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In this study, the crystal structure and phase stability of gas atomized equiatomic AlCoCrFeNi powder was
investigated. This alloy is usually described as a high entropy alloy forming a solid solution phase stabilized
by a high mixing entropy. However, thermodynamic calculations show that the high entropy phase is stable
only at very high temperatures close to the melting point and that a mixture of several phases are the most
stable state at lower temperatures. This suggest that kinetic effects may influence the phase composition of
Keywords: atomized powder. The unique features of X-ray diffraction, neutron diffraction as well as transmission
High-entropy alloy electron microscopy were used to study the atomic structure of the atomized powder in detail. The results
HEA show that the powder crystallises in an ordered B2 (CsCl-type) structure with a preferred site occupation of
Al and Fe on the (%2 %2 %) position and Co and Ni on the (0 0 0) position. During heat-treatment of the
powder, the B2 phase decomposes into fcc and o phases and the final phase composition is highly de-
pendent on the heating rate. The effect of heat-treatment on the atomized powder was also investigated
and revealed a significant phase transformation with e.g. the formation of ¢ phase preferably at the surface
of the powder particles. The phase content was also dependent on the size fraction of the powder particles.
Sintering of green bodies made with different heat cycles showed that the phase composition of the starting
material had a significant impact on the final phase composition and microstructure of the sintered
components. The results illustrate the importance of well-defined powder materials for powder
consolidation, especially additive manufacturing (binder jetting) of high entropy alloys.
© 2021 The Authors. Published by Elsevier B.V.
CC_BY_4.0
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1. Introduction

The development of high-entropy alloys (HEA) has grown rapidly
since their discovery by Cantor et al. [1] and Yeh et al. [2] in 2004. In
HEAs, solid solutions with simple crystal structures, e.g. body
centred cubic (bcc), cubic close packing (ccp, also known as face
centred cubic, fcc) or hexagonal close packing (hcp), are assumed to
form due to the high configurational entropy from the mixture of at
least five elements in near equiatomic concentrations. Many of these
alloys possess desirable properties such as high strength at various
temperatures, high hardness, high ductility, and excellent wear
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resistance [3-8]. Additionally, promising oxidation resistance, cor-
rosion resistance and hydrogen storage capabilities have been
displayed by several HEAs [9-13]. As the influence of entropy on the
formation of these alloys is unclear, the terms multi-principal
element alloys (MPEAs) or complex, concentrated alloys (CCAs) have
been widely accepted as alternative descriptions. An excellent
review of HEAs can be found in a paper by Miracle and Senkov [14].

Many so-called high entropy alloys are not stable solid solutions,
and thermodynamic calculations show that they form a phase
mixture at equilibrium in a wide temperature range [15]. The fact
that they experimentally form solid solutions can be explained by
kinetic factors where a fast cooling rate from the melt or high
temperatures limits the diffusion rate of the elements, leaving a
metastable solid solution. One example of this is found for the
AlCoCrFeNi alloy, where solid solution phase (HEA) is stable only at
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Fig. 1. Phase diagram of AlCoCrFeNi calculated by the CALPHAD method. The results
have been adapted from ref. [15], but is reproduced here to facilitate the discussion.

high temperatures close to the melting point, while a mixture of B2,
bcc, 6 and minor amounts of fcc are thermodynamically stable at
lower temperatures (see Fig. 1). Extended annealing experiments of
the alloy at selected temperatures, followed by rapid quenching of
the HEA, shows a phase composition in agreement with the ther-
modynamic calculations [15]. Experimental studies, however, of al-
loys formed from a melt and more slowly cooled down to room
temperature typically show a B2/bcc phase mixture, supporting the
importance of slow kinetics during the solidification process
[10,15-20]. Furthermore, it has been shown that a single-phase HEA
can be obtained in e.g., the AlCoCrFeNi, AlCoCrFeNiMn and MgAl-
SiCrFeNi systems by mechanical alloying [21-23]. Upon annealing,
however, the single-phase configuration is not stable and different
intermetallic phases may form, further suggesting that the HEA is
only stable at high temperatures.

