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This study assesses the printability including the consolidation, solidification microstructure, and mechanical
properties of the CoCrFeMnNi high entropy alloy fabricated by Laser Powder Bed Fusion. A range of print param-
eters was used for a comprehensive assessment of printability, providing a basis to establish the relationship be-
tween process, microstructure, and mechanical properties. The study demonstrates a high relative density of the
alloy fabricated with energy density in the range 62.7-109.8 J/mm?°. It is shown that the scan strategy plays an
important role in consolidation. For the same energy density, the rotation of 67° between two consecutive layers
tends to yield higher consolidation than other considered strategies. Moreover, the scan strategy is found to be
most influential in microstructure development. The scan strategy rotation angle controls the extent to which ep-
itaxial growth can occur, and hence the crystallographic texture and the grain morphology. Amongst four consid-
ered strategies, the 0°- and 90°-rotation meander led to the strongest preferred texture while the 67°-rotation
resulted in weaker texture. The 67°-rotation strategies led to broadened grains with lower aspect ratios. The un-
derstanding of texture and grain size provides explanations to the observed mechanical properties (such as flow
stress and plastic anisotropy) of the alloy.
© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Additive manufacturing (AM) technologies show great potential in
fabricating components with high geometrical flexibility, reduced lead
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time [1], and is a key enabler for the development of advanced materials
such as architected materials [2]. Moreover, the nature of the process al-
lows to locally tailor the microstructure (namely the solidification struc-
ture, grain morphology (shape and size) and the grain crystallographic
orientation, i.e. texture) and, hence, the mechanical properties. It has
been well documented that the microstructure and mechanical proper-
ties of the AM builds are very anisotropic and strongly influenced by the
process parameters [3-7]. However, in order to achieve maximum con-
solidation, an optimal processing window has to be used. This means
that such optimized parameters as laser power, scan speed, and hatch
spacing are usually kept constant throughout the build/material. This
brings more interest to the scan strategy as a way to modify the proper-
ties of the component while keeping the aforementioned parameters
constant. Shi-Hai and colleagues [8] recently investigated the effect of
scan strategy on the texture in a face centred cubic (FCC) Ni—Mo
alloy. They reported that the degree of epitaxial growth, and therefore
texture, can be controlled by manipulating the scan strategy. Livescu
et al. [7] showed that the scan strategy can significantly affect the tex-
ture along the build direction in pure tantalum. The maximum multiple
uniform density (MUD) index, a quantitative measure of texture,
changed by a factor of about 3 (from 32 to 12) as the stripe width was
reduced from 5 mm to 2 mm. Geiger and co-workers [4] showed on
IN738LC that by changing the angle of rotation between the layers
(from 90° rotation to 67°) it could lead up to a 25% change in the appar-
ent Young modulus. Thijs et al. [6] qualitatively demonstrated on pure
body centred cubic (BCC) tantalum that the grain morphology and tex-
ture affect the Taylor factor M and, hence the yield stress of the material
in AM builds. The elongated nature of grains along the build direction
and the orientation of the {110}111) and {112}111) slip systems
with respect to the build direction resulted in a 15% increase in yield
stress along build direction as compared to the yield stress in the trans-
verse direction (predicted using viscoplastic self-consistent (VPSC)
model). A recent review by Kok et al. [9] shows that in Ti-64, IN178,
AlSi10Mg, and CoCrMo alloys the anisotropy of mechanical properties
is significantly influenced by the process parameters and physical prop-
erties of the material (thermal conductivity and crystal structure). It
was concluded that grain morphology and texture play a significant
role in anisotropy [10]. Therefore, it is important to understand the
mechanisms of texture evolution and grain growth and their effect on
microstructures and mechanical properties of additively manufactured
components made from various materials.

Despite many studies assessing the printability of existing alloys
(such as 316L steel, Ti6Al4V, Al10SiMg), metallurgical issues in 3D
printing of these alloys remain difficult to be solved as these materials
were developed for slow cooling processes such as casting. Therefore,
there has been an increasing interest in developing and 3D printing of
new materials. High entropy alloys (HEAs) are promising candidates
in this regard. Several groups have investigated the mechanical proper-
ties, microstructure, and printability of equimolar CoCrFeMnNi HEA
through various AM processes [11-16]. Li et al. [11] investigated the in-
fluence of the process parameters on porosity, microstructures, and me-
chanical properties using Laser Powder Bed Fusion (LPBF). Wang et al.
[16] performed a similar investigation with an alloy manufactured via
Electron Beam Melting (EBM). Oliveira et al. [13] performed gas tung-
sten arc welding of a rolled version of the alloy showing good suitability
of this process to achieve defect-free welds with good ductility. In the
view of commercial applications of this alloy Guo et al. [14] studied
post-processing routes to achieve a smooth surface finish of as-built
material manufactured via LPBF. This overwhelming interest in addi-
tively manufactured CoCrFeMnNi alloy sets the need to establish a bet-
ter understanding of the relation between the process parameters,
microstructure, and mechanical properties (in particular the plastic
anisotropy).

Our previous study showed that this alloy has a high printability [12]
thanks to the material microstructure. The material develops a stable

FCC single phase structure upon rapid cooling [17], eliminating the
risk to form cracks associated with phase transformation during ther-
mal cycles. High melting temperature oxides can prevent the flow of
molten metal, resulting in an increased risk of forming the lack of fusion
porosity. Therefore, a high concentration of Cr in the alloy results in high
oxidation resistance, minimizing the formation of porosity associated
with oxidation, and thereby improving consolidation. The low thermal
expansion coefficient minimizes internal stresses [ 18], while a relatively
low freezing range helps in preventing solidification cracking. This
makes this alloy an excellent candidate to be fabricated by AM with a
wide processing window. In this study, we build a better understanding
of the processing map; establish the relationship between process pa-
rameters, microstructure, and mechanical properties; expand the fun-
damental understanding of the local and macroscopic crystallographic
textures formed in the LPBF process. In particular, the effect on the mi-
crostructure of various process parameters, and most importantly the
scan strategy, is investigated. Materials texture and mechanical proper-
ties are then measured and related to the process parameters.

