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A B S T R A C T

High density components of an AlCoCrFeNi alloy, often described as a high-entropy alloy, were manufactured by
binder jetting followed by sintering. Thermodynamic calculations using the CALPHAD approach show that the
high-entropy alloy is only stable as a single phase in a narrow temperature range below the melting point. At all
other temperatures, the alloy will form a mixture of phases, including a sigma phase, which can strongly in-
fluence the mechanical properties. The phase stabilities in built AlCoCrFeNi components were investigated by
comparing the as-sintered samples with the post-sintering annealed samples at temperatures between 900 °C and
1300 °C. The as-sintered material shows a dominant B2/bcc structure with additional fcc phase in the grain
boundaries and sigma phase precipitating in the grain interior. Annealing experiments between 1000 °C and
1100 °C inhibit the sigma phase and only a B2/bcc phase with a fcc phase is observed. Increasing the tem-
perature further suppresses the fcc phase in favor for the B2/bcc phases. The mechanical properties are, as
expected, dependent on the annealing temperature, with the higher annealing temperature giving an increase in
yield strength from 1203MPa to 1461MPa and fracture strength from 1996MPa to 2272MPa. This can be
explained by a hierarchical microstructure with nano-sized precipitates at higher annealing temperatures. The
results enlighten the importance of microstructure control, which can be utilized in order to tune the mechanical
properties of these alloys. Furthermore, an excellent oxidation resistance was observed with oxide layers with a
thickness of less than 5 μm after 20 h annealing at 1200 °C, which would be of great importance for industrial
applications.

1. Introduction

High-entropy alloy (HEA) is a relatively new type of material that
was reported by Cantor et al. and Yeh et al. simultaneously in 2004
[1,2]. A HEA is a solid solution of, generally, five or more elements that
crystallizes in a simple bcc or fcc-like structure. The large entropy of
mixing in such a multicomponent alloy is assumed to stabilize a solid
solution instead of a mixture of intermetallic phases. HEAs have many
interesting properties such as excellent mechanical properties at various
temperatures [3], oxidation resistance [4,5], corrosion resistance [6],
good hydrogen storage capabilities [7–10] and promising thermo-
electric properties. Since their first discovery, a large number of alloys
have been investigated. The most studied HEA is the so called Cantor
alloy, CoCrFeMnNi.

The AlCoCrFeNi system has been widely studied because of the good
mechanical properties in combination with a good oxidation resistance

[4]. This alloy is commonly reported as a HEA, but it is well known that
it forms a mixture of a CrFe-rich bcc phase (W-type) and an AlNi-rich
B2 phase (CsCl-type) [4,11–13]. The alloy is also reported to decom-
pose into both fcc (Cu-type) and sigma phases at elevated temperatures.
Furthermore, spinodal decomposition into Cr-rich regions in the bcc
phase has been reported for AlCoCrFeNi [11,14] and AlCoCrCuFeNi
[15,16] alloys. Hence, the mechanical properties of such an alloy will
depend on size, fraction and distribution of the different phases. Since
the microstructure can be controlled by thermal treatments and an-
nealing procedure this enables a tuning of the materials properties.

Additive manufacturing (AM) is an interesting method to manu-
facture high performance materials with complex geometries. Powder
bed methods such as selective electron beam melting (SEBM) and se-
lective laser melting (SLM) are promising techniques to produce com-
ponents of high performance alloys. A problem with these techniques,
however, is that the thermal treatment of the alloy during melting is
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difficult to control, which may lead to unwanted phase transformations
(e.g. formation of brittle phases) during the building process.
AlCoCrFeNi alloys produced by SEBM and SLM has earlier been re-
ported [14,17]. Superior mechanical properties were observed for the
SEBM samples compared to casted specimens, attributed to the finer
microstructure in the AM built samples [17]. Furthermore, a fcc phase
was observed in the grain boundaries, which increased the plasticity of
the alloy. In contrast, it was not possible to build components of the
AlCoCrFeNi alloy with a SLM process [14]. High porosity and cracks
were observed, which was attributed to thermal cycling during the SLM
process [14].

