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ARTICLE INFO ABSTRACT
Article history: The present work explores the possibility of processing a CoCuFeMnNiTig 13 high-entropy
Received 8 May 2023 alloy by laser powder bed fusion (LPBF). The alloy, produced under optimised processing
Accepted 21 September 2023 conditions, presents good densification but also hot cracks, caused by the liquation of an
Available online 26 September 2023 inter-dendritic Cu-rich phase. Microstructure of the as-built alloy is characterised by face
centred cubic (FCC) columnar grains, containing Cu-poor dendrites and Cu-rich inter-
Keywords: dendritic areas. The alloy, which was designed to be strengthened by spinodal decompo-
High-entropy alloys sition and precipitation, was subjected to different thermo-mechanical treatments to try
Laser powder bed fusion and improve its properties. Direct ageing and solution treatment and ageing produced a
Thermal treatment strong but brittle material (tensile strength of 683 MPa and elongation to failure of 1.3%),
Hot isostatic pressing whereas hot isostatic pressing followed by controlled cooling was able to heal pores and
Microstructure cracks while triggering the desired microstructural transformations (spinodal decompo-
Mechanical behaviour sition and precipitation). This resulted into a balanced set of mechanical properties (tensile

strength of 473 MPa and elongation to failure of 7.6%). This work shows that proper post-
processing can mitigate the issues typically affecting LPBF fabricated HEAs, producing

tailored microstructures with satisfactory mechanical performances.
© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

focused on alloys displaying more complex chemical compo-
sitions and microstructures, resulting in enhanced mechani-
cal and functional properties. Such materials are more
properly named complex concentrated alloys (CCAs) or multi-
principal element alloys (MPEAs), though the term HEAs is still
largely used.

As the knowledge of the basics of HEAs becomes more
solid, growing attention is devoted to the investigation of the

1. Introduction

High-entropy alloys (HEAs) are a novel class of metallic ma-
terials [1], which are not based on the preponderant presence
of a single element but rather on several components, which
are able to promote the formation of solid solutions. At an
early stage, HEAs were designed with equimolar concentra-
tion of alloying elements, but over the years studies have
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effect of different processing methods on material properties.
In particular, additive manufacturing (AM) is attracting
considerable interest [2]: the coupling of the inherent advan-
tages of AM processes (flexibility, reduced production of scrap
material, ability of producing intricated and complex parts,
refined microstructures and improved mechanical behaviour
[3,4]) with those possibly offered by advanced materials such
as HEAs (ample alloy design freedom, thermal stability, un-
precedented mechanical properties) is extremely attractive.
Moreover, owing to the presence of elements with largely
different melting temperatures, the production of HEAs by
conventional melting and casting route is affected by segre-
gation phenomena and loss of low vapour pressure elements
[5,6]: such issues may be overcome by the extremely rapid
solidification condition (10°—10” °C/s) typical of some AM
processes process. For example, high cooling rates were found
able to prevent the formation of ordered second phases and
produce an homogeneous microstructure in an as-built
AlCrFe,Ni, medium-entropy alloy [7]. Laser powder bed
fusion (LPBF) has been applied to numerous HEAs: the most
studied ones are the Cantor alloy (CoCrFeMnNi) and its
variant, the CoCrFeNi alloy, possibly modified by the addition
of Al (AlyCoCrFeNi, Al,CoFeMnNi) and Cu (AlCoCrCuFeNi,
AlCoCuFeNi, AlCrCuFeNi) [8]. Refractory HEAs containing V, W
or Ti have also been explored [9]. CoCrFeMnNi alloy usually
displayed good LPBF processability [10], although hot cracking
was occasionally reported in some works [11]. Its micro-
structure in the as-built state was characterised by a cellular
structure delimited by high-dislocation-density walls ar-
ranged in columns along the building direction and in a
honeycomb-like fashion in the plane perpendicular to it [12].
Mn was shown to segregate along the cell walls and occa-
sionally give rise to nanometric oxides, which contribute to
the strength of the alloy through the Orowan mechanism [13].
The addition of Al in AlCoCrFeNi produced a shift of the so-
lidification structure from FCC to BCC with extremely fine
ordered B2 domains [14]; moreover, fluctuations of Cr con-
centrations, likely arising from a spinodal decomposition
process, were reported. The processing of the alloy was also
plagued by extensive cracking, which was attributed to the
build-up of thermal stresses. Better results were obtained by
decreasing the relative concentration of Al to obtain eutectic
AlCoCrFeNi,; [15] or AlCrFe,Ni, [16] alloys, which attained
good processability and improved mechanical resistance
thanks to their dual-phase microstructure (FCC and BCC). Cu-
containing alloys were found to be frequently affected by the
formation of vertical microcracks propagating along high
angle grain boundaries [17,18], but the amount of cracks could
be reduced by increasing the amount of Ni in the alloy, which
also allowed the transition from a columnar to an equiaxed
grain structure [19]. Cu was shown to stabilize FCC crystal
structure and to frequently segregate along grain boundaries.