2. Materials and methods

Pre-alloyed CoCrFeMnNi powder was provided by HC Starck Surface
Technology & Ceramic Powders GmbH. The composition of the powder
after atomisation was nearly equiatomic. This was confirmed by energy
dispersive X-ray spectroscopy (EDX) analyses (see Table A1 in Appen-
dix), conducted using a Zeiss Auriga scanning electron microscope
(SEM) operating at 20 kV. To obtain the particle size distribution of
the metallic powder, SEM analyses were carried out using a JEOL
5610LV: 20 images were taken at 300x magnification and subsequently
analysed using Image]. The particle size distribution of the HEA powder
is shown in Fig. 1. The samples of the current work were fabricated by a
LPBF process under argon atmosphere using a Renishaw AM250
equipped with a modulated InGaAs laser emitting at 905 nm. Unlike
most LPBF systems, Renishaw uses a modulated beam, where the laser
is activated for a defined time period (exposure time) at predefined dis-
tance intervals (point distance) along the scan path (hatch lines). A
standard set of printing parameters was defined as: a laser power of
200 W, a hatch spacing of 85 pum, an exposure time of 80 ps, a point dis-
tance of 60 um, a layer height of 50 um, a laser beam spot size of 65 um
and a bidirectional scan strategy with 67° rotation between consecutive
layers (these parameters were optimised in-house for LPBF of 316L
stainless steel and were used here as the starting point of standard pro-
cess parameters because the two materials are of the Fe-Cr-Ni alloy sys-
tem and have the same crystal structure - face-centred cubic). To
investigate grain growth in rapid cooling, single track samples (the
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Fig. 1. Cumulative and frequency particle size distribution of the HEA powder with fitted
exponentially modified Gaussian curve (distribution function and fit parameters p
(mean), o (standard deviation) and T (relaxation time) are displayed in the middle and
at the top of the figure, respectively) and indicated quantiles at 0.1, 0.5 and 0.9 (black
circle markers).
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laser scans 1 hatch line on the substrate with 1 layer thick powder de-
posit) were produced using the standard process parameters. To study
the influence of individual printing parameters on the quality of builds,
selected parameters were varied from the standard set, see Fig. 2 (cubes
0f 10 x 10 x 10 mm?> were printed in a 3 x 3 matrix, with sample ID cor-
responding to the location of the sample on the build plate). In particu-
lar, the exposure times were varied for strategies 11, 12, and 13 (100,
120, and 140 ps, respectively). The scan strategy was varied for samples
21, 22, and 23; in particular a bi-directional scan strategy was used for
sample 21, 23, 31, 32, and 33; and a chessboard scan strategy (i.e.
each layer subdivided into squared domains with 90° rotation of scan-
ning direction between two adjoining domains) for sample 22. In strat-
egies 21 and 23, the rotation angle between layers was changed to 0°
(no rotation) and 90°, respectively. The same scan strategy (bidirec-
tional with 67° rotation between layers) was used but hatch spacing
was varied for 31, 32, and 33 (60, 85, and 110 pum, respectively). All con-
sidered sets of parameters are shown and summarised in Fig. 2 and
Table 1. Table 1 also shows volumetric energy density, a common metric
used to optimise consolidation, for each set of parameters. Energy den-
sity is calculated using Eq. (1).

Ey=—

= Vhi (1)

where P, v, h and t denote laser power, scan speed, hatch spacing, and
layer thickness, respectively.

The consolidation of the HEA fabricated by Laser Powder Bed Fusion
is reflected via the relative density, which is calculated as a ratio of

Hatch spacing: 60um
21

Z , Build direction

Hatch spacing: 85um

Z4 Build direction
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experimentally measured densities to the theoretical density. The theo-
retical density of the HEA was calculated using Eq. (2).

_ nxA
_VC*NA

(2)

where n is the number of atoms per unit cell (n = 4 for FCC lattice), V.
the volume of a lattice unit cell (derived from the calculated lattice pa-
rameter V, = a>) and N, is Avogadro constant. A is the average atomic
weight per lattice site calculated from Eq. (3)

1 m
A=EZW,-*CI~ 3)

where m is the number of elements in the alloy, W; the atomic weight of
element i and ¢; the atomic fraction of element i (obtained by EDX map-
ping of 1 x 1 mm? region of an as-printed sample for 1.5 h with total
counts reaching 12 million). The obtained theoretical density, together
with the density values obtained via Archimedes' principle measure-
ments and optical density measurements, were used to calculate the
relative density of the samples. The error bars used in the figures were
derived from the calculated uncertainties of the measurements accord-
ing to ISO 21748:2017.

Both as-received powder and AM builds were analysed by X-ray dif-
fraction (XRD) using a Bruker D2 Phaser using the Cu Ko radiation
(wavelength of 1.5406 A), with a 26 angle ranging from 9° to 99°, an
angle increment of 0.036° and a timestep of 0.5 s. This analysis was
aimed at identifying the phases present and at measuring the lattice
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Fig. 2. (a) Different printing strategies used to fabricate the HEA samples with indicated variation from the standard parameters (N and N + 1 denote the layer N and the layer N + 1,

respectively). (b) The geometry of the cylindrical tensile test piece.