The good oxidation resistance and promising mechanical prop-
erties make the AlCoCrFeNi alloy one of the most studied HEAs, and
a candidate for high-temperature applications. Most studies produce
AlCoCrFeNi by arc melting or casting, but recently the use of additive
manufacturing has been explored to produce high strength com-
ponents [15,20,24,25]. Fujieda et al. [24] showed an increase of the
yield strength and fracture strength of up to 60% of a selective
electron beam melted (SEBM) produced sample compared to the
cast alternative. Furthermore, the production of components with
intriguing microstructures by annealing of binder jetting produced
parts was shown to enhance both yield and fracture strength [15].
When comparing the phase composition and microstructure in dif-
ferent studies, it is clear that the choice of manufacturing process
used is very important and that differences in kinetics have a strong
effect on the final product.

In additive manufacturing (using a powder bed fusion technique)
as well as other powder consolidation processes, a fully alloyed
metal powder of the alloy can be used as feedstock material. The
powder is usually manufactured by conventional metallurgy fol-
lowed by atomization. In the atomization step, a steam of molten
metal is disintegrated into droplets of molten metal by a high
pressure gas and the droplets solidifies into a powder [26]. The
powder is then sieved into size fractions to be utilized as feedstock
in different powder consolidating processes. Based on the results in
Fig. 1, it is expected that the microstructure and phase composition
of the AlCoCrFeNi powder (as well as many other HEAs) are strongly
dependent on kinetic effects during the atomization process. Hence,
the cooling rate in the manufacturing process will be of great
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importance for the phase formation and the microstructure of the
high-entropy alloy. In the gas-atomization process the cooling rate is
estimated to be around 10%-10° K/s depending on the particle size
[26-28], allowing formation of phases far from equilibrium. This
effect may be of importance when utilizing non-melting powder
consolidating processes such as solid state sintering included in the
binder jetting technique [15] as the last densification step. It has
previously been shown that components of AlCoCrFeNi can suc-
cessfully be produced by binder jetting [15]. However, the as-built
components exhibit a brittle behaviour due to the presence of brittle
phases such as the ¢ phase, and heat-treatments are therefore re-
quired to obtain a functional material. The phase composition and
microstructure of the feedstock powder potentially influences the
manufactured components and may be utilized to tune the final
properties. Additionally, different powder size distributions will
exhibit different sintering behaviour and could result in different
phase compositions and microstructures of the final component.

The aim of this study is to increase the understanding of the
microstructure and phase formation of gas atomized AlCoCrFeNi
with different particle sizes. Furthermore, the ¢ phase is detrimental
for the properties of the AlCoCrFeNi alloy and it is therefore of great
interest with a methodology to avoid formation of brittle phases.
Hence, the effect of pre-annealing of the powder on the final mi-
crostructure was investigated. A combination of X-ray and neutron
diffraction with electron microscopy was utilized to determine the
crystal structure, with emphasis on the atomic occupations in the
as-atomized powder state.

2. Experimental procedure

Powder of the AlCoCrFeNi HEA was pre-alloyed and gas atomized
by Sandvik Osprey™ and sized into several different powder particle
size distributions (PSD). In this study, the PSD 10-45um and < 32
m were investigated, PSDs that are commonly used for laser powder
bed fusion and binder jetting, respectively. SEM images of the
powders can be found in supplementary information (SI), Fig. S1. All
sintered components were prepared from powder with PSD< 32
m. Two different powder conditions were evaluated, as-atomized
powder condition and pre-annealed powder condition. The as-ato-
mized powder condition is as obtained directly after sizing into
desired PSD, while in the pre-annealed condition the powder was
heat-treated at 800 °C for 1 h after sizing. Sintering experiments on
the different powder conditions were performed at 1320 °C for 4 h
followed by furnace cooling, the atmosphere was kept inert by
flowing Ar (g) of 50 ml/min after flushing for 30 min. Prior to sin-
tering, the powder was mixed with 2 wt% binder (consisting of 5 wt%
polyvinyl alcohol in water) and pressed into a pellet. The binder was
dried in a furnace at 150 °C for 2 h to remove the water. The binder
was removed by a pre-sintering step at 435-650 °C.