As previously mentioned, significant processing faults,
including porosities and cracks, affected most of the studied
compositions, save the ones with high Ni content. In this light,
the use of post-processing methods able to improve the
characteristics of the LPBF processed alloy in terms of
microstructure and defect content appears extremely inter-
esting. In this respect, the traditional hot isostatic pressing
(HIP) process has been successfully employed: it relies on

simultaneously subjecting a component to high pressure and
temperatures and was widely applied to reduce the number of
closed porosities and heal cracks in several LPBF processed
materials. As a consequence of such treatment, mechanical
behaviour of LPBF processes HEAs can be strongly improved,
mainly in terms of ductility [20]. Nevertheless, depending on
the nature of the investigated alloy, HIP may also represent a
critical step. Although its high-temperature holding is defi-
nitely useful in homogenizing the microstructure and dis-
solving second phases, the cooling step may prove
problematic: harmful phases may precipitate during the
cooling step if the cooling rate is not high enough, which is a
common condition in conventional HIP (typical cooling rate is
in the order of °C/min). For example, Joseph et al. observed the
formation of ¢ phase in an Al gsCoCrFeNi alloy produced by
direct laser fabrication and HIPed with a 5 °C/min cooling rate:
such microstructural evolution resulted in a sharp loss in
ductility during tensile testing [21]. Moreover, controlling the
cooling rate after HIP may be instrumental in the view of
successive ageing treatments, whose outcome may depend on
the level of supersaturation attained during the post-HIP
cooling [22].

The present paper deals with the LPBF processing of a
CoCuFeMnNiTip 13 HEA. The system was proposed first by
some of the present authors as a modification of the equia-
tomic CoCuFeMnNi alloy [23], itself deriving from the well-
known Cantor alloy by substituting Cr with Cu [24]. In the
conventionally produced alloy, the presence of Ti was found
able to activate the formation of nanometric coherent NisTi
precipitates, which could effectively harden the alloy when
properly aged. Moreover, ageing treatment leads to the spi-
nodal decomposition of the solid solution, further contrib-
uting to the increase of material strength. Indeed, due to the
miscibility gap of Cu with other alloying elements, the solid
solution turns into a maze like structure, inducing a local
modulations of lattice parameter and elastic properties of the
matrix [23,25]. It may also be pointed out that the CoCu-
FeMnNi alloy, produced by casting and rolling, was success-
fully subjected to laser beam welding [26], giving rise to sound
beads devoid of any defect. This result appears encouraging in
the view of processing the similar CoCuFeMnNiTi, ;3 alloy by
LPBF. Thus, this work aims at exploring the possibility of
producing by LPBF a CoCuFeMnNiTi, 15 alloy. Moreover, it will
focus on post-processing treatments meant to exploit
different second phase formation mechanisms to tailor the
microstructure and the mechanical behaviour of the alloy: in
this respect, conventional heat treatments and HIP will be
addressed. The implementation of different post-HIP cooling
speeds will be explored to assess the possibility of preventing
second-phase formation during cooling and properly exploit-
ing successive ageing treatments.

2. Materials and methods

CoCuFeMnNiTip 13 powder produced by gas atomization was
used as feedstock for producing samples by LPBF as described
in the following. Fig. 1a depicts a SEM picture of the powder,
showing spherical shape and satellites onto the particles
surface. Powder particles are characterised by dso of 31.6 um,
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Fig. 1 — (a) SEM micrograph showing the morphology of the used CoCuFeMnNiTi, 3 powder; (b) optical micrograph showing

the section of powder particles.

with 80% of the particles lying in the 20—63 ym range. Metal-
lographic sections revealed that a conspicuous fraction of the
particles contain spherical porosities, likely deriving from gas
entrapment taking place during atomization. Nominal and
actual compositions of the feedstock are reported in Table 1.

The powder was processed by a Sharebot METALONE LPBF
system, equipped with a 1 KW fiber laser and working under
Ar atmosphere. Prismatic samples (5 x 5 x 10 mm?® and
70 x 2 x 20 mm?®) were produced for density measurement,
microstructure analysis, and mechanical characterisation.
The main processing parameters are reported in Table 2. Sub-
size specimens for tensile testing, designed according to
ASTM E8 standard, were obtained by electric discharge
machining and showed an overall length of 70 mm and a
thickness of 2 mm; the reduced section was 32 mm long and
4 mm large; the grip sections measured 10 mm x 16 mm.

