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Abstract

We introduce a scalable thermally activated solvent extraction based additive manufacturing process to produce lightweight,
yet high-hardness, multicomponent alloys. The cost-effective process involves layer-wise curing a slurry composed of AlCo-
CrFeNi high-entropy alloy powder and a transparent ultraviolet-sensitive photopolymer, by stereolithography 3D printing
followed by sintering. The alloy pellets assume a density of 4.3 g/cm® and hardness of 400 HV with a BCC/FCC multiphase
microstructure. A broad distribution in the particle sizes of the alloy powder augments the manufacturing process because
the smaller particles operate as fillers to weld the larger ones. The relatively higher surface energy of the smaller particles
limits the activation energy required for the onset of particulate diffusion that instigates the necking. Microscopic characteri-
zation reveals passivating surface oxides on the powder particles fabricating an alloy part suitable for harsh environments.
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Introduction

The concept of multicomponent a.k.a. multi-principal ele-
ment alloys (MPEASs) as first introduced by Cantor et al.
[1], initiates a transformative paradigm of alloying multiple
(>4, quaternary) elements with near equiatomic composi-
tions that crystallize into a stable single-phase random solid-
solution. In parallel, Yeh et al. [2] elucidate the metallurgical
phenomenon by emphasizing the significant role of the high
configurational entropy of mixing, surpassing a threshold
of > 1.39R or 11.54 J/mol K for equiatomic quaternary
MPEAs [3-5]. This elevated configurational entropy essen-
tially dominates the thermodynamic stability attributed to
the enthalpy of formation [5, 6]. These alloys, subsequently
termed as high-entropy alloys (HEAs), rapidly gained atten-
tion as several of the compositions reproduced exceptional
mechanical properties as well as thermal and chemical sta-
bilities under extreme environments [2, 7-12]. While HEAs
can encompass millions of new possible compositions, sta-
ble solid-solutions have been predominantly limited to alloys

< Ganesh Balasubramanian
biganesh@gmail.com

Department of Mechanical Engineering & Mechanics,

Lehigh University, 19 Memorial Drive West, Bethlehem,
PA 18015, USA

Published online: 15 February 2024

comprising of 3d and 4d transition elements, which assume
high densities and render the alloys heavy. Cellular/hierar-
chical structural configurations of HEAs can enable their
potential for lightweight structural components applicable
in aeronautics, hypersonics, transportation, biomedical and
chemical industries [7-16].

Additive manufacturing (AM), a.k.a. 3D printing, has rev-
olutionized manufacturing by layered deposition of materials
to synthesize specimens guided by computer aided design
with unprecedented form flexibility and complexity [17].
AM involves the sequential addition of material to enable
the creation of complex and customized structures with
increased efficiency relative to traditional (i.e., subtractive)
manufacturing methods [17, 18], whence the fabrication of
fine cellular structures remains challenging. AM is the emer-
gent technique for the synthesis of intricate microlattices,
cellular, hierarchical structures, and honeycomb-like config-
urations with high geometric complexity [19, 20]. This capa-
bility is particularly beneficial for light-weighting structures
that employ heavy refractory HEAs, where the optimized
cellular configurations can enhance performance efficiency
without compromising strength [21-23]. AM allows for
greater design flexibility, reduced material waste, and the
ability to produce customized, highly complex geometries,
making it a preferred method for fabricating advanced struc-
tures with HEAs [21-25]. Recent literature demonstrates the
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synthesis of cellular HEAs by direct ink writing and binder
jetting, that do not require melting and leverage pressure-less
sintering to densify the part to a desired level; the inclusion
of designer porosity fractions contribute to the reduced den-
sities [26—29]. CoCrFeNi HEA microlattice fabricated by
direct ink writing reveals superior performance under cryo-
genic conditions [30]. The tensile strength of CoCrFeNiMn
HEA samples synthesized by injection molding followed by
sintering across different temperatures [31], are comparable
to alloys produced by casting and spark plasma sintering. 3D
printed porous (67%) iron via an extrusion- based method
[32] is able to assume an interconnected and biodegradable
cellular structure, as are 3D printed Fe-Mg porous scaffolds
that are found to be MRI-friendly and biodegradable [33].
Likewise, highly porous 316L stainless steel manufactured
via binder jetting [34] assumes elastic properties equiva-
lent to that produced by conventional route. Nonetheless,
scalability to industrial specimens with low production cost
are challenges that limit the wider implementation of some
of the above approaches. Additionally, this method is cost
effective considering the machinery and setup cost as com-
pared to most of the other techniques of additively manufac-
tured porous materials namely, selective laser melting [35],
laser powder bed fusion [36], wire arc additive manufac-
turing [37], electron beam manufacturing [38]. To address
these shortcomings, we introduce a novel thermal solvent
extraction-based AM process leveraging stereolithography
(SLA) and sintering to produce lightweight HEAs. As elabo-
rated below from the characterization, the smaller particles
serve as fillers to weld larger particles, rendering a hardness
of ~400 HV and density of ~4.3 g/cm®.

