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Al0.3CoCrFeNi high-entropy alloy (HEA) was additively manufactured by
powder-bed selective laser melting (SLM) with emphasis on its microstructure
and tensile properties. Al0.3CoCrFeNi showed excellent printability, enabling
fabrication of fully dense products. The microstructure of the SLM as-built
HEA consisted of a single-phase disordered face-centered cubic solid solution
with fine columnar grains elongated along the build direction. The charac-
teristic features of the as-built microstructure were a<110> fiber texture
aligned toward the build direction and a large dislocation density. As a con-
sequence, printed Al0.3CoCrFeNi HEA exhibited superior tensile strength in
comparison with as-cast or wrought counterparts.

INTRODUCTION

The high-entropy alloy (HEA)1,2 and complex
concentrated alloy (CCA)3 concepts offer the
designer new options for advanced materials with
better structural properties.4–6 While the HEA
approach focuses on a single disordered solid-solu-
tion phase, CCAs can exhibit multiphase
microstructures and encompass HEAs. We do not
distinguish between HEA and CCA herein, prefer-
ring to use the term HEA. Rather than using one
principal element as an alloy base, HEAs/CCAs
consist of a concentrated blend of at least three
principal elements acting as one alloy ‘‘hybrid base.’’
This paradigm change has several important con-
sequences7: (i) the 67 stable metallic elements give a
total of over 110 million new alloy bases with three,
four, five, or six principal elements, and (ii) the
exploration of the composition space is shifted from
the boundaries of multicomponent phase diagrams
to the vast and uncharted central regions.

So far, among the new alloy families that have
emerged, the 3d transition metal (TM) family,
which derivates from the Cantor alloy, i.e., CoCr-
FeMnNi face-centered-cubic (FCC) solid-solution
phase, have attracted great attention because of
their attractive mechanical performance. Indeed, 3d
TM HEAs/CCAs can be regarded as an extension of

austenitic stainless steels, austenitic nickel alloys,
and nickel-based superalloys. Whereas a great deal
of work is currently underway on additive manu-
facturing of these three conventional alloy classes,
three-dimensional (3D) printing of 3d TM HEAs/
CCAs has received much less attention.8–18 In this
paper, we explore the microstructure and tensile
properties of Al0.3CoCrFeNi HEA processed by
powder-bed selective laser melting (SLM). Our alloy
selection is motivated by the exceptional tunability
principle of this FCC-based HEA, which has been
demonstrated for wrought products; i.e., multiphase
FCC-L12, FCC-B2 or FCC-B2-r microstructures can
be generated by tuning the cold rolling percentage
and annealing temperature.19–21 The vast range of
microstructures and mechanical properties that can
be achieved with Al0.3CoCrFeNi HEA makes it a
prime candidate for additive manufacturing. In the
SLM process, the part is built layer by layer using a
laser beam that scans over a metal powder bath.
The metal melts at every point under the laser beam
track and then rapidly solidifies. This rapid solidi-
fication of a small melt pool under conditions of
anisotropic heat removal can have important con-
sequences for the microstructure of the printed
components. The emphasis of the current work is on
the microstructure and texture features of addi-
tively manufactured Al0.3CoCrFeNi alloy. We
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evaluate the printability and highlight the mechan-
ical properties of as-built specimens in comparison
with as-cast and wrought conditions.

EXPERIMENTAL PROCEDURES

Al0.3CoCrFeNi HEA samples were additively
manufactured using gas-atomized prealloyed pow-
der with composition 6Al-24.4Co-23.9Cr-21.6Fe-
24.1Ni (at.%) provided by DUCAL. The spherical
morphology (powder circularity 0.92) of the powders
containing few satellites is shown in Fig. S1 in the
Electronic Supplementary Material. The median
particle diameter D50 was 29 lm with a size distri-
bution ranging from D10 = 20 lm to D90 = 42 lm.
The x-ray diffraction (XRD) pattern (Fig. S2a in
Electronic Supplementary Material) reveals a single
phase with face-centered cubic (FCC) lattice struc-
ture. The single-phase FCC microstructure is fur-
ther confirmed by the electron backscattered
diffraction (EBSD) phase map (Fig. S2b in Elec-
tronic Supplementary Materials) obtained by field-
emission gun-scanning electron microscopy (FEG-
SEM; Hitachi, at 20 kV). The measured total reflec-
tivity of the atomized Al0.3CoCrFeNi HEA powder
at the laser wavelength was 25%.