The loose powders were analysed with ex- and in-situ diffraction
utilizing several radiation sources. In-situ X-ray diffraction (XRD)
was performed at the P02.1 beamline at the synchrotron DESY
(Hamburg, Germany). The wavelength was determined to
0.206578 A using a LaBg standard. A PerkinElmer XRD1621 detector
and an exposure time of 5 s per diffraction pattern were used during
the experiments. The samples were mounted in a sapphire tube and
mounted in a sample cell described by Hoglin et al. [29]. The dif-
fraction patterns were collected during continuous heating of the
sample to 900 °C with a heating rate of 10°C/min and aged for
10 min before turning the heating off and letting the sample rapidly
cool down to room temperature. The neutron powder diffraction
(NPD) experiments were performed on the D1B and MEREDIT in-
struments at ILL (Grenoble, France) and the Nuclear Physics Institute
(Rez, Czech Republic), respectively. The diffraction patterns were
recorded at discrete temperatures upon heating from room tem-
perature (RT) to 800 °C. At D1B a Ge monochromator (reflection 311)
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was used, giving a wavelength of 1.28 A, while a mosaic Cu crystal
(reflection 220) and a bent Si single crystal (reflection 442) giving
wavelengths of 1.46A and 127A were used at MEREDIT. Ad-
ditionally, ex-situ XRD was performed on the sintered samples using
a Bruker D8 Advance diffractometer operating with CuKo radiation
and equipped with a Lynx-eye XE position sensitive detector.

Refinements of all diffraction data were performed using the
Rietveld method [30] implemented in the FullProf software [31]. A
Thompson-Cox-Hastings pseudo-Voigt profile function was used to
describe the diffraction peaks and the background was described
from interpolation from chosen and refinable points. In the refine-
ments, the zero point, background, scale factor, peak shape, half-
width parameters, unit cell parameters, atomic occupancies, iso-
tropic temperature parameter and atomic coordinates were varied.
The in-situ 2D XRD patterns were first reduced with the software
Fit2D [32] to acquire 1D patterns. The reduced diffraction patterns
were refined in a sequential mode in FullProf and all parameters
were fixed, except for the scale factors, correlated to the amount of
the phases. To gain maximum information of the atomic positions
and occupancies, joined refinements were performed for the in-
house and the two neutron diffraction data sets at room tem-
perature.

The TEM analyses were carried out in TEM and STEM mode using
a probe corrected FEI Titan Themis instrument operated at 200 kV
acceleration voltage equipped with the SuperX EDS system. For
nanobeam diffraction (NBD), the TEM was operated in pProbe STEM
mode with a probe size of approximately 5 nm to record diffraction
patterns. The TEM lamellas were prepared with FEI Strata DB 235
Focused Ion Beam (FIB), using the in-situ lift-out technique. The
surface was coated with platinum to protect from ion damage during
preparation, and a final polishing using 5 keVions were used to
minimize ion damage to the surface. Additionally, transmission
Kikuchi diffraction (TKD) was performed in a Zeiss Merlin scanning
electron microscope (SEM) on the lamella.

3. Results and discussion
3.1. Structure and element distribution in as-atomized powder

TEM was employed to characterize the microstructure, crystal
structure and chemical distribution in the powder. Fig. 2 shows the
TEM results from the as-atomized powder PSD 10-45pm. The
powder particles consist of several grains with a size of a few pm. A
grain boundary within the powder particle is marked with a black
arrow in the STEM image in Fig. 2. The grains exhibit different
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Table 1
Elemental composition of the dendritic core (DC) and interdendritic (ID) regions in at
% determined with EDS.

Element Al (at%) Co(at®) Cr(atk) Fe(atk) Ni(at%)
Dendritic core 20.2 211 179 193 215
Interdendritic region ~ 13.3 21.2 229 21.6 21.0

crystallographic orientations. Within each grain, a chemical fluc-
tuation with Al/Ni rich regions and Cr/Fe rich regions are observed.
The chemical composition of these regions can be seen in Table 1.
This is identified as a dendritic growth, exhibiting a dendritic core
(DC) and interdendritic regions (ID), as suggested by thermodynamic
calculations in ref [15] where an Al/Ni rich B2 phase coexists with
the liquid at high temperatures. An equimolar composition is ex-
pected when all liquid phase has solidified, as the alloy reaches
equilibrium. Assuming that no equilibrium is reached during the gas
atomization due to the high cooling rate, it is expected that the first
solidifying phase is the Al/Ni rich B2 phase forming dendrites, while
Cr and Fe is pushed out to the liquid and solidifies when the tem-
perature is decreased further.