An alternative technique to build components of AlCoCrFeNi is
powder binder jet printing. This is a fast, low-cost AM process. The
powder is applied in a layer-by-layer fashion and selectively bonded
using a binder. The component is then post-treated to cure the binder,
followed by final sintering of the green body to a dense material
[18,19]. The aim of this study was to investigate the microstructure and
mechanical properties of the AlCoCrFeNi alloy produced by binder
jetting followed by sintering. The expected phase composition at dif-
ferent temperatures has been determined by thermodynamic calcula-
tions using the CALPHAD approach. The phase composition has been
correlated to the thermodynamic results, using controlled annealing
experiments followed by rapid quenching.

2. Experimental procedure

Powder for AM of the AlCoCrFeNi HEA was prealloyed and gas
atomized by Sandvik Osprey. The AM was performed using an ExOne
X1 lab instrument by binder jetting with a powder particle size of less
than 32 μm. The parameters were set to 50 μm layer thickness, re-
coating speed of 1mm/s, binder saturation 60%, heating power of 50%
and a drying time of 25 s (longer time was used in the beginning of the
build in order to stabilize a temperature of 40 °C). After the printing
process, the samples were cured at 200 °C over night followed by a
sintering process using a furnace operating with a Ar/H2 mixture to
ensure a non-oxidizing atmosphere. The binder was removed by an-
nealing at 400 °C prior to the sintering at 1320 °C for 4 h. Finally, the
samples were heat treated using a furnace operated air followed by
water quenching to study phase compositions. The phases were char-
acterized by X-ray diffraction (XRD) experiments in a Bruker D8 ad-
vance equipped with a Lynxeye-XE position sensitive detector using
CuKα radiation.

Microstructure investigation was carried out by scanning electron
microscopy (SEM) imaging and electron backscatter diffraction (EBSD)
in a Zeiss Merlin equipped with a Nordlys Max detector for EBSD
analysis and an X-Max 80mm2 Silicon Drift Detector for energy-dis-
persive X-ray spectroscopy (EDS). Aztec HKL was used for data acqui-
sition and phase identification of EBSD patterns. The samples for mi-
croscopy were prepared by sequential polishing using 9 μm, 3 μm and
1 μm diamond particles followed by a final polishing step using 40 nm
colloidal SiO2. Furthermore, electrochemical etching using 10% Oxalic
acid and a voltage of 4 V for 5 s was used prior to microstructure
characterization. A FEI Titan Themis 200 (scanning) transmission
electron microscope (S-TEM) with probe corrector and SuperX EDS
system was used for studies of crystal structure and elemental compo-
sition of precipitates. The TEM lamella was prepared using a FEI Strata
DB 235 Focused Ion Beam (FIB), using the in-situ lift-out technique.

An Instron 8800 testing machine with a load capability of 100 kN
was employed for the compressive tests at room temperature with a
true strain rate of 5×10−4 s-1. The cylinder-shaped specimens were
machined to a diameter of 6mm and cut to a length of 8mm using
electrical discharge machining. The sharp edges were removed by
polishing with 1200 grit SiC paper. The true stress is computed with the
assumption of incompressibility and that the sample maintain the shape
of a perfect cylinder during the entire loading cycle. The hardness
measurements were performed using a load of 0.5 kgf for 15 s in a

Matsuzawa MXT 50 on polished specimens.

3. Results and discussion

3.1. Thermodynamic calculations

To compare the experimental observations in the present work with
the current understanding of the thermodynamics of the system, ther-
modynamic calculations in terms of CALPHAD (CALculations of PHAse
Diagrams) were performed. In the CALPHAD approach, the thermo-
dynamic properties of each phase of the system are described by
parameterizing the Gibbs free energy as a function of composition,
temperature and pressure. Multicomponent CALPHAD databases are
constructed by combining descriptions of lower order systems (often up
to ternaries) which then, in conjunction with extrapolation methods,
can be used to calculate thermodynamic properties and phase equilibria
for higher-order systems. The approach’s ability to extrapolate into
multicomponent space as well as into metastable regions, have proved
its usefulness in computational materials design of many types of alloy
systems including HEAs [20–24]. For the calculations in the present
work the commercial thermodynamic database for HEA system by
Thermo-Calc Software, TCHEA3, was applied [25,26].