Table 1
Print parameters used for the investigation.
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Sample Exposure time (us) ~ Point distance (um)  Hatch spacing (um)  Scan strategy ~ Layer rotation (°)  Effective speed (m/s)  Energy density (J - mm—>)
11 100 60 85 Meander 67 0.60 784
12 120 60 85 Meander 67 0.50 94.1
13 140 60 85 Meander 67 0.43 109.8
21 80 60 85 Meander 0 0.75 62.7
22 80 60 85 Chessboard 67 0.75 62.7
23 80 60 85 Meander 90 0.75 62.7
31 80 60 60 Meander 67 0.75 88.9
32 80 60 85 Meander 67 0.75 62.7
33 80 60 110 Meander 67 0.75 485
Tensile 80 60 85 Chessboard 67 0.75 62.7
Single track 80 60 85 Line N/A 0.75 62.7

parameter. The sample coordinates were defined with Z being paral-
lel to the build direction (BD), X being parallel to a scan direction and
Y being perpendicular to both X and Z. Samples were then sectioned
into 3 pieces to evaluate hardness and microstructural variations
along the build direction (X or Y section) and perpendicular to the
BD (Z-section). Hardness measurements (HV2) were carried out ap-
plying a 2 kg load for 10 s. At least 15 indentations were made in a
regular array for each section. In addition to cubic builds, cylindrical
test pieces (dimensions are shown in Fig. 2b) were printed horizon-
tally and vertically (i.e., with their longitudinal direction perpendic-
ular and parallel to the build direction, respectively) using strategy
22. The cylindrical test pieces were subjected to tensile tests at
room temperature, using a strain rate of 107> s~ !, The tensile tests
were performed in accordance to ISO 6892-1:2019. The strain was
measured using either an extensometer or by digital image correla-
tion (DIC) in identical test conditions. The DIC sample was primed
in white paint, while black spray paint was used to produce the
speckle pattern. To capture the initial deformation in the elastic re-
gion, the DIC camera was set to a rate of 1 frame/s. The image se-
quence for the DIC was analysed using the GOM Correlate software.

As-built and deformed samples were ground using SiC papers with
P-grades of 800, 1200, 2400, and 4000. Subsequently, specimens were
polished using a colloidal silica suspension with particles of 0.04 pm
mixed with distilled water in 50:50 concentration ratio. To reveal the
fine microstructure, the polished samples were electrochemically
etched in 10% Oxalic acid (in H,0) at 2.5 V for 90 s. Microstructural ob-
servations were performed using a Zeiss Sigma 300 and a Zeiss Auriga
SEMs, both equipped with a high-resolution electron backscatter dif-
fraction (EBSD) detector. The MTEX toolbox [19] was used to analyse
the obtained EBSD data. Samples for (Scanning) Transmission Electron
Microscopy ((S)TEM) were prepared by electropolishing 3 mm disks
using a solution of 10% perchloric acid in methanol, applying a voltage

of 20 V at —20 °C. (S)TEM was performed using a JEOL 2100F TEM
equipped with an Oxford Instruments EDX detector.

3. Results and discussions
3.1. Print parameters and consolidation

The effectiveness of the energy density to predict the consolidation
is still being disputed because the density does not completely reflect
the complex physical phenomena occurring during melting and solidifi-
cation in LPBF process, however, this metric provides a good start for
process parameter optimisation if used carefully [20,21]. In this study,
print strategies with energy density above 62.7 Jmm > provided sam-
ples with very good consolidation (Fig. 3a). Energy densities above the
threshold are believed to generate a sufficiently big pool of molten
metal to fill the gap between melt tracks to minimise the formation of
lack-of-fusion porosity. However, if the energy density is too excessive,
it can increase the vaporisation and keyholes, inreasing gas-entrapped
and keyhole porosity, i.e. lowering the consolidation of the alloy in
LPBF. Therefore, there is an upper bound of the volumetric energy den-
sity which was found for this alloy to be 109.8 Jmm 2. It is worth noting
that a large measurement error in sample 12 (energy density of 94.1
Jmm—3) was associated with the small size of the sample (section)
used for Archimedes density measurement. This inevitably influenced
the uncertainty in weight measurement. The optical density measure-
ments showed generally higher apparent densities compared to the
values obtained via Archimedes' principle. However, optical measure-
ments are strongly dependent on the location of the section, and
hence less representative of the density of each sample. The Archimedes
measurements agree with the study performed by Li et al. [11] on the
same HEA, showing that minimum energy density to obtain highly
dense parts is around 60 J[mm—>. Interestingly, at the same energy
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Fig. 3. (a) Relative densities of samples measured using Archimedes' principle and optical measurements in this study and a study performed by Li et al. [11]. with respect to the energy
density used for printing. (b) Differences between samples at the same energy density (marked by a black rectangle in (a)).
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Fig. 4. An overlay of an EBSD IPF-Z map and an SEM image of a section perpendicular to a HEA single track. Green cubes at the bottom right show the crystallographic orientation of the cells
in the regions indicated by the black arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

density (E, = 62.7 Jnm™?), different scan strategies resulted in differ-
ent consolidation, Fig. 3(b). Archimedes measurement clearly shows
that a 67° rotation between consecutive layers increases the consolida-
tion: Samples 22 and 32 (chessboard and meander strategies, respec-
tively, with 67° rotation between layers) show higher relative density
(i.e. consolidation) compared to samples 21 and 23 (meander with 0°
and 90° rotation between layers, respectively). This is believed to
occur due to the rotation angle between layers of deposition. Unlike
the sample 21, in which deposition tracks should theoretically be well
aligned on top of the beneath tracks, the 67° rotation increases the
crossing between newly and pre-deposited tracks, helping to eliminate
lack-of-fusion pores that formed between tracks in the previous layers,
hence increasing the consolidation. In addition, the deposition in sam-
ple 23 with 90° rotation is repeated on the same location only after
every 2 layers which is much fewer than that associated with the rota-
tion of 67°.

3.2. Process parameters and microstructure

3.2.1. Microstructure in the single track

Microstructure development during solidification is governed by the
nucleation and competitive growth of crystals. In fusion-based additive
manufacturing processes, the molten metal is deposited on an existing
solid which is usually of the same composition (except for the first
few layers of deposition when a different material is used as a sub-
strate). Therefore, the driving force for nucleation is nearly zero (Appen-
dix, section A). In addition, the substrate in Laser Powder Bed Fusion is
usually cold, leading to extremely high thermal gradient and high veloc-
ity of liquidus isotherm. Consequently, epitaxial columnar growth is
dominant in microstructure development in fusion AM [22]. This was
confirmed when a single track of the HEA was deposited on a solid
316L stainless steel substrate [12] (Fig. 4). Cells grew epitaxially from
existing grains in the substrate, with both the cell axis and one {100} di-
rection nearly perpendicular to the fusion line (as shown by the cubes at
the bottom right of Fig. 4), confirming that cells grow following the local
maximum heat flux direction along one of their (100) preferred growth
directions which is in agreement with previous studies reporting that

(100) is the preferred growth direction for cubic crystals including
face centred cubic and body centred cubic metals [23-25].