Specimens with dimensions of 10 mm 9 10
mm 9 10 mm (Fig. S3a in Electronic Supplemen-
tary Material) were produced by SLM in an argon
environment (O2 content< 300 ppm) using a PROX
DMP 200 machine (3D Systems instrument)
equipped with a laser with wavelength of
k = 1065 nm and spot size of 70 lm. Stainless-steel
fabrication substrates were used without preheat-
ing. The powder was heated at 110�C for 2 h under
vacuum prior to printing. The machine was oper-
ated with hatch spacing h of 45 lm, layer thickness
t between 25 lm to 30 lm, scan speed v between
1100 mm/s and 1300 mm/s, and laser power P
between 150 W and 170 W, resulting in a volumet-
ric energy density, E = P/vht, ranging from 85 J/
mm3 to 137 J/mm3. A scan strategy with a unidi-
rectional scanning vector and a 67� rotation
between consecutive layers was applied. The den-
sity of the fabricated specimens was determined by
Archimedes’ method, and the porosity was charac-
terized by 3D x-ray microtomography on a Nanotom
GE. The aim of this screening was to obtain fully
dense alloys.

The microstructure was observed using a MER-
LIN (ZEISS) scanning electron microscope (SEM) on
mirror surface-polished samples achieved using
0.03-lm colloidal silica. Transmission electron
microscopy (TEM) investigations were conducted
with a Tecnai Osiris instrument and on ASTAR.

Foils were extracted from specimens along the
build direction and punched with a hydraulic press.
The thickness of the foils was reduced to about
100 lm for both sides using SiC paper (P4000).

Electropolishing with perchloric acid and ethanol
under 20 V was used to complete the polishing, until
obtaining electron-transparent regions.

Room-temperature tensile tests were performed
at strain rate of 5 9 10�4 s�1, on round-cross-sec-
tion specimens with gauge diameter of 4 mm and
gauge length of 22 mm, machined from 10 mm 9

10 9 mm 9 45 mm samples with longitudinal axis
perpendicular to the build direction (Fig. S3b in
Electronic Supplementary Material) and fabricated
using optimal printing conditions (P = 160 W,
v = 1100 mm/s, t = 25 lm).

RESULTS AND DISCUSSION

Microstructure of As-Built SLM Al0.3CoCrFeNi
HEA

The density of the SLM-processed HEA samples
measured using Archimedes’ principle was 7.76 g/
cm3, which represents 99.9% of the theoretical
density. This very good consolidation was confirmed
by 3D x-ray microtomography, which showed no
detectable pores. SEM images also showed dense
microstructure without visible porosity.

In the XRD profiles (Fig. 1a and b) of the as-built
SLM HEA, only FCC phase with lattice parameter
a = 3.59 Å was detected. The EBSD phase map
(Fig. 1c) did not reveal the presence of any second
phase. TEM examination showed that the
microstructure was free of precipitates. Based on
the calculated phase diagram (Fig. S4 in Electronic
Supplementary Material), it can be stated that the
microstructure consisted of one FCC supersaturated
solid solution. The presence of a single supersatu-
rated FCC solid solution in the as-printed state
while the alloy is located in the multiphase phase
field below 1120�C is thought to result from the fast
cooling rate associated with the solidification of a
small melt pool.

The XRD peak intensity distribution taken from
the plane perpendicular (Fig. 1a) to the build direc-
tion and parallel (Fig. 1b) are different, which
suggests that the as-printed samples possess crys-
tallographic texture. This is confirmed by the EBSD
inverse pole figure (IPF) and pole figure (PF) maps
taken from a plane perpendicular to the build
direction (Fig. 2a and b) and parallel (Fig. 2c and
d). The {110} pole figure (Fig. 2b) taken on the
surface perpendicular to the build direction shows a
strong peak of the <110> intensity along the z-
direction (which is the build direction) in addition to
an inner ring-like distribution. This evidences that a
<110> fiber texture oriented towards the build
direction was developed in the printed HEA. At first
thought, this crystallographic texture is unexpected
because the <001> direction is the prominent
observation in additively manufactured FCC alloys.
For example, laser-melted single-phase FCC CoCr-
FeMnNi15 and laser-deposited single-phase FCC
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Fig. 1. XRD patterns of as-built SLM-processed Al0.3CoCrFeNi samples taken from the plane perpendicular to the build direction (a) and parallel
(b). (c) EBSD phase maps (using green color for FCC phase) for as-built Al0.3CoCrFeNi alloy processed by SLM.