The powder was further characterized by NBD in order to dif-
ferentiate between the ordered B2 phase (primitive unit cell with
space group Pm3m) and the disordered bcc phase (body centred unit
cell with space group Im3m). NBD patterns were acquired from the
DC and ID regions, respectively, within an individual grain. As can be
seen in the diffraction patterns, the forbidden 100 reflection (in-
dicated with a white circle) is present, indicating a primitive unit cell
(this reflection is forbidden in the bcc structure). Furthermore, it is
possible to enhance the contrast of two possible phases by dark field
(DF) imaging in TEM mode. A DF image can be found in SI Fig. S2,
where the entire analysed grain shows a similar contrast and
therefore consists of a single crystalline structure but with an ele-
mental variation as shown in Table 1. The error of the EDS mea-
surements are within 1-2 at% due to the nature of the analysis,
whereby only the separation of Al and Cr is significant.

Normalized diffraction patterns for the as-atomized condition
with PSD 10-45um, from both neutron (ND) and synchrotron
measurements (XRD) are shown in Fig. 3a. In agreement with the
electron diffraction analysis in Fig. 2, all diffraction patterns can be
indexed with a primitive cubic unit cell within the space group
Pm3m. No additional peaks or peak asymmetry were observed,
suggesting a single-phase nature of the powder. For the neutron
diffraction patterns, the 100 reflection is barely visible for the Cu-
200 wavelength and non-visible for the Si-442 wavelength. This is

Fig. 2. STEM Z-contrast image of the as-atomized powder, showing nanobeam diffraction patterns in the [001] zone axis from the dendritic core (DC) and interdendritic (ID)
regions in an individual grain. A grain boundary is marked with a black arrow in the STEM image, and the 100 reflection is marked with a white circle in the NBD patterns. The
elemental distribution of Al, Co, Cr, Fe and Ni are shown in blue, green, orange, red and yellow, respectively.
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Fig. 3. a) Normalized powder diffraction patterns for NPD-Cu220, NPD-Si422 and synchrotron XRD. All diffraction patterns are refined using a single-phase B2 structure. b) refined
occupancies in the B2-structure of the AlCoCrFeNi HEA. The elements Al, Co, Cr, Fe and Ni have the colours blue, green, orange, red and yellow, respectively. b) expected site
occupancy for the B2 phase according to thermodynamic calculations of the two lattice positions (marked with solid and dashed lines), figure adapted from data from ref [15].

Figure adapted from data from ref [15].

likely due to the chemical occupancy of the two lattice positions,
causing reduction of the intensity for the 100 reflection for neutrons
in combination with a low flux of the neutron beam. Upon per-
forming a combined refinement on the diffraction data from the two
NPD patterns from MEREDIT and the XRD results from P02.1 at room
temperature, all atomic occupancies could be refined. This refine-
ment was possible due to the different scattering powers of the
constituting elements of the HEA. The refinement confirmed the
primitive cubic B2-phase in agreement with the predicted high-
temperature phase [15]. The refined structure, Fig. 3b, shows the
atomic occupation of the elements at the different lattice positions
in the B2 structure. At the (0 0 0) position, the elements Co and Ni is
dominating, whereas Al and Fe occupy mainly the (Y2 14 14) position.
Lastly, Cr can be found to occupy both lattice positions without any
indicated preference. Given that the enthalpy of formation for the
binary compounds in the system are favourable to form bonds be-
tween both Fe and Al to Co and Ni, but not between Al and Fe, it is
reasonable that Al and Fe occupying the same position in the B2
structure. This way the distance between Al and Fe is maximised. Cr
has similar AH™"™3t°n g 3]l elements, which is in line with the si-
milar occupancy for both crystallographic sites [33]. Note that the
refinement shows a summary of both DC and ID regions within the
powder particles.