3.2.2. Microstructure in multi-layer depositions

SEM micrographs of etched samples revealed a typical ‘fish scale’
microstructure associated with the presence of fusion lines (Fig. 5a)
that is very commonly found in AM alloys [11]. The ‘fish scale’ micro-
structure is formed thanks to variations in local chemical composi-
tion and solidification microstructure along the boundaries of the
solidified weld bead. Each bead contains fine cells (Fig. 5b). The cell
diameter ranged between 300 nm and 1000 nm, depending on the
location within the melt pool and on the processing parameters.
TEM investigations showed that cell interiors were mostly disloca-
tion free, while high dislocation densities were observed at cell
boundaries (Fig. 5c and d), in agreement with previous TEM investi-
gations of printed FCC metals [26,27]. Dislocations within cell
boundaries were tangled and can act as obstacles to the movement
of dislocations inside cells. The misorientation between solidification
cells was about 1° to 2°. Fig. 5d shows the presence of some precipi-
tates (marked in Fig. 5d using circles and squares), with sizes of 80+
30 nm. These precipitates formed both inside cells and on the cell
boundaries (highlighted by solid and dashed lines in Fig. 5d, respec-
tively). STEM-EDX (Appendix, Fig. B1) revealed increased oxygen
level in such precipitates. This suggests that these precipitates
formed due to oxidation during the LPBF process.

The melt pools’ depth was found to increase with increasing expo-
sure time due to the increase in the energy density, while the regularity
of the arrangement of the melt pools strongly depended on the scan
pattern. For example, a meander pattern with 0° rotation resulted in
an ordered arrangement of melt pools, stacked in vertical columns
along the build direction (Fig. 5e); on the other hand, a meander pattern
with 67° rotation resulted in an apparently disordered arrangement of
melt pools, Fig. 5f, the appearance of which is dependent on the orien-
tation of the section with respect to the build and scanning directions.

3.2.3. Scan strategy and crystallographic texture
It was found that variations in beam point distance and exposure
time only had a negligible effect on the solidification microstructure in
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Fig. 5. SEM micrographs showing (a) the “fish scale” microstructure of melt pool arrangement in the HEA fabricated using the ‘chessboard’ pattern (strategy 22), (b) cells at a junction of
three weld beads in a magnified region enclosed by a rectangle in (a); Bright field TEM of a 3 sample in (a) imaged in a two-beam condition - (c) (see insert for zone axis and g vector) and
in multibeam condition - (d), note that different precipitates are highlighted by circles and squares, while dashed and solid lines represent the position at the cell boundaries and in the
bulk, respectively; (e) and (f) show the arrangement of melt pools in the HEA fabricated with strategies 21 (meander - 0° rotation) and 32 (meander - 90° rotation), respectively.

highly dense samples (>99%). The solidification microstructure (such as
planar, columnar cells/dendrites, and equiaxed dendrites) is mainly
governed by solidification velocity and thermal gradient [24]. The vari-
ation in point distance and exposure time within the considered pro-
cessing window probably did not result in substantial changes in the
solidification velocity and thermal gradient to cause significant alter-
ations in the solidification microstructure. However, Fig. 6 shows that
the variation in scan strategy results in significant changes to the micro-
structure of the HEA alloy, and in particular to grain morphologies and
crystallographic orientations. The left column of Fig. 6 shows that the
appearance of the microstructure observed in the Z sections (perpen-
dicular to the build direction - Fig. 63, c, e, g) differs significantly from
that observed in X sections, i.e. parallel to the build direction (right col-
umn - Fig. 6b, d, f, h). The grain structures observed in the Z sections re-
semble the scan strategy adopted. This is particularly clear for strategy
21 (meander pattern with 0° rotation), which resulted in a grain micro-
structure that resembles the deposition tracks along the sole scanning
direction (the X direction), Fig. 6a. In particular, the EBSD map revealed

lines of small grains aligned parallel to the scanning direction. These
grains are located along the centreline of deposition tracks. Similarly,
the strategy 23 (meander with 90° rotation) leads to a square pattern
of grain microstructure, Fig. 6e; this is due to the fact that the X and Y
directions were the scanning direction on alternating layers, and that
they were perpendicular to one another.

Since the heat flux is a function of the beam direction (and hence of
the scan pattern), it is no surprise that the scan patterns have profound
influences on the final microstructure of HEA builds, as seen in Fig. 6. If
the flow of molten metal within each melt pool is in steady state, a sim-
plified assumption can be made that the heat flux distribution in melt
pools is repeated for each melt pool. The variation in the scanning direc-
tion, however, changes the melt pool orientation. Hence, the angle be-
tween consecutive layers plays a key role in the epitaxial growth in
AM, as it sets the orientation of the new heat flux with respect to
existing cells (epitaxial growth and grain competition mechanisms are
described in the Appendix). With the energy density of the standard pa-
rameters used in this work, a new melt pool of HEA was observed to
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Fig. 6. EBSD IPF-Z maps (Z = build direction) of samples fabricated with selected printing strategies from the top (left column) and the side view (right column). (a), (b) - strategy 21; (c),
(d) - strategy 32; (e), (f) - strategy 23; (g), (h) - strategy 22.

penetrate up to 4 layers of the previously deposited material (observed six consecutive layers for the three different strategies used in this
by measuring and analysing dimensions of the melt tracks on the work. It is possible to observe that the microstructures observed in
top-most layer). Thus, the crystal orientations of cells in the newest Fig. 6 for the Z-cuts clearly resemble the top views of the corresponding
melt pool were affected by those in 1-4 previous layers thanks to epi- scan patterns (Fig. 7b1-3), confirming the observations shown in the
taxial growth. Fig. 7 shows the overlay of the scanning directions of left column of Fig. 6.
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Fig. 7. (a) Scanning directions across six consecutive layers for three scan patterns: 1 -Meander 90° rotation, 2 - Meander 67° rotation and 3 - Chessboard. (b) Corresponding top views.