Fig. 2. EBSD IPF-Z (a, c) and PF (b, d) maps taken from as-built FCC Al0.3CoCrFeNi prepared using SLM, highlighting the<110> fiber texture
towards the sample build direction: (a, b) the plane of the map is perpendicular to the build direction and (c, d) parallel.
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Al0.3CoCrFeNi HEAs11 both showed a<001> fiber
texture parallel to the build direction, as do many
conventional FCC alloys.22,23 In the same vein, the
columnar zone in ingots of FCC alloys exhibits
<001> orientation. The origin of the<001> solid-
ification texture is that the preferred growth direc-
tion in FCC crystals is <001>, so grains with
<001> orientation aligned to the maximum heat
flux during solidification are favored and overgrow
misaligned ones.

To explain the formation mechanism of the
<110> texture observed in the present printed
HEA, further investigations were carried out. Fig-
ure 3 shows an optical micrograph of the longitudi-
nal cross-section of the printed HEA (with the build
direction vertical). This image displays the melt pool
traces from several adjacent scan tracks distributed
within five neighboring layers. The solidification
microstructure consists of columnar cells more or
less aligned along the build direction, within elon-
gated grains developed across a few successive
layers, which indicates epitaxial growth. These
elongated grains (with average width of 13 lm and
length ranging between 70 lm and 120 lm) result
in the development of the<110> texture along the
build direction. Previous studies offer interesting
insights to explain this dominant crystallographic
orientation. Piglione et al.14 and Andreau et al.24

both observed concurrent<110> and<001> fiber
texture along the build direction in CoCrFeMnNi
HEA and 316L printed by SLM using a bidirectional
scanning pattern without rotation that differs from
the one applied in the present work (unidirectional
scanning with 67� rotation). The rational is that the
preferred growth direction (<001> for FCC crys-
tals) is aligned with the local direction of maximum
heat extraction. As a result, the grains grow
towards the direction perpendicular to the melt

pool profile (i.e., the elliptic solid–liquid interface)
and point towards the center of the melt pool. At the
bottom of the melt pool, grains grow with<001>
orientation along the build direction, while on the
sides of the melt pool, grains with<001> orienta-
tion inclined at 45� with respect to the build
direction lead to development of<110> fiber tex-
ture aligned with the build direction.14,25

Several authors have reported that the effects of
the melt pool shape and thermal gradient on the
crystallographic texture can be influenced by the
processing parameters. In this regard, the preferred
crystal orientation along the build direction can be
varied from <001> to <110> by increasing the
laser power in 316L stainless steel printed by
SLM,25 or by varying the scanning strategy in
SLM Ni-Mo alloys26; i.e., <001> is preferred in
bidirectional scanning with rotation in each layer,
while <110> is favored in bidirectional scanning
along one axis (without rotation between each
layer). During bidirectional laser scanning along
one axis (no rotation), the development of<110>
texture is generally associated with a zigzag solid-
ification pattern because dendrites with <100>
direction in the next layer grow perpendicular to
the dendrites in the previous layer.27 In this work,
unidirectional scanning with 67� rotation was
applied. Note that, under such conditions, the
profiles and centers of the melt pools change from
one layer to another due to the 67� rotation in each
layer, which causes random orientations of the
grains in the plane perpendicular to the build
direction (Fig. 3b) and prevents development of
zigzag solidification pattern.

It is apparent from the comparison between the
microstructures obtained in the present work and
those from additively manufactured FCC alloys
(both HEAs and conventional alloys) that different

Fig. 3. (a) Optical image showing the columnar cells and the traces of the melt pools observed in a plane parallel to the build direction. (b) Low-
magnification EBSD IPF-Z map showing random crystal orientation in a plane parallel to the build direction. The black frame indicates the size of
the optical micrograph shown in (a).
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crystallographic textures can be generated in fully
dense additively manufactured HEA products
through control of the process parameters, which
opens up new opportunities to tailor the microstruc-
ture and tune the resulting properties of the
additively manufactured parts. The tuning param-
eters include the laser scan strategy used in melting
each successive layer,26,28 the laser power,25 the
hatch spacing,29 and the shielding gas flow direc-
tion.24 From the analysis above, it can be deduced
that the most straightforward strategy to develop a
stronger texture or change the preferred orientation
towards the build direction would be to apply a
bidirectional scanning pattern with 0� or 90� rota-
tion, and/or increase the laser power.