Some of the samples were subjected to heat treatments
and hot isostatic pressing (HIP). All heat treatments were
carried out in muffle furnaces under Ar gas flow: solution
treatment (1000 °C for 60 min) was followed by quenching in
ambient temperature water; conversely ageing treatments
(630 °C for durations ranging from 10 min to 360 min) was
concluded by air cooling. HIP (mod. QIH by Quintus Technol-
ogies - Sweden) was performed at 1000 °C, with an Ar pressure
of 150 MPa for 135 min, and was followed by two different
cooling methods: a relatively fast cooling at 80 °C/min (here-
after named HIP-FC) and a proper quenching by gas jet at
5000 °C/min (hereafter named HIP-Q).

Density measurements were performed by means of
Archimede's method on a Gibertini E50S2 precision digital bal-
ance. Morphological and microstructural analyses were carried
out by optical microscope (Leitz Aristomet) and field emission
scanning electron microscope (FE-SEM mod. Zeiss Sigma 500),
equipped with energy-dispersive X-ray spectrometry (EDX) and

Table 2 — Constant and varied processing parameters
used to process the CoCuFeMnNiTiy 13 alloy.

Parameter Value
Power 100—400 W
Scanning speed 300—800 mm/s
Scanning strategy Meander
Atmosphere Argon

Layer thickness 50 pm

Hatch distance 80 pm

Laser spot size 65 um
Building plate Steel

electron backscatter diffraction (EBSD) detectors. Metallo-
graphic sections were finely polished down to 1 um cloth and
etched with Nital 5% reagent. Structural analysis was per-
formed by X-ray diffractometer (XRD, mod. Panalytical X'Pert
Pro) equipped with Cu tube operating at40 kV and 30 mA on the
sections of the samples normal to the building direction in the
20°—120° 26 range. Finally, mechanical properties were evalu-
ated by micro-hardness tests (Future-Tech FM-810, applying a
300 gf load for 15 s) and tensile tests, which were performed by
an MTS Exceed E45 universal testing machine at room tem-
perature with a strain rate of 3.3 10"*s~%.

3. Results and discussion
3.1.  Process optimisation

Laser power and scanning speed were varied according to a
full factorial design (Table 2) to obtain almost fully-dense
parts. The results of the feasibility study are reported in
Fig. 2 in terms of material density vs. energy density. The
trend is characterised by a steep increase of density for low

Table 1 — Nominal and measured (EDX) chemical compositions (at.%) of the CoCuFeMnNiTi, 13 powder.

Co Cu Fe Mn Ni Ti
Nominal 19.5 19.5 19.5 19.5 19.5 25
Measured (EDX) 193+0.3 19.0 + 0.6 19.6 + 0.4 20.0 + 0.4 194+ 05 2.6 +0.3
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energy density values, followed by a maximum, and a softer
decay. Such trend is typical of several LPBF fabricated alloys,
and it is related to the mechanisms leading to the formation
of different types of defects under different input energy
conditions. In fact, lack of fusion defects presenting an
irregular morphology were found in samples produced with
energy density values up to 109 J/mm? (e.g., Fig. 1 b). On the
contrary, when energy in excess of 147 J/mm? was delivered
to the powder bed, a huge amount of large, spherical pores
formed because of gas entrapment and local vaporization
(Fig. 2 c), leading to an evident decrease of relative density.
To a lower extent, spherical pores were also found in sam-
ples processed at lower energy densities, suggesting that the
gas already present in the powder (Fig. 1) could not be
evacuated during the process. The highest density (7,91 g/
cm?) was obtained by a laser power of 200 W and a scanning
speed of 425 mm/s, corresponding to an energy density of
117.7 J/mm®.