Fig. 2 illustrates the separation into two regions from TEM-EDS,
DC and ID, with different chemical composition, whereas the
powder diffraction patterns in Fig. 3 shows a single-phase character.
This discrepancy can be explained by the fact that both regions
observed in the TEM have the same crystal structure, B2, but with a
small variation in chemical composition. The similar elemental dis-
tribution (Table 1) gives a very small difference of the unit cell
parameters of the two regions, which makes them inseparable in
powder diffraction techniques. The elemental segregation shown in
Fig. 2 suggests that one B2 region forms with enhanced Al and Ni
contents, while another B2 region forms with enhanced Fe and Cr
contents. When combining the two almost identical regions into one
powder diffraction resolved structure, it becomes comprehensible
that Al and Fe occupies one crystallographic position, whereas the
other position is richer in Co and Ni (Fig. 3b). The Cr is evenly dis-
tributed on the two positions in the crystal structure. This is in good
agreement with the expected site occupation from thermodynamic

calculations based on the CALPHAD method (Fig. 3c) originally
published in ref. [15] but shown here for clarity of the discussion.
The solid lines in Fig. 3¢ show the occupancy of the (0 0 0) position
with high content of Ni and Co. In contrast, the dashed curves in
Fig. 3¢ shows the occupancy at the (Y2 %2 ¥2) position with a clear
predicted enrichment of Al and Fe at this position. It should be noted
that Cr is evenly distributed between the two crystallographic po-
sitions, although a micrometre scale segregation can be seen (Fig. 2).

3.2. Structure and element distribution in annealed powder

As the CALPHAD calculations in Fig. 1 (adapted from ref. [15])
predict that the AlCoCrFeNi alloy has a complex phase composition
at different temperatures, it is of interest to understand how an-
nealing influences the phase composition of the powder. In-situ
diffraction experiments were therefore performed for the PSD
10-45um during annealing up to 800-900 °C. The diffraction pat-
terns from neutron and synchrotron radiations are shown in Fig. 4.
For the neutron experiment, Fig. 4a, a low heating rate with a
measuring time of 1 h was used for each step. The refinements of the
obtained powder diffraction patterns show that a small amount of
an fcc phase (space group Fm3m) starts to form at low temperatures
below 100 °C. The phase fraction of the fcc phase at 100 °C was,
however, below 1%. The amount of fcc phase increases steadily up to
4.5% at 600 °C, where a ¢ phase (space group P4/mmm) starts to
form. At 800 °C, the phase fractions are found to be 75%, 15% and 10%
for the B2, fcc and o phases, respectively. For the synchrotron XRD, a
faster heating rate was used, 10 °C/min, and diffraction patterns were
recorded continuously throughout the heating, seen in Fig. 4b. The
trend of the evolution of phases is similar when comparing the two
sets of in-situ experiments. However, the higher heating rate makes
the phase transition occur at higher temperatures. The XRD patterns
were recorded to 900 °C, and after 10 min at that temperature, si-
milar phase fractions are observed as for the neutron experiment at
800 °C. Although the phase fractions in the two experiments are
comparable at the end of the experiments, the secondary phases are
much more evident with neutron scattering compared to X-rays.
This is due to the differences in scattering lengths for the different
elements for X-ray and neutron scattering, respectively, as well as
that the compositions of the precipitates are not equiatomic. The fcc
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Fig. 5. a) STEM Z-contrast image of the powder (10-45 pm) after heat-treatment at 800 °C, b-f) elemental distribution and g) TKD showing the B2, fcc and ¢ phases as green,

yellow and blue, respectively.

phase consists primarily of Co and Fe, whereas Cr is required to form
the o phase [15]. Furthermore, the primitive cubic peaks are clearly
visible from the XRD, shown at ~2.1 and ~3.8 A™! in Fig. 5. This means
that XRD is enough to observe the B2 structure but not to refine the
atomic occupancies, given the almost identical X-ray scattering
length for Co, Cr, Fe and Ni. Similar observations of the effect of
different heat ratings have been shown in the AlCrFeMgNiSi HEA
[23]. The decomposition of the B2 structure was heavily influenced
by the moderate heating rate during conventional sintering or spark
plasma sintering where very fast heating rates can be obtained.
The microstructure of the powder after annealing at 800 °C, using
the same temperature profile as the neutron diffraction experiment,
was studied with TEM (Fig. 5). The dendritic structure seen in Fig. 2
have vanished and instead a microstructure with brighter particles
ordered in a lamellar-like fashion can be seen in a dark matrix. From
EDS, it is evident that the brighter particles are enriched in Co, Cr
and Fe while depleted in Al and Ni. The calculated equilibrium
phases at 800 °C are B2 and o [15]. Fig. 5g shows a phase map of a
powder particle, where an fcc phase is observed to form in the B2
matrix, with some ¢ phase at the powder particle surface. The high
amount of fcc phase compared to expectations from calculations in
Fig. 1 could be explained by the relatively low formation kinetics for
the ¢ phase, making it possible to form the fcc phase instead. The
phase, with mainly Fe and Cr, forms primarily at the surface of the