The calculated equilibrium phase fractions for equiatomic
AlCoCrFeNi as a function of temperature are shown in Fig. 1a. As can be
seen, the equilibrium phase composition is complex. At low tempera-
tures (below 300 °C), the alloy forms a mixture of a bcc and ordered bcc
(B2) phases. In contrast to the bcc phase, which has two identical lattice
positions (0, 0, 0) and (½, ½, ½), the B2 phase is ordered and have
different elemental occupancy on the two lattice positions (see Fig. 1b
and c). The compositions of the different phases are summarized in
Fig. 2. As can be seen in Fig. 2a, the low temperature bcc phase (LT bcc)
contains mainly of Cr with small amounts of Fe and Co in a random
solid solution. The low temperature B2 (LT B2) phase, however, is more
complex with Fe and Al on one lattice position and Co and Ni on the
other site (Fig. 2b). It should be noted that solid lines and hatched lines
for the B2 phases denote the fractional occupancy on the (0, 0, 0) and
(½, ½, ½) sites, respectively. For temperatures above 300 °C, the LT B2
phase is enriched in Fe and Co with some solid solution of Cr and de-
pleted in Ni and Al. This is at expense of forming the high temperature
B2 (HT B2) phase which is enriched in Ni and Al (see Fig. 2c). As the
temperature increases, the relative amount of the LT B2 and LT bcc
phases decrease and is completely transformed into other phases be-
tween 450 °C and 650 °C. This is due to the formation of the HT B2
phase and a new sigma phase starting at around 300 °C and 550 °C,
respectively. As expected, the sigma phase is CrFe-rich with small
amounts of Co and Ni (Fig. 2d). The sigma phase is formed at the ex-
pense of the CrFe-rich LT bcc phase together with some Fe and Co from
the HT B2 phase (seen as a decrease in the amount of Fe and Co around
550 °C in Fig. 2c for the HT B2 phase). In the temperature range be-
tween 675 °C and 975 °C the alloy contains of two phases, the AlNi-rich
HT B2 phase and the CrFe-rich sigma phase (Fig. 1). The sigma phase
becomes non-stable at higher temperatures and is completely replaced
by a CrFe-rich high temperature bcc (HT bcc) phase at around 1000 °C.
Above this temperature the material consists of two phases, the HT B2
phase and the HT bcc phase. There is also a minor amount of a fcc phase
which is stable between 1000 °C and 1100 °C, which is rich in Cr and Fe
(not shown). Finally, as can be seen in Fig. 1 the alloy has a narrow
single phase region slightly below the melting point with a ordered HT
B2 phase. Consequently, the CALPHAD results show that it is not cor-
rect to describe AlCoCrFeNi as a high entropy alloy from a thermo-
dynamic point of view, except for a narrow temperature range just
below the melting point.

3.2. Powder characterization

The gas atomized powder was characterized using XRD and SEM
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and can be seen in Fig. 3. The diffractograms from the powder shows
peaks from the bcc phase but also a peak at around 2θ=31°, origi-
nating from the (100) reflection. This peak is forbidden for the bcc
structure and shows the presence of the B2 phase. It is noted that the
intensities are similar to the ones for the induction melt sample, where
TEM studies show presence of two phases (bcc and B2) [14]. Further-
more, the inset in Fig. 3a show the (high angle) 220 peak for the
powder, where a peak splitting is seen indicating the presence of two
phases (bcc and B2) with slightly different unit cell parameters. The

powder morphology shows a rather large distribution of particle sizes,
ranging from around 200 nm up to around 30 μm (the powder was
sieved to a size below 32 μm).