It shall be underlined that a considerable number of
vertically oriented cracks was frequently found, indepen-
dently from the specific processing condition. Cracks in
materials fabricated using LPBF may be classified as cold or
hot crack, according to their origin. Cold cracks arise in the
solidified material because of the accumulation of internal
strain deriving from thermal cycling. Hot cracks are related

(a)

to melting and solidification phaenomena and they can be
classified as solidification cracks or liquation cracks [27].
Solidification cracks occur in semi-solid metal during the
final steps of solidification because of thermal contraction,
and usually develop along grain boundaries. Liquation
cracks, which are also intergranular, occur because of
incipient melting of low-melting phases. Such liquation can
be triggered by the heat propagating from melt pools laying
on top of previously solidified layers. In the present work,
cracks were found to cross several stacked melt pools, and
to preferentially propagate along relatively thick inter-
dendritic regions (Fig. 2 d and e), which, as it will be later
discussed, were found to be rich in Cu. Moreover, crack path
was sometimes observed to deviate from linearity, inter-
secting nearby gas porosities. The crack inner surfaces,
shown in Fig. 2 f, reveal a dendritic structure, thus con-
firming the role of liquid phase in crack formation. In this
respect, it is worth mentioning that a similar CoCuFeMnNi
alloy, produced by rolling and homogenisation, did not
exhibit cracks when subjected to laser welding [26]; on the
contrary, an arc-meted AlCoCrCuFeNi alloy, processed by
gas tungsten arc welding, presented extensive cracking in
the HAZ, which was attributed to the early melting of the re-
heated Cu-rich inter-dendritic phase characterising the
ingot microstructure [28]. It is therefore reasonable to expect

(b)
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Fig. 2 — (a) Density of LPBFed samples as a function of energy density; optical micrographs depicting the XZ sections of
samples built with low (75 J/mm?) (b), and excessive (175 J/mm?®) (c) energy density; optical (d, e) and SEM (f) micrographs
depicting hot cracks propagating along the vertical direction in as-built samples.
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that repeated re-heating of the material and the fact that the
re-heated material presents a dendritic structure charac-
terised by Cu-rich inter-dendritic phase are necessary con-
ditions for the development of cracks. Similar conditions
apply for the LPBF process, due to its layer-by-layer nature,
thus it is reasonable to conclude that a liquation-based
mechanism may have caused the formation of cracks. This
hypothesis is further enforced by the absence of cracks in
the last layers on top of the sample, as well as by the fact
that crack paths could be deviated by seemingly pre-existing
pores. However it is also worth recalling that the dendritic
structure of crack surfaces was reported to be a distinctive
feature of solidification cracks [29]: indeed, discriminating
between solidification and liquation cracks in a LPBFed part
is not trivial [30].

3.2.  Microstructure of as-built parts

The microstructure of as-built parts, reported in Fig. 3, can be
described at several scales. As many other materials produced
by LPBF, the alloy consists of the stacking of semi-cylindrical
melt pools, which are about 150 pm wide and 60 pm deep,
and can be distinguished thanks to the coarsening of the
microstructure taking place along the melt pool borders
(Fig. 3a and b; Figure S1 a). At a smaller scale, the solidification
appears to be dendritic, with Fe- and Co-rich dendrites and
Cu-rich inter-dendritic areas (Fig. 3 b, d). Such phase separa-
tion corresponds to the appearance of two sets of closely
overlapped FCC peaks in the diffraction pattern reported in
Fig. 3 e. The higher intensity peaks, likely referring to the
primary phase (dendrites), are characterised by a lattice

(d)

(e

)v
(200)

Intensity (a.u.

Fig. 3 — Microstructure of as-built CoCuFeMnNiTi, ;3 alloy. FE-SEM micrographs depicting the melt-pool stacking (a) and the
dendritic structure at low (b) and high magnification (c); EDS maps showing the elemental distribution inside melt pools
(d); XRD pattern collected on the XY surface (e); IPF maps depicting the XZ section, parallel to the building direction (f), and

XY section, normal to the building direction (g).
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parameter d1q) = 3.620 + 0.002 A, while the lower- angle set of
reflections presents a d(111) = 3.649 + 0.009 A: such increment
of the interatomic spacing is due to the local enrichment in
Cu, which is the largest among the considered atoms, and is
consistent with that reported in ref. [26] for a laser beam
welded CoCuFeMnNi alloy displaying a similar microstruc-
ture. At a lower scale, inter-dendritic areas appear fairly uni-
form, whereas dendrites display evident contrast variations at
their interior (Fig. 3 c). Indeed, a nanometric globular structure
is noticeable, which is extremely similar to that observed at
the interior of grains in the same CoCuFeMnNiTig 43 alloy
produced by rolling and subjected to a solution treatment at
1000 °C [23]. Such microstructural features were described in
ref. [20] as Cu-rich clusters, about 10 nm in diameter and
coherent with respect to the surrounding matrix. They were
also suggested to result from a spinodal decomposition pro-
cess, likely taking place during quenching after solution
treatment or, in the present case, during cooling of the just
solidified material.

