can be associated with lower
contents of light elements in material as shown in Fig. 11d. The
further decrease of the lattice parameter after annealings at 700 and
900 °C is explained by the nitrides formation and the N depletion of
solid solution.

The effect of secondary phase formation on the mechanical
properties was discussed in earlier studies [18,23], where the M,N
precipitates were recognized as a c-phase. It reveals dramatic effects
on the ductile characteristics of the material at cryogenic tempera-
tures and on strengthening under cycling loading. However, the
formation of the M,N precipitates observed at 700 °C annealing does
not lead to any strengthening in the present study, as seen from the
microhardness test results, due probably to its low content in the
bulk samples.

From the present experiments, the following three comments
should be noted for further studies. First, the presence of N as an
impurity element in the powder leads to the formation of M;N
precipitates in the CrFeCoNi alloy at the temperature range of
700-800 °C, influencing the material properties even if the forma-
tion of the precipitates is not significant. Second, no c-phase was
observed in the AM CoCrFeNi alloy after heat treatment up to
1000 °C. As was discussed in the study [12], the solid solution can be
achieved as a stable state at higher temperatures up to 1000 °C in the
AM CrFeCoNi alloy due to the Mn absence, unlike the CoCrFeMnNi
system, where the c-phase formation initiates at temperatures of
600-900°C [9-11]. Third, the printing process may decrease the N
content. Possibly, the N content in the as-built material can be re-
duced by manipulating the printing process parameters, as it was
demonstrated for high nitrogen steel [44].

5. Conclusions

The analysis of the AM CrFeCoNi alloy with post-printing heat
treatment at 400-1000°C for 24 h and longer time duration was
performed in the present work. According to the results, the fol-
lowing statements can be made:

1. The recovery process without recrystallization was observed
after heating over 400°C, and the maximum hardness was ob-
served after one hour annealing at 500 °C. Such hardening is due
to the polygonization process beginning when dislocations mi-
grate into grain borders.

2. The recrystallization process followed by grain growth began at
and above 600-700 °C, where the hardness drops continuously at
700-1000°C, while the cellular substructure is observed after
long-time heat treatment for 21 days at 600 °C. The structural
changes continue with increasing annealing temperature, and the
strong texture in the material is observed even after annealing at
900-1000 °C for 24 h.

3. The presence of the nitrogen (~0.09 wt%) in the as-built CrFeCoNi
sample tends to form Cr-rich precipitates with an M;N structure
on the grain boundaries after annealing at 700-800 °C, which
may affect the mechanical properties of the material, while the
microhardness measurement failed to demonstrate additional
hardening in the present AM alloy. The long-time heat treatment
as low as 600 °C can also lead to secondary phase formation.

4. No o-phase formation was observed at all investigated tem-
peratures, demonstrating the stable solid solution of the
CrFeCoNi system at temperatures up to ~1000 °C.
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