3.3. Binder jetting of AlCoCrFeNi

Fig. 4a shows the as-sintered cylinder of the AlCoCrFeNi alloy
prepared by binder jetting, followed by sintering at 1320 °C and cooled
to room temperature in the furnace. The resulting porosity was

Fig. 1. a) Equilibrium phase fractions for the AlCoCrFeNi alloy, the calculation was performed using the CALPHAD method and TCHEA3 database in Thermo-Calc. b)
bcc phase with random occupation of all elements on the lattice position and c) B2 phase with an ordering of the elements on the two different lattice positions.

Fig. 2. Elemental composition for the a) bcc, b) LT B2, c) HT B2 and d) sigma phases in their stable regions. The dashed and solid lines for the LT and HT B2 phases
indicate the atom fractions on the two different lattice positions.
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estimated to around 1% from optical images of polished surfaces (the
area analyzed was around 4 x 5mm) using the ImageJ software [27].
Furthermore, the diameter and length of the samples after sintering
were measured to 90% and 82%, respectively (compared to dimensions
before sintering). The edges of the sample were compacted slightly
more than the center (86% compared to 90%) during sintering, but
further geometric design is outside the scope of this study. Upon ma-
chining the built cylinders were found to be brittle. XRD showed that
the as-sintered samples consisted of a phase mixture of bcc, B2, fcc and
sigma phases (Fig. 4b), in agreement with the thermodynamic calcu-
lations in Fig. 1. During the sintering step, close to the melting tem-
perature, a mixture of bcc and B2 phases is expected. As the cooling rate
of the furnace after sintering is rather slow (around 4 °C/min) sig-
nificant amounts of sigma and fcc phases have time to form. The poor
machinability of the alloy can be explained by the presence of the
brittle sigma phase. The results show that binder jetting of AlCoCrFeNi
with a standard cooling procedure cannot form components with suf-
ficient mechanical properties due to phase formations during the
cooling step in the furnace.

3.4. Post-sintering annealing of the AlCoCrFeNi alloy produced by binder
jetting

The results presented above show that a brittle sigma phase is
formed after the sintering step. In order to control the amount of sigma
phase, a post-sintering annealing step can be applied at temperatures
according to the thermodynamic modelling shown in Fig. 1 followed by
rapid cooling of the component. This was demonstrated by a series of
annealing temperatures in a separate furnace during 2 h at tempera-
tures from 900 °C to 1300 °C. The experiments were conducted in air,
followed by rapid quenching in water. Only up to 5 μm of oxides (Al-
rich and Cr-rich) were observed after annealing up to 20 h. This shows
that the AlCoCrFeNi possesses excellent high temperature oxidation
resistance. The results are summarized in Fig. 5, showing diffracto-
grams from samples annealed at five different temperatures. As can be
seen, the results are in accordance to the predicted phase stability in
Fig. 1. Samples quenched from 1200 °C and 1300 °C consist of a mixture
of bcc and B2 phases. At 1000 °C and 1100 °C an additional fcc phase is
observed, in agreement with the thermodynamic calculations. Finally,
the sample annealed at 900 °C shows a mixture of bcc, B2, fcc and sigma
phases. The formation of sigma phase between 800 °C to 1000 °C is in

Fig. 3. Powder characterization of the gas atomized AlCoCrFeNi HEA showing a) the XRD pattern and b) SEM micrograph of the powder morphology.