Note that units on the X and Y axes are in mm.

It is worth noting that grains in samples built by the strategy 22
(chessboard with 67° rotation) appear to grow helically when ob-
served both in the Z-section, Fig. 6g, and in the X-section, Fig. 6h,
resembling a spiral microstructure as presented in a previous
study [28]. The spiral microstructure has dominant grains with
[011] orientation aligned with the build direction (Fig. 6g and h).
To explore this further, multiple EBSD scans of adjacent areas
were carried out at the centre of the Z-section of this sample (as
shown in Fig. 8a), and subsequently stitched together. The spiral
arrangement of grains becomes very evident on the large EBSD
map (Fig. 8b).

Texture data were obtained by combining EBSD data from X- and Z-
cuts and are plotted as pole figures in Fig. 9. For strategy 22 only, data
from Fig. 8b was used to construct the pole figures instead of Fig. 6g,

as the larger area scanned allowed a more representative texture anal-
ysis. The strategy 21, Fig. 93, leads to two dominating sets: the first set
has all three (100) aligned to BD, X and Y, while the second one only
has one (100) aligned with the single scanning direction Y but the
other two inclined at about 45° with respect to the BD, making a (101)
parallel to the BD (Fig. 9a). This is consistent with the two alternating
sets of orientation reported in our previous study [12]. The shared
(100) orientation along the scan direction between the two sets is due
to the fact that the laser beam induces crystal growth nearly parallel
to the beam direction Y, in particular in the tail of the melt pool. In
contrast, strategy 23, Fig. 9¢, resulted in a single set of preferred orienta-
tions whose three (100) were well aligned with BD, X and Y (note that X
and Y were the two alternating scanning directions), i.e. similar to a
Cube crystallographic texture. The 67° rotation of the scan pattern in

Fig. 8. (a) Optical micrograph of the Z-cut of the sample printed with strategy 22 - chessboard 67 (b) IPF-Z EBSD map of the outlined region in (a). Note that the black region in the centre of

(a) is the location of an indent for hardness testing.
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(100)

(110)

(110)

(111)

21

Z, Build direction

(111)

(111)

Fig. 9. Pole figures of samples printed with selected scan strategies, obtained from EBSD data of Fig. 6. (a) - strategy 21, (b) - strategy 32, (c) - strategy 23 and (d) - strategy 22.

subsequent layers (Strategy 32-meander and 22-chessboard) resulted
in a more random texture, Figs. 9b and d, respectively.

Intuitively, following the observations above about epitaxial growth
and heat flux directions, the more repetitive the same scan pattern, the
stronger the preferred orientation (i.e., texture). Hence, amongst all the
considered strategies, strategy 21 (meander with 0° rotation) results in
the strongest texture. In fact, considering the (110) and (111) pole fig-
ures of the respective strategies, seen in Fig. 9, the multiple of uniform
density (MUD) of texture induced by strategy 21 is almost exactly dou-
ble that of the 23. It is found that strategy 21 induces a strong (100) fibre
texture along the scanning direction, Fig. 9a, while strategy 23 forms
two (100) fibre textures, along the two scanning directions at 90°

with each other (Fig. 9¢). The 67° rotation of patterns in strategies 22
and 32 induces more random texture (Fig. 9(b, d)). In particular, strat-
egy 32 induces fourteen evenly spaced strong peaks on the outer ring
of the (100) pole, Fig. 9(b); six of such peaks are marked with dots con-
nected by a line. The angle between the sets of peaks is measured to be
~60-75°, consistent with the 67° rotation between layers. Therefore,
such peaks in the pole figures are likely the consequence of the 67° ro-
tations of the bi-directional scan pattern in consecutive layers and the
consequent development of fibre texture along the scanning direction
in each layer. Finally, strategy 22 produced full rings (Fig. 9d), reflecting
the spiral microstructure seen in Fig. 8. The differences in microstructure
between strategies 32 (bidirectional scanning) and 22 (chessboard) is
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quite pronounced. Both strategies involve a scan pattern rotation of 67°,
but strategy 22 includes islands in each layer whose scanning directions
are rotated by 90° with respect to neighbouring ones of the same layer.
The in-layer rotation of scanning direction by 90° promotes the in-layer
epitaxial growth including side-branching across the boundaries be-
tween adjoining islands. For example, Fig. 10 shows clear evidence of
epitaxial growth including side-branching of grains across two orthogo-
nal tracks of neighbouring islands in a layer of the chessboard pattern
(inset of Fig. 10). This enables the grains to extend through several
islands, broadening the grain size in the direction perpendicular to the
BD [28]. The rotation between layers by 67° can result in an effective
angle of 23° between scan tracks between two adjoining islands of
two consecutive layers (note that tracks between in-layer chessboard
islands are oriented at 90° to each other). This angle is well within a de-
flection angle limit (found to be ~30°) within which the cells can follow
to grow epitaxially without changing their growth direction across con-
secutive layers, promoting out-of-layer epitaxial growth [28,29]. As this
process continues through several layers, a spiral pattern emerges,
Figs. 7b3 and 8b as discussed in our previous publication [28].

3.2.4. Scan strategy and grain size

Different scan strategies led to different grain morphologies and ori-
entations with respect to the build direction. However, a common char-
acteristic is that columnar microstructures with elongated grains along
the Z (build) direction were seen for all scan patterns (right column of
Fig. 6). Consequently, the aspect ratio of the grains sections along the
BD direction was found to be consistently higher with respect to the
grains sections perpendicular to BD, as shown in Fig. 11a-d. Fig. 11 re-
veals that strategy 21 results in the most columnar grains, followed by
strategy 22, while strategies 23 and 32 were distinctly less columnar.
Grain size distributions for the selected samples are shown in Fig. 11e.

Cumulative frequency plot reveals that strategy 22 results in the largest
average grain size, followed by 32, 23, and 21 respectively.