Figures 3 and 4 depict the hierarchical
microstructure of the as-built SLM HEA character-
ized by a subgrain cellular structure inside the
columnar grains which have grown towards the
build direction. The width of the elongated cells is
approximatively 400 nm, being arranged in colonies
in which the cells are aligned towards the same
direction and have small crystallographic misorien-
tation of about 2�–7� with respect to their neighbors.

Colonies of cells can have high-angle grain bound-
aries with crystallographic misorientation above 15�
or low-angle boundaries with crystallographic
misorientation below 15�. This type of subgrain
cellular structure is observed in many additively
manufactured alloys and generally results from
solute segregation during cellular grain
growth.29–32 It is often found that a high density of
dislocation is stored in this type of cellular struc-
ture, which influences the mechanical proper-
ties.29,31, 32

Mechanical Properties

Figure 5 shows the room-temperature engineer-
ing and true stress–strain curves of the as-built
Al0.3CoCrFeNi HEA tested in tension normal to the
build direction. The additively manufactured alloy
has much higher strength (engineering yield
strength, ry = 730 MPa and engineering ultimate
tensile strength, rUTS = 896 MPa) compared with
the same alloy in as-cast (ry = 275 MPa)33 or
wrought and recrystallized21 (cold-rolled and
annealed, ry = 159 MPa) state, while retaining

Fig. 4. Series of images showing the hierarchical microstructure of the as-built SLM Al0.3CoCrFeNi HEA observed in a plane parallel to the build
direction. (a) EBSD IPF orientation map and (b) TEM bright-field images of several colonies of cells. (c) Misorientation profile across several cells
from the line in (a). (d) EBSD-TEM crystal orientation map and (e) misorientation profile across several cells performed on ASTAR.
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significant ductility (29%, engineering value). The
fracture surface (Fig. 6) exhibits dimples that are
about the size of cellular regions, resulting from
ductile failure. In the three conditions (i.e., as-built
SLM, as cast, and recrystallized), the microstruc-
tures are 100% austenitic (single-phase FCC) and
fully dense. In the printed alloy, the columnar
grains are oriented perpendicular to the tensile test
direction. Their average width is 13 lm, which is
significantly finer than the grain size observed in
cast (� 50 lm33) or recrystallized (100 lm)21 equiv-
alents. Even though the grain size influences the
mechanical response, it is very unlikely that Hall–
Petch strengthening alone can explain the tripling

of the yield strength for as-built SLM alloy com-
pared with coarser-grained as-cast or recrystallized
counterparts.

Yield stress is a combination of several strength-
ening contributions: intrinsic lattice resistance to
dislocation motion (ri), solid solution (Drss), grain

boundary (Hall–Petch, Drgb ¼ ky=
ffiffiffiffi

D
p

, where ky is a
material constant and D is the grain size), disloca-
tions (Drd), and precipitates (Drp). Since no second
phase was observed in the present as-built HEA, the
yield strength of the single-phase FCC Al0.3CoCr-
FeNi HEA can be expressed as

ry ¼ ri þ Drss þ Drgb þ Drd ¼ r0 þ Drgb þ Drd ð1Þ

where r0 includes the intrinsic lattice resistance to
dislocation motion and the contribution due to solid-
solution hardening. Ma et al.33 reported a value of
r0 = 172 MPa and a Hall–Petch coefficient ky = 0.73
MPa/m1/2 for the as-cast single-phase FCC
Al0.3CoCrFeNi HEA. Thus, one would expect that
the decrease of the grain size from 50 lm to 13 lm
for the as-built alloy as compared with the as-cast
state would cause an increase of the yield strength
from 275 MPa to 383 MPa (Table S1 in Electronic
Supplementary Material), which represents only
half of the measured yield strength of the as-built
HEA. This suggests the key role of forest disloca-
tions in the printed alloy.

The TEM observations (Fig. 7) provide interest-
ing insights. The boundaries of subgrains observed
in Fig. 4 result from a nonuniform distribution of
dislocations which cluster into cell walls. This fine
dislocation cell structure is characterized by sub-
stantial internal misorientation within the grains,
which suggests that they are heavily deformed, as
shown by the EBSD grain orientation spread (GOS)
map and misorientation profile (Fig. 8a). Using
TEM, the dislocation density was estimated from
the total projected length of the dislocation lines, l¢,

Fig. 5. Room-temperature tensile properties of Al0.3CoCrFeNi in as-
built SLM (red curves), as-cast (green curves33), and wrought and
recrystallized (blue curves21) state: (a) engineering stress versus
engineering plastic strain (dashed lines) and (b) true stress versus
true strain curves (solid lines).