Experimental

Gas atomized high purity (99.5%) AlCoCrFeNi HEA
powder (Elemental Metals, average particle size 20 pm) is
mixed 1:1 by volume with a transparent (crucial to enable
higher energy absorption in the presence of powder parti-
cles) ultraviolet (UV) sensitive triethylene glycol dimeth-
acrylate (TEGDMA) based resin. This slurry serves as
the feedstock for a stereolithographic 3D printer equipped
with a monochromatic LCD mask that cures the resin at
a wavelength of 405 nm. The monochromatic mask pro-
vides an enhanced energy input to cure the slurry with the
powder particles, augmenting the transmission of UV light
navigating around the alloy powder. To improve adhesion
to the build plate, we cure the resin without powder par-
ticles for the first few (~ 10) layers followed by curing the
slurry, layer by layer, to form a sturdy green composite
pellet of 10 mm in diameter. These pellets are baked at 550
°C for 4 h to extract the solvent (green part) in a flowing
argon atmosphere at 40 psi (2.7 atm.) and create a green
part free from resin. Further, the green part is sintered at
an optimum temperature of 1200 °C for 24, 48, and 96 h to
promote densification assisted by the neck formation and
growth. A pictographic representation of the synthesis is
included in Fig. 1. Additional procedural details on experi-
mental design are provided as Supplementary Information.

These sintered pellets are mounted and polished (180
to 1200 grit SiC and colloidal silica) to eliminate sur-
face oxides and prepare the samples for metallographic
characterization. XRD (Pananalytical; Cu-Ka target
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Fig.1 Schematic of thermal solvent extraction using SLA-based
AM: a AlCoCrFeNi powder particles are mixed in a transparent
photopolymer resin with a resin to powder ratio of 1:1 by volume. b
The mixed slurry is cured layer-by-layer using SLA-based AM tech-
nique to obtain a cured green composite (¢). d The green composite
is baked for 4 h at 550 °C to evaporate the resin retaining the green
part ready for sintering. e The sintering cycle shows the temperatures
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and times the green part is subjected to during baking and sintering.
Optimum conditions for sintering are found to be at 1200 °C for 24 h
followed by furnace cooling. f A pictorial representation of the sinter-
ing mechanism to demonstrate the initiation of the physical contact,
followed by the neck formation and growth densifying the component
(Color figure online)
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at A=1.54 nm), scanning electron microscopy (SEM)
(Hitachi 4300SE), and energy dispersive X-Ray Spectros-
copy (EDS, Octane elite) are performed to identify the
phase, microstructure, and the composition of the syn-
thesized HEA. The density of the samples is measured
using an in-house setup with a high accuracy of 6 decimal
places. Vickers microhardness (Leco LM 248) measure-
ments are performed at 10 gf with a dwell time of 10 s. The
particle size of gas atomized powder and sintered samples
is analyzed using ImagelJ. Also, the fabricated samples are
compared against arc-melted AlICoCrFeNi HEAs.