Both strategies 32 (bidirectional scanning) and 22 (chessboard) in-
volve a scan pattern rotation of 67°, but strategy 22 promotes strong
in-layer and out-of-layer side-branching, as previously discussed. The
strong in-layer and out-of-layer epitaxial growth results in a substantial
broadening of grains and reducing the degree of vertically columnar
grains in the chessboard pattern. In the absence of islands in the 67°-
meander strategy, the in-plane and out-of-plane epitaxial growth trans-
verse to the BD are limited, resulting in smaller grains in the strategy 32.
This explains why strategy 22 shifts the cumulative frequency of grain
size towards higher values compared to that of the meander with the
same 67° rotation, Fig. 11e. The rotation of the scan pattern by 90°
(strategy 23) further reduced the overlapping between the deposited
tracks of two consecutive layers, leading to finer grains. Assuming the
ideal condition in which every new melt pool lines up perfectly on top
of the one lying beneath it for the strategy 21 (no rotation between con-
secutive layers), the confined out-of-plane epitaxial, but directional
growth along the stacking direction of melt track (i.e. build direction)
is favoured, leading to the most elongated yet predominantly thin
grains. As the grain size is one of the main contributors to the mechan-
ical properties, the understanding of crystal growth in various scan
strategies offers more confidence in controlling the average grain size
to tailor the mechanical response of the material.

3.3. Mechanical properties

The hardness of samples fabricated using the nine considered print-
ing strategies was measured to study the effect of print parameters on
the mechanical properties, and in particular on plastic anisotropy. The
results of the hardness measurements are shown in Fig. 12. Hardness re-
sults deviate by <10% from the overall average value across all measured

) X

\&;Jwﬂwﬂmw ».Qz;.‘zg’

e

’

Fig. 10. EBSD IPF-Z map of the top-most layer of the sample fabricated using the chessboard pattern (strategy 22) overlaid onto the SEM image of the semi-polished top-most layer. The Z
direction is the build direction. The white arrows indicate the scanning direction of the three adjoining islands. Inset: SEM micrograph of the same location showing evidence of 90° side

branching across a fusion boundary.
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Fig. 11. Grain morphology (size and shape) obtained from EBSD data of Fig. 8. (a)-(d) - cumulative frequency of aspect ratio of grains, (e) - cumulative frequency of the grain sizes

resulting from scan strategies 21,22,23 and 32.

samples and are over 40% higher than those of as-cast samples of the
same alloy reported by Zhu et al. [30] (as-cast hardness is reported to
be 153 HV). There are two trends of interest. Firstly, for each printing
strategy, the measurements consistently show a difference between
the hardness measured in Z-sections, on which the loading direction
(LD) was parallel to the build direction, and that measured in X-
sections, on which the LD was perpendicular to the build direction,
Fig. 12(a). In other words, strong anisotropy is seen in all the samples
with the sample 23 fabricated by the meander 90° rotation exhibiting
the least anisotropy. Secondly, the hardness measurements do not cor-
relate well with the density measurements carried out on the same sec-
tions, Fig. 12(b). The sample with the highest measured relative density
(measured using Archimedes' method) was only the 6th hardest (in
both sections), and the sample with the lowest measured density was
2nd hardest along the X-section. This may be due to the fact that the in-
dentations are limited to small regions that might not be representative
of the entire build. However, hardness was measured at multiple regu-
larly gridded locations on the same section to achieve better representa-
tion of the material strength. In addition, hardness is also strongly
affected by the microstructure, such as crystallographic texture and
grain size. The effect of the microstructure is most reflected in the ob-
served plastic anisotropy. As previously shown, different scan strategies
have a considerable effect on microstructures, and consequently on

hardness. This can be observed by analysing the hardness of samples
fabricated with the same energy densities, but different scan strategies
(samples 21, 22, 23 and 32), inset of Fig. 12a. These samples show no-
ticeable differences in hardness despite having very similar consolida-
tion, confirming the resulting microstructure is responsible for the
plastic anisotropy observed in hardness measurements.

To study the deformation behaviour of the alloy in tension and com-
pare it with data from the same alloy fabricated by other processes, ten-
sile stress-strain curves of cylindrical test pieces fabricated by the
strategy 22 with the sample axis oriented perpendicular to the BD are
presented in Fig. 13, along with data for the same HEA made by casting
followed by rotary swaging and recrystallisation [31]. The stress-strain
data obtained in the current work were highly reproducible and consis-
tent. The total strain was in the range between 22% and 24%. Samples
showed initiation of necking at around 20% true strain, with local strain
in the necking region reaching over 40%, Fig. 13b and Video S1 (in the
Supplementary information). The yield strength (Table 2) of the HEA
tensile sample with testing axis perpendicular to the BD was higher
than that when loading along the build direction, confirming the anisot-
ropy seen in the hardness measurement, Fig. 12. It should be noted that
the yield stress for vertically built samples was extracted from the me-
chanical data from the first cycle of fatigue tests, performed at the
same strain rate as the tensile tests in this study; hence, the data for
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Fig. 12. Hardness of printed samples measured on Z-sections (cut perpendicular to the build direction) and on X-sections (parallel to the build direction) with respect to the energy density
(a) and relative density measure by Archimedes' method (b). The error bars represent the 25th and 75th percentile of the measurements. The inset of figure (a) reveals the hardness for

different samples with the same energy density.

ultimate tensile strength and ductility is absent for these samples. The
mechanical properties of the same alloy reported in previous studies
(refs [11,31-33]) were also included in Table 2. The yield stress mea-
sured in this study is consistent with a previously reported value for
the same alloy fabricated by LPBF [11], and is more than double com-
pared to those reported for the same alloy fabricated by other processes
[11,31-33]. The ultimate tensile strength is >33% higher compared to
those of samples manufactured by spark plasma sintering (SPS) and
vacuum arc remelting (VAR) [32,33].

The fracture surface of the sample (Fig. C1 in Appendix) showed clear
signs of dimples suggesting ductile fracture. Several defects were ob-
served (Fig. Cla), mainly lack of fusion and keyhole pores (Fig. C1b). De-
spite the presence of these defects, the samples showed consistent
behaviour and remarkable strength and ductility (Fig. 13a).