Fig. 6. Low- and high-magnification SEM images of the fracture surface of as-built SLM Al0.3CoCrFeNi alloy tested in tension normal to the build
direction, at room temperature. The plane of the image is parallel to the build direction.
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in a given area A of a given thickness t using the
relationship

q ¼ 4

p

l0

At
: ð2Þ

The overall dislocation density is found to lie in the
range from 3 9 1014 m/m3 to 7 9 1014 m/m3. Esti-
mates obtained from the XRD profiles using the
equations derived by Williamson and Hall34 and
Williamson and Smallman35 give similar values of

about 4 9 1014 m�2. Such high density of disloca-
tions in SLM metals is very likely when compared
with the value of about 1 9 1015 m�2 observed in as-
built 316L steel obtained by SLM.8,31

The contribution of the dislocation density to the
flow stress may be estimated using Taylor’s equa-
tion rd ¼ MaGb

ffiffiffi

q
p

, where M is the Taylor factor

that accounts for the averaging of the grain orien-
tations over all grains in the sample. Its value
ranges from 3.063 for random orientations to 3.674
for perfect <110> texture.36 The <110> fiber
texture observed parallel to the build direction
indicates a strong hardening response to uniaxial
traction, as shown by the large number of grains
presenting high Taylor factors (Fig. 8b). Since the
Taylor factor of a polycrystalline textured material
is given by the mean value of the Taylor factors of
all orientations present in the material, we fixed
M = 3.3 to reflect the nonideality of the observed
<110> fiber texture of the as-built SLM samples. a
is a correlation factor specific to the material, taken
equal to 0.2.37 The shear modulus G was estimated
between to lie between 83 GPa and 88 GPa using
the rule of mixtures for single-phase solid solution
(i.e., G = xiGi where xi is the atomic fraction and Gi

is the shear modulus of alloy element i) and from
the measured Young’s modulus E = 230 GPa using
the expression G = E/2(1 + v), where v is the Pois-
son coefficient with value fixed to 0.3. The magni-
tude of the Burgers vector for {111}<110> planar

slip is b ¼ a=
ffiffiffi

2
p

¼ 0:254nm. Using these values,
Taylor’s equation gives an estimate of between
240 MPa and 390 MPa for the strengthening con-
tribution arising from the interaction between dis-
locations. Hence, the total yield strength is
estimated to range between 624 MPa and

Fig. 8. EBSD maps of as-built SLM Al0.3CoCrFeNi taken in plane parallel to the build direction: (a) grain orientation spread (GOS) and (b) Taylor
factors. The misorientation profile drawn along a grain is shown with a white line on the GOS map. Cell walls with misorientations of 2�–6�
coupled with intracell misorientations at the same order of magnitude lead to intragrain misorientations reaching 25�.

Fig. 7. TEM bright-field images of microstructure of as-built SLM
Al0.3CoCrFeNi. The plane of the image is parallel to the build
direction.
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775 MPa, which compares well with the measured
value of 730 MPa. Although the refined grain size
contributes significantly to the yield strength of as-
built SLM HEA, the present calculations reveal that
the most important contribution arises from forest
dislocations, combined with the effect of anisotropy
due to the crystallographic texture. The explanation
offered in literature for the high dislocation density
is that it is due to thermal contraction strain during
rapid solidification.8

CONCLUSION

The Al0.3CoCrFeNi HEA was additively manufac-
tured by SLM using prealloyed gas-atomized pow-
der. The characteristics of the powder ensure a good
compacity of the powder bed and absorption of the
laser beam, which results in excellent processability
of the HEA. The rapid solidification and anisotropic
heat removal give rise to a fully dense, FCC single-
phase microstructure with fine and elongated
grains. The most remarkable microstructural fea-
tures of the as-built samples are (i) the<110> fiber
texture aligned with the build direction and (ii) the
high density of dislocations. Rationalization of the
grain orientations suggests a way to tailor the
crystallographic texture by tuning the printing
parameters. The room-temperature yield strength
and ultimate tensile strength are greatly improved
for as-printed SLM Al0.3CoCrFeNi HEA compared
with as-cast or wrought counterparts, while main-
taining significant ductility. Quantitative account-
ing of the various contributions to the yield strength
demonstrates the important role played by the high
in-built dislocation density.
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