As expected, EBSD analysis (Fig. 3 f and g) revealed that the
melt pools consist of columnar grains with longitudinal axis
parallel to the building direction and extending through
several melt pools. Such elongated grains present an average
major axis of 77.4 pm and an average diameter of 13.8 um in
the XY section, i.e. the one transversal to the building direc-
tion. As a consequence the grain structure present a relatively
high average aspect ratio close to 6. Despite such elongated
appearance of the grains, it should be noted that the analysis

Intensity (a.u.)

400 T T T T T T T T
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of the corresponding IPF maps indicates that almost no
texture exists along the building (Z) direction, thus suggesting
that no epitaxial growth took place during the solidification of
successive layers. The average grain orientation spread (GOS)
value was found to be close to 1.3°, indicating a low misori-
entation within the grains [31].

3.3. Heat treatment of the LPBF fabricated
CoCuFeMnNiTi, 13 alloy

As mentioned in Section 1, the CoCuFeMnNiTi 15 alloy was
specifically designed to be strengthened by second phases
arising from spinodal decomposition and precipitation hard-
ening. To promote a controlled formation of second phases,
solution treatment followed by artificial ageing was applied to
the conventionally produced alloy, leading to a considerable
increase in strength [23]. Moreover, it is well-known that the
rapid solidification involved in LPBF can produce supersatu-
rated solid solutions (SSSSs), opening new opportunities to
perform direct ageing treatment [32]. The effect of solution
treatment and ageing and of direct ageing schedules was
compared in terms of achievable hardness and tensile
properties.

Fig. 4 shows the results of the ageing tests as well as of the
microstructural analysis on the heat treated CoCuFeMnNiTig 13
alloy. The as-built and solution-treated conditions, display
different hardness values, i.e., 221.9 + 9.5 HV and 159.8 + 10.4
HV, respectively. Nevertheless, the response of both as-built

( b ) T T T T T (200) T T
() _J ST-A

L J DA |
I\ Jk AB

a2 44 46 48 50 52 54

26 (%)

Fig. 4 — (a) Ageing curves collected at 630 °C from the as-built and solution-treated conditions; (b) XRD patterns of as-built
and heat treated conditions (magnified views of 41°—55° showing (111) and (200) reflections); FE-SEM micrographs of the
CoCuFeMnNiTiy 13 alloy in DA (c), ST (d) and ST-A (e) conditions.
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and solution treated parts to ageing treatment at 630 °C was
similar, and the hardness gap was readily bridged after 10 min.
After a steep hardness gain in the first 45 min, a maximum of
about 350 HV is achieved after 3 h, regardless of the starting
condition. Finally, a plateau is attained, and hardness remains
almost constant, at least up to 6 h. SEM and XRD analyses were
conducted on directly aged (DA, aged at 630 °C for 3 h), solution-
treated (ST, annealed at 1000 °C for 1 h and quenched), solution
treated and aged (ST-A, annealed at 1000 °C for 1 h, quenched
and aged at 630 °C for 3 h) samples to investigate microstructure
properties leading to the observed hardness trends.

The solution treatment (Fig. 4 d) dissolved the dendritic
structure, which was observed in as-built samples, but was
not able to induce a proper recrystallisation process. As may
be appreciated by comparing Figure S1 c and the IPF map in
Fig. 3 f, the original grain structure was not modified and ST
samples presented uniform, elongated grains with average
width of 12.6 pm (in the XY section) and length of about
71.3 um (along the building direction). A limited Cu-
enrichment was occasionally found along grain boundaries
(up to 29.5 at.%, as evidenced by local EDX measurements),
whereas the interior of grains was characterised by the same
globular structures observed within the dendrites. Accord-
ingly, the related XRD diffractogram displays one single set of
FCC reflections with lattice parameter d111) = 3.626 + 0.001 A.
The increment of cell parameter with respect to that of the
dendrites reflects the enrichment in Cu deriving from the
dissolution of the dendritic structure. At the nanometric scale,
the microstructural evolution induced by ageing is quite
similar in DA and ST-A samples (Fig. 4 c, e). Ageing treatment
was able to induce the formation of a maze-like structure in
both conditions, i.e., Cu-rich discs that are coherent to the
surrounding matrix and ordinately lye on its (100) planes.
They result from the periodic modulation of Cu, Fe and Co
concentration, which supposedly arises from a spinodal
decomposition process [23]. The difference in lattice param-
eter between discs and matrix cannot be detected by the
laboratory XRD equipment used in the present work; never-
theless, a slight broadening of the peaks related to ST-A and
DA samples may be noticed in Fig. 4 b, in particular with
respect to the ST condition. In DA samples (Fig. 4 c), the spi-
nodal decomposition process leading to the formation of the
maze-like structure took place in the inter-dendritic area only,
which fits well with what described in the as-built condition. A
Cu-rich second phase was also found to decorate the grain
boundaries of ST-A samples. As the measured hardness
increment is close to the one induced by ageing in the con-
ventional alloy, it may be rightfully speculated that similar
phases contribute to the observed strengthening. Therefore,
besides the previously described Cu-rich phases constituting
the maze-like structure, the presence of nanometric, coherent
L1, NisTi precipitates can be inferred, as reported in [23,25].
Cu-rich discs, resulting from spinodal decomposition, create a
periodic compositional modulation, which causes a periodic
modulation of both elastic properties and lattice parameter;
concurrently, Ni3Ti L1, coherent nanoparticles are expected to
give rise to discontinuous, localised and very intense peaks in
elastic properties and shallower rises of lattice parameter. As
a result, dislocation motion is expected to be opposed at long