Fig. 4. a) Cylindrical sample of as-sintered AlCoCrFeNi prepared by binder jetting and sintered at 1320 °C followed by slow cooling to room temperature. b) XRD
pattern of the as-sintered sample in a), showing a mixture of bcc, B2, fcc and sigma phases.
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good agreement with the thermodynamic calculations shown in Fig. 1.
Fig. 6a–c show SEM micrographs of etched samples after annealing

and quenching, EBSD images of the corresponding samples are shown
in Fig. 6d–f. The blue, green and yellow colors in the EBSD images
represent the bcc/B2, fcc and sigma phases, respectively. Note that
EBSD cannot accurately distinguish between the bcc and B2 phases. As
can be seen in the SEM images, some areas have been more strongly
etched than other regions. Oxalic acid was used to etch the CrFe-rich
phase, strongly enhancing the contrast. According to the XRD results in
Fig. 4b, the as-sintered sample should consist of a phase mixture of bcc/
B2, fcc and sigma phases. The EBSD image of the as-sintered sample
(Fig. 6d) shows bcc/B2 grains with the fcc phase precipitated at the
grain boundaries. Furthermore, the sigma phase could be observed as
precipitates within the grains. The phase fractions, extracted from the
EBSD data, is 61.6%, 25.5% and 12.9% for the bcc/B2, sigma and fcc
phases, respectively. The SEM image of this sample (Fig. 6a) shows a
strong etching in the region corresponding to the fcc and sigma phases,

which both are enriched in Fe and Cr according to the thermodynamic
calculations. Post-sintering annealing and quenching from 1000 °C
should according to the thermodynamic calculations and the XRD re-
sults in Fig. 5 give a phase mixture of bcc/B2 and fcc. These phases can
clearly be observed in the EBSD image (Fig. 6e) and the etched mi-
crostructure in SEM (Fig. 6b). The sigma phase in the interior of the
bcc/B2 grains has disappeared, while substantial amounts of fcc phase
(14.9%) still is present at the grain boundaries. An interesting ob-
servation is that the bcc/B2 grains exhibit an interior etch pattern with
rectangular features, which are more strongly etched than the sur-
rounding matrix. Since the oxalic acid strongly etches Fe/Cr-rich
phases, it is suggested that the etched features inside the grains consists
of the CrFe-rich bcc phase, while the less etched parts of the grains
consist of AlNi-rich B2 phase. Finally, after annealing at 1200 °C, the
quenched sample consists of more or less only bcc/B2 phase (99.5%)
with only trace amount of fcc (0.5%) observed. Fig. 6f shows the EBSD
phase map, with a phase identification of the bcc/B2 phase. This is also
in agreement with the thermodynamic calculations (Fig. 1). SEM of the
etched sample (Fig. 6c) shows, also in this case, more strongly etched
bcc regions at the grain boundaries and inside the B2 grain matrix.

An interesting observation is that higher magnifications in SEM of
the samples annealed at 1200 °C after sintering show even smaller
features inside the bcc and B2 grains (see inset in Fig. 6c). To study
these smaller features, a TEM sample was prepared from the specimen
annealed at 1200 °C. Fig. 7a shows a TEM dark field (DF) micrograph of
a region between two subgrains of the bcc and B2 phases. Conse-
quently, the top region of Fig. 7a is a bcc grain (Grain 1), while the
bottom part in Fig. 7a shows a B2 grain (Grain 2). Note that the TEM
analysis was made on an un-etched sample. The image is formed using
the 300 reflection (forbidden reflection for the bcc phase), resulting in
contrast between the two phases, where the B2 phase is excited in
contrast to the bcc phase. As can be seen in Fig. 7, there is a pre-
cipitation of an AlNi-rich B2 phase (bright) in the CrFe-rich bcc phase
(dark). The precipitation occurs on two different length scales, around
10–20 nm and around 100–300 nm. Similarly, precipitation of a CrFe-
rich bcc phase can be seen within the AlNi-rich B2 phase. Furthermore,
it can be seen that the precipitation density decreases close to the in-
terface between grain 1 and 2 where almost no precipitates are ob-
served. This interface layer with close to none precipitates would lower
the strength of the material as dislocation movement during deforma-
tion is not blocked by precipitates, making the material softer and

Fig. 5. a) XRD patterns of the samples annealed at temperatures from 900 °C to
1300 °C, indexed to the bcc/B2, fcc and sigma phases marked with black
squares, blue circles and teal triangles (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