3.4. Relationship between microstructure and mechanical properties

The high entropy alloy made by powder-bed fusion consisted of very
fine cells (about 700 nm in diameter, Fig. 7(b)). High thermal gradients
and rapid cooling in LPBF result in the generation of high dislocation
densities as seen in Fig. 5¢ and d. Dislocation forests at cell boundaries
can act as effective obstacles to the movement of dislocations. Hence,
the presence of fine cells results in a significant improvement in the
macroscopic flow stress of the alloy made by LPBF, explaining the high
hardness (Fig. 12) and yield stress (Fig. 13) compared to the same
alloy made by other processes, as shown in Table 2.

The HEA in this study exhibits strong anisotropy, regardless of the
print parameters used - as highlighted by differences in both the hard-
ness (Fig. 12) and tensile properties measured along the directions par-
allel and transverse to the BD (Table 2) in consistent with our previous
report [28]. Fig. 12(b) suggests that the porosity of the investigated sec-
tions is not the reason behind such differences. It is known that
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Table 2

Tensile properties of the CoCrFeMnNi high entropy alloy measured in this study (LPBF)
compared to those reported in previous studies. (VAR - vacuum arc remelting, SPS - spark
plasma sintering).

Sample state Yield stress UTS Strainat ~ Ref
(0.2% offset (MPa) (MPa) break (%)
LPBF (X-direction) 530 £+ 20 783 +7 234+ 1 This
LPBF (Z-direction) 455 4+ 10 N/A N/A study
LPBF (X-direction) 519 + 20 500-601 22-34  [11]
VAR + drop-casting 210 590 42 [32]
SPS 237-312 571-613 27-37 [33]
Rotary swaging + recrystallization 265 4 10 740 31 [31]

crystallographic texture and grain morphology are influential to the
plastic anisotropy [10]. Figs. 6, 9, and 11 show that texture and grain
morphology induced by the four considered scan strategies are distinc-
tively different from the others. In the following, the contribution asso-
ciated with crystallographic texture and grain morphology to the
observed anisotropy is discussed in detail.

Concerning the effect induced by texture, plastic deformation is eas-
ier in grains where the slip systems are well aligned with the maximum
shear stress (i.e. high Schmid factor) and harder in grains where slip
systems are not favourably aligned with the maximum shear direction
(i.e. low Schmid factor). Therefore, the crystallographic orientations of
the grains control the apparent yield stress of the material. The Taylor
factor is a common way to quantify the influence of crystallographic ori-
entations on the macroscopically measured yield stress of the material,
Eq. (4):
O y“MTcrss (4)
where T denotes the critical resolved shear stress and M is the aver-
age Taylor factor of a polycrystalline material, defined by Eq. (5):

Global true strain (%)
£=16%

£=8% &=12% €=24%

True strain (%)

£ -

AR

Fig. 13. (a) Tensile stress-strain curves for horizontally built HEA test pieces and (b) corresponding DIC image sequence at different strain levels of the HEA fabricated by LPBF. (Data of the
red curve was obtained from ref [31]). (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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M= My (5)

Jj=1

where f; is the distribution function of the orientation of grain j with re-
spect to the loading direction, M; is the Taylor factor of the orientation j,
and m is the total number of orientations. Higher Taylor factor usually
leads to higher flow stress and higher hardness. MTEX Toolbox was
used to calculate the Taylor factor based on measured crystallographic
orientations (Fig. 9) for two conditions: loading direction is either per-
pendicular or parallel to the build direction (i.e., X section or Z section,
respectively). Fig. 14(a) clearly shows that the Taylor factor when load-
ing on the X-section is larger than that on the Z-section in all samples;
this explains why a higher flow stress of the X-sections is observed in
the hardness measurements.

However, the crystallographic texture alone does not explain the
variation in hardness measured along the same loading direction be-
tween samples fabricated by different scan strategies. For example, for
the hardness measurements on Z-sections, sample 23 exhibits the
highest values despite having the lowest Taylor factor, Fig. 14a. The var-
iation in hardness along the same loading direction between different
scan strategies could be associated with dislocation distribution, dis-
tinct cell morphologies (Fig. 5¢ and d), and grain morphology (Figs. 6,
11). Because of side-branching, the distribution of cell morphological
orientations and dislocation densities along and orthogonal to the BD
is statistically rather similar. In addition, the length of the indented
regions was about 200 pm (Fig. 8a), much larger than the cell size (mea-
sured to be about 700 nm for all strategies). Furthermore, the disloca-
tion densities in samples fabricated by 21, 22, 23, and 32 strategies,
characterised by the same energy density, are expected to be not
much different. It follows that the grain morphology (Fig. 11e) is likely
to be the cause for the differences in hardness in samples fabricated
with distinct scan strategies; this argument is supported by the fact
that grains are on a similar scale as the indenter tip. The grain morphol-
ogy can be quantified by the grain size measured along different direc-
tions either parallel or perpendicular to the BD. The contribution of
grain size to the flow stress due to hardness indentation can be
accounted for using the Hall-Petch relationship [34], Eq. (6):

1

0y<Dg,2 (6)

In which D, stands for average grain size measured in a specific di-
rection (either parallel or perpendicular to the build direction). Fig. 14b

shows the plot of D;V% against the average hardness measured on X and
Z sections of the investigated samples. The trend line confirms that the
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grain size plays a significant role in the hardness of the samples. For ex-
ample, sample 22 had the largest average grain size and hence displays
the lowest hardness on the Z-section. Similarly, sample 23 had the
smallest average grain size, therefore resulting in the highest hardness
on the Z-section. The combined effect of crystallographic texture and
grain size provides reasonable explanations for the hardness trends
observed.

The obtained findings of the relationships between consolidation,
solidification microstructure, and mechanical properties of this alloy
provide crucial knowledge to control the microstructure to specific loca-
tions with improved confidence, hence achieving site-specific tailored
properties. In particular, these findings form a basis for future additive
manufacturing of the alloy with desired anisotropy or isotropy. For ex-
ample, to achieve the isotropy, it is recommended to use the meander
90° rotation as this scan strategy results in a cube-like texture which in-
duces the most isotropic property next to a random crystallographic
texture [35]. However, an optimal for both isotropic properties and con-
solidation, the chessboard 67° rotation should be considered.