range through the continuous modulation of local lattice
strain and elastic properties [23,33].

The observed hardening, as well as the related micro-
structural evolution, are extremely close to those observed in
the conventionally produced counterpart. Indeed, the spino-
dal decomposition process is probably not affected to a great
extent by the peculiarities of the LPBF process. Indeed, spi-
nodal decomposition takes place through short-range diffu-
sion and does not involve a nucleation step: as a consequence
the presence of lattice defects (e.g. vacancies and dislocations,
which could affect long-range diffusion [34]) has likely a
negligible effect on it. On the contrary, residual stresses and
dislocation accumulation, which are other well-known con-
sequences of the LPBF process [12], would be expected to
affect said processes: theoretical studies, as well as experi-
mental evidence, indicate that spinodal decomposition has to
overcome a higher energy barrier in crystalline solids than in
liquids or glasses because of the presence of coherency
stresses arising from the variation of lattice parameter with
composition [35]. Therefore, if residual stresses can counter-
balance said coherency stresses, they may be able to reduce
the difference between coherent spinodal and chemical spi-
nodal surfaces (see Section 2.3.2) and ease the decomposition
of the solid solution. In this respect, the stress field associated
to dislocation has been reported to accelerate the kinetics of
spinodal decomposition in Fe—Cr alloys [36] and thin films
[37]. However, it is very likely that this difference is consid-
erable only in the very early stages of spinodal decomposition
and that it progressively fades as the transformation reaches
later stages.

3.4. Hot isostatic pressing of the LPBFed
CoCuFeMnNiTio 13 alloy

In order to alleviate the issues deriving from pores and hot
cracks, as-built samples were subjected to HIP at 1000 °C (i.e.,
the same temperature of solution treatment). Two batches of
samples were subjected to different cooling rates after soak-
ing, i.e., a fast cooling at 80 °C/min (HIP-FC) and a quench at
5000 °C/min (HIP-Q). HIP treatment was very effective in
reducing the defect content, as shown by the results collected
in Fig. 5. Indeed, both gas porosities and hot cracks were
mostly closed, with only some of them remaining visible after
the treatment. As result, the relative density was much
improved from 94.04% density of the as-built sample to 99.78%
and 99.77% of the HIP-FC and HIP-Q samples, respectively. It is
also important to notice that the dispersion of the density data
was significantly reduced by the HIP treatments.

The response of HIP-FC and HIP-Q samples to ageing was
explored, yielding the hardening curves reported in Fig. 5 e.
The microstructures of as-HIPed and HIPed and aged samples
are shown in Fig. 5f—i. The relatively low cooling speed char-
acterising the HIP-FC process was unable to avoid atomic
rearrangement at the end of the HIP treatment: the resulting
microstructure is indeed characterised by a maze-like struc-
ture, similar to that observed in the previously described DA
ST-A samples. On the contrary, the spinodal decomposition
process could not reach the same extent in HIP-Q samples,
suggesting that the high cooling speed was able to prevent the
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depicting the microstructure of HIP-FC (f), HIP-Q (g), HIP-FC-aged (h) and HIP-Q-aged (i) samples.

spinodal decomposition. As a consequence, HIP-Q samples
had lower hardness (212 HV) than HIP-FC samples (234 HV).
HIPed samples, regardless of the cooling speed, presented a
Cu-rich phase at grain boundary. The following ageing treat-
ment at 630 °C was able to induce hardening in both Q and FC
conditions, leading to a maximum hardness of about 330 HV.
If this trend is compared to that of ST-A and DA alloys, it may
be appreciated that the timeframe for hardening is the same,
as similar maximum hardness values are obtained after 3 h.
Such comparison further confirms that both the strength-
ening mechanisms are insensitive to the starting condition of
the material and result in fairly constant hardening with
similar kinetics. Accordingly, the peak-aged samples (Fig. 5Sh
and i) display microstructures, which are virtually indistin-
guishable from each other and from the ST-A and DA ones. In
both conditions the maze-like structure resulting from Cu
modulation is clearly recognizable and the Cu-rich second
phase decorates grain boundaries.