Fig. 6. a–c) shows SEM micrographs of the as-sintered sample and the samples annealed at 1000 °C and 1200 °C, respectively. The EBSD phase maps are shown e–f,
with the blue, green and yellow colours representing the bcc/B2, fcc and sigma phases, respectively (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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causing failure within these regions.
The results in Figs. 6 and 7 show that the samples sintered at high

temperatures form an hierarchical microstructure with bcc and B2
precipitates on several different length scales. Similar microstructures
has earlier been reported for the AlCoCrFeNi alloy produced using
conventional methods, with a CrFe-rich bcc phase precipitating in an
AlNi-rich matrix [14].The formation of such an hierarchical micro-
structure will be of great importance for the mechanical properties and
if controlled properly opens up the possibility to tune materials prop-
erties.

3.5. Mechanical properties

The compressive stress-strain curves after annealing for 2 h at

1000 °C and 1200 °C can be seen in Fig. 8 and the corresponding yield
strength (σy), fracture strength (σf) and fracture elongation (εf) are
summarized in Table 1. The mechanical properties of the as-sintered
material are not displayed, as the machinability of this alloy is ex-
tremely poor, making it impossible to achieve samples for compressive

Fig. 7. Microstructure of the binder jet produced HEA after annealing at 1200 °C. a) shows a DF image using the 300 reflection in the boundary between the bcc and
B2 phase within one grain, b) an high angle annular dark field (HAADF) image and c–g) elemental maps of Al, Co, Cr, Fe and Ni, respectively.

Fig. 8. a) Compressive stress-strain curves at
room temperature for the samples produced by
binder jetting followed by annealing at 1000 °C
and 1200 °C and quenching. b) crossection of
the sample annealed at 1000 °C after failure. c)
crossection of the sample annealed at 1200 °C
after failure and an inset showing precipitates.

Table 1
Summary of compressive mechanical properties; yield stress, σy, fracture stress,
σf, fracture strain, εf at room temperature.

Annealing temp. (°C) σy (MPa) σf (MPa) εf (%)

1000 1203 ± 22 1996 ± 45 32.25 ± 2.5
1200 1461 ± 23 2272 ± 48 31.46 ± 2.1
SEBM (0°) [17] 1015 ± 53 1668 ± 72 26.4 ± 6.7
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tests. This is attributed to the formation of a brittle sigma phase (see
Figs. 1 and 4) during the processing. However, annealing the binder jet
produced samples at 1000 °C and 1200 °C produced materials with ex-
cellent properties. Fujieda et al. reported superior mechanical proper-
ties for the AlCoCrFeNi alloy produced by SEBM in comparison to
casted samples of the same material [17]. Furthermore, the fracture
strength for the SEBM produced AlCoCrFeNi alloy was six times higher
than that of the SUS304 stainless steel. In contrast, the AlCoCrFeNi HEA
produced by binder jetting followed by annealing showed a fracture
strength of up to 2272MPa, which is 60% higher than the SEBM pro-
duced material [17]. The yield strength for the binder jet produced
sample after annealing at 1200 °C is higher than the one annealed at
1000 °C. This can be explained by the absence of a fcc phase in the
sample after annealing at 1200 °C. Furthermore, the fracture strength
and fracture elongation are higher for the sample annealed at 1200 °C
compared to the sample annealed at 1000 °C. Fig. 8b and c show a
crossection of the fracture after compression tests of the samples an-
nealed at 1000 °C and 1200 °C, respectively. The samples were etched in
oxalic acid to remove the CrFe-rich phase and enhance the contrast. For
the sample annealed at 1000 °C (shown in Fig. 8b) a CrFe-rich phase is
observed in the grain boundaries (fcc phase, see Fig. 6e) and as pre-
cipitates in the grain interior (bcc phase, see Fig. 6e). A severe plastic
deformation, especially close to the fracture surface, and a transgra-
nular failure can be observed. An intergranular failure has earlier been
reported for the SEBM produced AlCoCrFeNi HEA, explained by mi-
crocracks and an elastic incompatibility of the adjacent phases. As no
cracks have been observed (with the exception of some residual por-
osity) in the grain boundaries of the binder jet produced material, this
effect is negated. Furthermore, some fcc phase is observed in the grain
interiors for these samples, suggesting that an elastic incompatibility
can occur in the grain interior causing a transgranular failure. For the
sample annealed at 1200 °C (shown in Fig. 8c) the microstructure is
very different, with a CrFe-rich phase in the grain boundaries and a
large network of the two different phases (bcc and B2, see Fig. 6f) in the
grain interior. Smaller precipitates (nano-scaled, described further in
Fig. 7) are observed within the AlNi-rich phase, which could explain the
excellent mechanical properties compared to the SEBM produced ma-
terial. Also, for this sample a transgranular fracture was observed, ex-
plained by the absence of cracks in the grain boundaries and no present
fcc phase (causing no/low elastic incompatibility between phases).