powder particles. Jepson et al. [34] showed preferred precipitation of
a ¢ phase at the surface of duplex stainless steels and that the
amount of ¢ phase formed depend on the quality of the surface.
Furthermore, it has been described that the activation energy for the
formation of the o phase is closely related to the diffusion of Cr in the
alloy, whereby initial formation at the surface could be explained by
easier diffusion of Cr compared to inside the bulk alloy [35]. This is
further understood by the sluggish formation of the ¢ phase in du-
plex stainless steels due to the large unit cell consisting of 32 atoms.
The phase composition from TKD (not shown) is in good agreement
with the refined composition from the neutron diffraction experi-
ment, hence the results are representative of the powder.

Since the o phase forms at the powder surface and a smaller
powder particle results in a larger effective surface area, it should be
expected that the size of the powder has an influence on the phase
composition after annealing. Neutron diffraction was therefore car-
ried out on the two PSDs, 10-45 pm and < 32 pm, after annealing up
to 800 °C and cooling to room temperature. The results (see SI Fig. S3
for the diffractograms) show, as expected, a decomposition of the B2
phase for both fractions into the same decomposition products (B2,
fcc and o phases). However, as can be seen in Table 2, the phase
composition of the two PSDs are different, with significantly more o
phase in the PSD < 32 pm. As the effective surface area is larger for
the smaller grains, diffusion is easily activated and Cr atoms can
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Table 2
Refined phase fractions in wt% for the sieving fractions 10-45pum and <32 pm at RT
after in-situ annealing.

Journal of Alloys and Compounds 893 (2022) 162060

Table 3
Phase fractions in wt% for the sintered samples from as-atomized and pre-annealed
powder obtained from Rietveld refinements of XRD data.

Phase 10-45 pm <32pm Phase As-atomized Pre-annealed
B2 (wt%) 73.6(7) 56.0(6) B2 (wt%) 44(2) 50(1)

fcc (wt%) 12.0(1) 12.6(1) fcc (wt%) 26.0(5) 33.7(4)

o (wt%) 14.4(5) 31.4(2) o (wt%) 29.5(7) 16.7(2)

move to form the ¢ phase at the powder particle surface, as shown
in Fig. 5.

3.3. Pre-annealing of powder as a design route in sintering of
AlCoCrFeNi parts

The results above clearly show that the phase composition of a
powder is influenced by a pre-annealing step and PSD. Therefore, it
is interesting to investigate if the phase composition of the powder
affects the final phase composition and microstructure of sintered
components. Fig. 6a shows XRD patterns and corresponding Rietveld
refinements for the samples produced from as-atomized and an-
nealed powder with a grain size of < 32 um. All peaks in the dif-
fraction patterns can be indexed by a combination of o, fcc and B2
phases, but with varying intensities between the different samples.
The phase composition of the samples (estimated by Rietveld re-
finements) are summarized in Table 3. It is clear that the sample
from the sintered as-atomized powder has a significantly higher
amount of ¢ phase and less B2 and fcc. In this experiment, a sintering
cycle with target temperature of 1320°C and a holding time of
4h was used. This was followed by a slower furnace cooling
(no quenching). Based on the CALPHAD results in Fig. 1 and binder
jetting studies in ref. [15], it is expected that the pure B2 phase
is formed at the sintering temperature and that fcc and o phase is
reformed during the cooling step in the furnace.