3.5. Mechanical behaviour

The mechanical behaviour of the CoCuFeMnNiTig 3 alloy
produced by LPBF was studied by tensile tests, yielding the
results shown in Fig. 6. In the as-built condition the alloy was
characterised by a yield strength of 410 + 26 MPa and an ul-
timate tensile strength of 474 + 60 MPa, whereas a limited
elongation to failure (3.2 + 2.0%) was found. It may be imme-
diately noticed that the measured mechanical properties
show a considerable dispersion. Indeed, such variability and,
in particular, the limited ductility are clearly related to the
presence of defects (gas porosities and hot cracks) in the
produced samples. Nevertheless, the observed yield strength
was largely increased with respect to that of the
CoCuFeMnNiTip 13 alloy, produced by conventional casting
and plastic deformation (269 + 3 MPa in solution-treated
condition [23]). Such improvement shall be ascribed to the
refined microstructure arising from the rapid solidification


https://doi.org/10.1016/j.jmrt.2023.09.223
https://doi.org/10.1016/j.jmrt.2023.09.223

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:9127-9138

9135

—_
Q
~

700 T T T T T T
DA

600 B

500 - ST-A

Eng. stress (MPa)

as-built 4
400 | .
300 |- ST i
200 E

100 i

Eng. strain (%)

—_
O
~

700

600

500

400

300

200

Strength (MPa)

100

G

700 T T T T T T
» HIP-FC aged
| HIP-Q aged

600

500 -

300

200

Eng. stress (MPa)

100 -

Eng. strain (%)
(d

~

14} : y

10+ : 4

Elongation to failure (%)

J ; :

' e |

0 ’—I—‘ : e |
S &

Ay L O ¥ X

o & & A 4 %
RN
&S

& Q

Fig. 6 — Representative stress—strain curve of the CoCuFeMnNiTi, ;3 alloy in heat treated (a) and HIPed conditions (b); bar
charts representing yield strength (YS) and ultimate tensile strength (UTS) (c) and elongation to failure (d) of the tested

specimens.

taking place during the LPBF process, to the intercalation of
Cu-rich and Cu-poor FCC phases related to the dendritic
microstructure and, probably, to the presence of residual
stresses deriving from the layer-by layer building strategy.
Post-processing thermal treatments had a strong influence on
the mechanical behaviour of the alloy. Solution treatment
caused an evident decrease of both yield and ultimate tensile
strength, whereas elongation to failure was improved. A
remarkable strength increase was induced by the ageing
treatment, both in ST-A and DA conditions, but the expectable
reduction in ductility related to the microstructural evolution
led to average elongation to failure values as low as 1.3% and
1.7%. The tensile curves of the HIPed specimens are shown in
Fig. 6 b. The reduction of defects induced by HIP led to a strong
improvement in alloy ductility and to a reduction of the
dispersion of elongation to failure values, as visible from the
histogram of Fig. 6 d. The HIP-FC samples displayed higher
strength compared to the HIP-Q specimens thanks to the
slower cooling rate experienced, which was able to partially
trigger spinodal decomposition and, likely, precipitation of
Ni;Ti. Nevertheless, both HIP-FC and HIP-Q samples present
lower yield and ultimate tensile strength with respect to as-
built ones: such trend may be ascribed to the disappearance
of the dendritic microstructure. Similarly to what was previ-
ously observed in SiDA and ST-A samples, the application of
ageing treatment to HIPed samples resulted again in a strong

increase of resistance associated to an unacceptable depres-
sion of ductility. It is worth mentioning that ageing caused a
12.7% decrease of elongation to failure in the conventionally
produced CoCuFeMnNiTi, 13 alloy [23]. Thus, considering that
a similar decrement may be induced in the present conditions
and that the maximum achieved elongation was 13.7% (ina ST
sample), it appears reasonable that all aged samples pre-
sented extremely low elongation values. Moreover, the ageing
treatment apparently caused a limited decrease of density in
both HIP-FC (—0.46%) and HIP-Q (—0.19%) samples and an in-
crease in the dispersion of such density values: this suggests
that some of the pre-existing and healed defects may re-open
during holding at the ageing temperature.