Fig. 9 show stress-strain curves for the materials in the present study
in comparison to some well known materials [17,28–31]. It can be seen
that the AlCoCrFeNi alloy has a potential to achieve high yield strength,
fracture strength and fracture elongations. Additional post-sintering
treatments are, however, needed to obtain desired microstructures and

phase compositions. The yield strength is higher than conventional al-
loys like Ni-based Inconel 718 and 625, as well as TiAl6V4 and 316 L.
The mechanical properties are in the range between the austenitic 316 L
and the very hard bainite (which consists of cementite and ferrite
phases) with high yield and fracture strength. However, the binder jet
produced AlCoCrFeNi achieves high yield and fracture strength in
combination with a high fracture elongation compared to bainite,
which show rather low fracture elongation.

Additionally, the hardnesses (HV) were measured to 5.2(2) GPa,
4.1(1) GPa and 4.9(2) GPa or the as-sintered sample and after annealing
at 1000 °C and 1200 °C, respectively. In the as-sintered sample a hard
sigma phase is present, contributing to the highest measured hardness.
Upon annealing the sigma phase is transformed into a fcc phase, which
shows a significantly lower hardness. Further annealing dissolves the
fcc phase and only a combination of bcc and b2 is observed, which
shows a higher hardness compared to the sample annealed at 1000 °C
(but no significant difference from the as-sintered sample). This is in
agreement with the lower yield strength (and hardness) for the sample
annealed at 1000 °C compared to 1200 °C.

4. Conclusions

Binder jetting was used to successfully synthesize AlCoCrFeNi with
a porosity of around 1%. After sintering the alloy shows a combination
of bcc, b2, fcc and sigma phases. Computational thermodynamics was
used to predict phase compositions and a series of annealing experi-
ments were conducted to confirm the phase composition and evaluate
the mechanical properties. It can be seen that the phase diagram of the
alloy is complex and that a single phase HEA in the AlCoCrFeNi
equiatomic system is only obtained at a temperature interval close to
the melting point. Annealing experiments are in agreement with the
thermodynamic calculations, showing a combination of fcc and bcc/B2
phases at 1000 °C and only bcc/B2 phases at temperatures above
1200 °C. The mechanical properties are enhanced by the higher an-
nealing temperatures, correlated to the finer microstructure and lower
elastic incompatibility between phases. Furthermore, the presence of
nm-scale precipitates can be beneficial for dislocation movement, fur-
ther improving the mechanical properties. The comparison of the flow
stress between the AlCoCrFeNi alloy and some conventional alloys
shown in Fig. 9 shows that the AlCoCrFeNi alloy has a potential to
achieve high yield strength, fracture strength combined with good
ductility.

This study enlightens the importance of understanding the micro-
structure of HEAs produced by AM, or other manufacturing pathways,
in order to achieve high quality materials with excellent mechanical
properties. The mechanical properties can be tuned using annealing
experiments, changing the constituent phases and microstructure.
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