4. Conclusions

This study assesses the printability including the consolidation, solid-
ification microstructure, and mechanical properties of the CoCrFeMnNi
high entropy alloy fabricated by Laser Powder Bed Fusion. This compre-
hensive assessment provides a basis to establish the relationship between
processing parameters, microstructure, and mechanical properties for
this alloy. It was shown that the alloy can be fabricated with high consol-
idation using an energy density ranging from 62.7 to 109.8 kj/m>. How-
ever, it was found that the consolidation does not exclusively depend
on the processing parameters (i.e. laser power, scan speed, hatch spacing
and layer thickness) that constitute the energy density and are typically
tailored for porosity minimisation; in fact, the scan pattern also plays an
important role in the consolidation of the builds. For the same energy
density, a 67° rotation of consecutive layers tends to induce higher consol-
idation. Moreover, the scan patterns were found to have a profound influ-
ence on the grain morphology and crystallographic textures developed in
printed parts. In particular, the rotation angle between the scan patterns
of consecutive layers was found to be crucial, as it influences the relative
orientation of the heat gradients of a new melt pool with respect to those
of previously solidified tracks. The rotation angle between consecutive
layers controls the extent to which epitaxial growth (in particular the
side-branching) can occur, and hence the crystallographic texture and
the morphology of grains developed in the build. Amongst the four con-
sidered strategies, the 0° and 90° rotations lead to the strongest and sec-
ond strongest preferred texture, while the 67° rotation results in weaker
texture. The developed textures are responsible for plastic anisotropy
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Fig. 14. (a) Effect of scan strategy on hardness (large solid bars) and Taylor factor (small dashed bars) of samples with different scan strategies measured transverse (blue) and parallel
(red) to the build direction. (b) Effect of the grain size on the average hardness along the X and Z sections with a linear trend line (parallel and perpendicular to Build direction
respectively; note the labelled Sample IDs). (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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with the meander 90° rotation inducing the least anisotropy, as observed
in hardness and tensile tests. In addition to the effect on crystallographic
texture, the chessboard strategy with the 67° rotation resulted in the most
broadened grains, with the lowest aspect ratio, i.e. least columnar. Differ-
ent grain sizes also contribute to variations in flow stress, explaining the
variation of hardness in samples fabricated by different scan strategies.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108845.
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Composition of the High Entropy Alloy powder measured through EDX and as stated by the supplier.

Element Nominal composition (at. %) EDX composition (at. %) EDX composition (wt%) Composition stated by supplier (wt%)
Cr 20 19.6 18.14 18.20
Mn 20 18.2 17.79 17.90
Fe 20 19.5 19.38 19.50
Co 20 223 23.39 23.20
Ni 20 20.4 21.31 21.20
Section A

(This section is based on the theories of heterogeneous nucleation and competitive growth presented in a text book authored by Dantzig and Rappaz

ref. [36])

Assuming that a nucleus solid (which is a spherical cap) present at the interface of liquid and a pre-existing solid and all surface energies are isotropic,

the contact angle (0) is related to surface energies (Fig. A1a) as follows:
¥ml = Ysm + COSOYSI
Rearranging, gives:

cos — ¥ml — ¥sm

Xsi

(A1)

(A2)

where y denotes surface energy, the subscripts denote the involved medium (m: pre-existing solid (i.e. metallic substrate), s: solidifying nucleus and
I: liquid). Assuming that the nucleus has almost identical composition to that of the pre-existing metal which is usually the case in additive

manufacturing, then y, =~ 0 and y,; = ys; therefore, 6~0.

9‘ Nucleus

le
YSm

Pre-existing solid

= AT (vo)

Ty TVL

AZ,

Vo = Vg

Fig. A1l. (a) Contact angle (0) and surface tensions in the presence of a solid nucleus at the interface between liquid and a pre-existing solid (b) Competitive growth of crystals.

(Adapted from ref. [1]).
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In addition, the Gibbs free energy change (AG) associated with the presence of the solid nucleus:
AG = f(0) {4nr2ys,—A57'AT§ r[r3} (A3)

where f(0) = 2=3¢esfrcos’0 AST s the molar entropy of fusion, T is tem-
perature and r is the radius of the spherical cap.
Minimizing AG with respect to r gives the energy barrier (i.e. minimum driving force) for nucleation of grains is:

3
AG = f 0)@7’;'2 (A4)
(aspar)

If 0 = 0, f{6) = 0: there is no nucleation. The solidification of liquid metal is governed by growth.

Within each melt pool, the growth of multiple cells of different orientations inevitably leads to growth competition. In turn, growth competition is
governed by the alignment of cells with respect to the heat flux (Fig. A1b). Say, a liquidus isotherm, T, travels at a velocity, v;. Assuming flat iso-
therms, the cells misaligned at an angle 6 grow at a velocity, vy = COVSL((,), while cells aligned with the thermal gradient grow at the speed of the liquid
isotherm v = vy. This means that the misaligned cells should grow faster than the aligned one. Because the cell tip undercooling increases with ve-
locity, meaning that inclined cells experience greater undercooling, i.e. AT(vy) > AT(vy). This requires the distance of the tip of misaligned cells to the
liquid isotherm (AZy) to be larger than that of the aligned cells (AZy), i.e. the tip of misaligned cells should be behind that of aligned ones. As the
misaligned cells lag behind, their path gets blocked by better aligned ones.

Section B

Fig. B1. Bright Field Scanning Transmission Electron Microscopy (BF-STEM) image of High Entropy Alloy, with line profile EDX - STEM through an observed precipitate, along with ele-
mental mapping of the same region.

Section C

Fig. C1. (a) Micrograph of a facture surface of the DIC sample (refer to Fig. 13). (b) a zoom-in area of the fracture surface showing dimples, suggesting ductile fracture.
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