The appearance of fracture surfaces was finally explored to
better understand the ductility variations observed during
tensile tests. In this light, samples, which displayed elongation
to failure values at the high end of the observed variability
range, were chosen; it shall nevertheless be considered that
the amount and distribution of defects (pores and cracks)
played a dominant role in determining the outcome of me-
chanical testing. It may be observed in Fig. 7 that three main
different fracture modes exist throughout the studied condi-
tions: interdendritic fracture (as-built and DA samples), ductile
transgranular fracture (ST samples) and brittle intergranular
fracture (ST-A, HIP-FC aged, HIP-Q aged); finally, HIP-FC and
HIP-Q samples present a mixed ductile transgranular — brittle
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Fig. 7 — SEM images depicting the fracture surfaces of tensile-tested CoCuFeMnNiTiy 43 alloy in (a) as-built, (b) ST, (c) DA, (d)
ST-A, (e) HIP-FC, (f) HIP-Q, (g) HIP-FC aged, (h) HIP-Q aged conditions.

intergranular failure mode. As-built and DA samples present
the typical appearance of interdendritic fracture [38]: such
failure mode may be caused by the Cu-rich interdendritic
phase, which has been previously described as softer than the
matrix and may therefore lead to a localisation of deformation.
When taking place along grain boundaries, interdendritic
fracture is likely aided by the propagation of the pre-existing
liquation cracks, which were described in Section 3.1. In
solution-treated samples, a complete shift to a transgranular
ductile fracture may be appreciated: the surface presents
numerous dimples in the micrometre order, which are the
result of the high elongation to failure reached by some ST
samples. The following ageing treatment caused a distinct
embrittlement of the alloy, leading to the activation of inter-
granular cracking, as made evident by the absence of dimples
and the jagged appearance of the fracture surface. A similar,
although less well-defined trend, holds in HIPed samples: HIP-
FC and HIP-Q conditions. Such samples, which are charac-
terised by considerable ductility, present a mixed fracture
mode that is characterised by dimpled areas and intergranular
cracking. On the other hand, similarly to what occurred in the
non-HIPed samples, ageing treatment caused a complete
transition to intergranular cracking. Such type of failure mode
was also observed in the equiatomic, solution treated CoCu-
FeMnNi alloy after fatigue testing and was attributed to the
concentration of geometrically necessary dislocations in the
proximity of grain boundaries [39,40].

In essence, the present results show that only HIP treat-
ments could produce reliable samples, characterised by a
sufficient repeatability of results (Fig. 6 d). In particular, HIP-FC
condition is characterised by the most balanced set of prop-
erties: the pressure applied at high temperature reduced the
number of internal defects thus strongly improving the ma-
terial ductility; concurrently, the relatively slow cooling
allowed atomic rearrangement enabling the decomposition of

the supersaturated solid solution into the Cu-containing
maze-like structure and NisTi precipitates.

4, Conclusions

Gas-atomized CoCuFeMnNiTi, 13 HEA powder was processed
by laser powder bed fusion: process optimisation led to a
satisfactory densification but could not avoid the formation of
hot cracks, likely caused by the liquation of the inter-dendritic
Cu-rich phase. The as-built microstructure consists of
columnar grains, which contain a fine dendritic structure
produced by the separation of two Cu-poor and Cu-rich FCC
phases upon solidification. The resulting mechanical behav-
iour is characterised by a good yield strength (410 MPa) and a
limited ductility (elongation to failure of 3.2%) related to the
present defects. The alloy responds positively to both direct
ageing and solution treatment followed by ageing, showing
that the spinodal decomposition and precipitation processes
underlying the observed hardening are only very limitedly
affected by the rapid solidification typical of LPBF. In partic-
ular, direct ageing can induce a 62% increase of yield strength
with respect to the as-built condition, while the lower
strength observed in solution treated and aged samples
(374 MPa) should be ascribed to their high brittlness.

HIP was extremely effective in healing both pores and
cracks (density was increased from 94.0% to 99.8%) and the
different cooling speeds applied at the end of the treatment
allowed to tailor the resulting microstructure. A high cooling
rate was able to partially trigger the spinodal decomposition
process during cooling, giving rise to a relatively balanced set
of mechanical properties. As a result, the most balanced set of
properties characterises HIPed and fast-cooled samples,
which present a yield strength of 369 MPa and a repeatable
elongation to failure of 7.6%.
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The present work shows that on the one hand the
composition of HEAs needs to be carefully tailored on the
needs of the LPBF process, on the other hand post-processing
treatments such as HIP and thermal treatments can be
extremely effective in tailoring the microstructure of such
complex alloys.
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