Fig. 6b and c show the microstructures of the samples produced
from as-atomized and pre-annealed powder, respectively. A micro-
structure that is similar to AlCoCrFeNi produced by binder jetting
[15] is obtained after sintering of the as-atomized powder. An il-
lustration of how the phases are ordered in the material can be seen
in the inset, showing the distribution of secondary phases forming
within the B2 grains and at the grain boundaries. The phase forming
inside the grains is mainly the o phase, while an fcc phase forms at

the grain boundaries. For the sample produced from the pre-an-
nealed powder, however, the microstructure is very different
(Fig. 6¢). Large grains, attributed to the fcc phase, are shown in
Fig. 6b to be well distributed in the sintered sample. The B2 grains
are not as well defined as for the sample produced from the as-
atomized powder, as an interconnecting network of the B2/fcc
phases has formed instead. The amount of ¢ phase within the B2
grains has also decreased significantly, in good agreement with the
estimation from the XRD patterns.

A possible explanation for the difference between the two
powders is that the annealed powder has an enrichment of Fe and Cr
in the ¢ phase formed at the surface. Hence, the interior of the
starting powder grains is depleted with Fe and Cr. In contrast, the as-
atomized powder still has high concentrations of Fe and Cr in the
bulk of the grains. During sintering at 1320 °C, the alloy will start to
transform into the stable B2 structure, in agreement with thermo-
dynamics. Upon cooling, there will be a driving force to form o
phase, but this requires the presence of high concentrations of Fe
and Cr. For the as-atomized powder condition, which still has sig-
nificant amounts of these elements inside the interior of the parti-
cles, the ¢ phase will therefore precipitate inside the B2 grain, as
shown in Fig. 6¢. Below 600 °C, the ¢ phase will decompose, but this
requires a significant solid-state diffusion. If the diffusion is too slow,
large amounts of ¢ phase will remain inside the B2 grains. In the pre-
annealed powder condition the Fe and Cr are enriched at the surface,
forming ¢ phase in grain boundaries of the sintered sample during
heating. The diffusion rate is much higher at the grain boundaries,
leading to faster decomposition of the ¢ phase upon cooling. In
comparison, the lower concentration of Fe and Cr inside the pre-
annealed powder particles implies formation of fewer ¢ phase pre-
cipitates in the B2 grain interior as shown in Fig. 6¢. It should be
noted, however, that the formation of the fcc phase in Fig. 6b and ¢
also can be affected by the remaining binder. The binder contains
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Fig. 6. a) XRD patterns of samples sintered from as-atomized and annealed powder. b) and c) show the microstructures by secondary electron SEM images of the samples
produced from as-atomized and annealed powder, respectively. The insets in b) and c) illustrates the microstructure with the B2, fcc and ¢ phases marked with green, yellow and

blue colours.
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carbon, which upon heating carbon can diffuse into the micro-
structure and stabilize the fcc phase as carbon is a common auste-
nitic former in stainless steels.

The results indicate that the resulting microstructure after sin-
tering can be designed by pre-annealing of the powder, reducing the
amount of the brittle c phase by careful design of the annealing
temperature. This would be beneficial for the mechanical properties,
as the ¢ phase is commonly known to decrease toughness in, e.g.
duplex stainless steels and is avoided by quenching from high
temperatures after a solution treatment [36]. The samples presented
here contain some porosity, but optimization of the density was
outside the scope of this study.

4. Conclusions

In this study, the effects of thermal treatments on the HEA
AlCoCrFeNi powder alloy produced via inert gas atomization have
been studied. It has been shown from a combination of electron,
synchrotron X-ray and neutron diffraction that the as-atomized
compound crystallises in an ordered B2 phase with a preference of
Al and Fe on the (12 2 14) site while Co and Ni preferably occupy the
(0 0 0) position. In-situ diffraction also reveals that the B2 phase
decomposes at higher temperatures into fcc and o phases. The
thermal onset of the phase transformations is, however, dependent
on the heating rate, where a lower heating rate results in a decreased
onset temperature for the phase transformation. The conversion of
the B2 phase has been confirmed by TEM analysis after the heat-
treatments of the powders. In addition, the size of the particles from
the atomization is important for the decomposition behaviour. The
diffusion of Cr is higher at the particle surfaces, giving rise to a larger
amount of ¢ phase forming for the smaller particle size distribution
with a larger effective surface area. Finally, it was demonstrated that
the pre-annealing of the atomized powder influences the micro-
structure of sintered parts, with a lower amount of ¢ phase in the
final component if a pre-annealing step of the powder is employed.
Hence, it can be concluded that the microstructure can be designed
by proper selection of the feedstock material used for manu-
facturing.
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