Results and Discussion

The observations from the SEM and EDS characterizations
of AlICoCrFeNi HEA powder particles with average particle
size of ~20 um, are presented in Fig. 2a—c. The powder par-
ticles are near-spherical with a few satellite particles on the
surface. Cross-sectional analysis from the EDS reveals dense
particles with a homogeneous distribution of the constitu-
ent elements with a near equiatomic composition (Table 1).
XRD on the as-received powder and samples sintered over
various times i.e., 24, 48, 96 h, are reproduced in Fig. 2d.
The as-received powder exhibits a BCC phase, but after pro-
longed sintering, peaks corresponding to the oxides of Al
and Cr are recorded. The broadening in XRD peaks is attrib-
uted to the interplay of finite crystal size of powder parti-
cles, the internal stresses from non-uniform solidification,
and the finer-scale grain/defect morphologies [39—41]. The

Fig.2 Microscopic characteri-
zation of the powder particles.
a SEM images of the powder
shows that the particles are
near-spherical in shape with a
few satellite particles on their
surfaces. b EDS analysis on

the cross-section reveals dense
powder particles with a homog-
enous composition and distribu-
tion of candidate elements. ¢
The particle size distribution

Table 1 Elemental composition of AlCoCrFeNi powder validating
near equiatomic composition

Element Fe Co Ni Al Cr

At % 20.37 18.88 18.31 20.92 21.52

peak shift suggests stabilization of the alloys sintered for 24,
48, and 96 h through a transformation of the BCC to FCC
phases. We also note from the XRD that the proportions of
FCCloxides in the samples increase with increased sintering
times. To deeply probe of this phase conversion, we further
scrutinize the SEM and EDS results of the sintered samples.

Note that although we perform SEM characterization on
all three samples, sintered respectively for 24, 48, and 96 h,
we primarily interrogate the former that assumes an opti-
mum density (~4.3 glcm?, ~62% of fully dense component)
with minimal oxidation and notable hardness (~400 HV).
The SEM images (Fig. 3a—d) reveal a dense part with well-
connected powder particles, and the occurrence of a natu-
rally aspired porosity resulting from resin evaporation. Fig-
ure 3c, d show the SEM micrographs of the sintered samples
at different magnifications highlighting the neck formation
and the welding of smaller particles between large particles.
The sintering process, executed in a vacuum environment,
recreates an impressive quality for the neck formation via
this pressure-less sintering. The surface energy of particles
is inversely correlated to their radii. Figure 2c indicates an
abundance of powder particles with diameters < 10 um.
These small particles support sintering via welding between
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Fig. 3 Microscopic characteri-
zation of the sintered alloy. a, b
SEM investigation of sintered
part at 24 h indicates well-
connected powder particles with
a notable porosity (see Fig. S2
in Supplementary Information),
¢, d Magnified images of (b)
reveal the formation and growth
of the neck (circled in red). The
smaller particles are consumed
by larger counterparts (particles
p; and p, are joined to particle
p; via various coalesced small
particles) through a diffusion
mechanism at elevated tempera-
tures. e EDS map of the sintered
part uncovers a concentration of
Al and Cr on the surface of the
alloy while Cr, Co, Fe, and Ni
are distributed within the mate-
rial. f Microhardness measure-
ments of the samples sintered
at various times produce the
highest hardness ~400 HV at
24 h of sintering time, with a
density ~4.3 g/cm?. The hard-
ness reduces with increasing
sintering time, while increasing
the density simultaneously. g
Density and relative density of
sintered parts as compared with
arc melted value (Color figure
online)

Microhardness (HV)

0

larger particles as described by the red circles in Fig. 3c, d.
From the SEM micrographs on porous Fe and Mg-Fe based
scaffolds reported by Putra et al., it can be seen that smaller
particles weld on/in-between larger particles that augments
the sintering process [32, 33]. The surface energy of small
particles is higher relative to larger particles, and this addi-
tional energy reduces the activation energy for the onset
of diffusion and leads to the formation of a neck between

@ Springer

24 hrs 48 hrs 96 hrs Arc- Literature

[JMicrohardness (9)7:][’0"“)' Hoq
o g o 0.8 >
Es . 2
- = : 0.6 §
54 8
23 04 2
® ‘ ®
c 2 w 5
a \ 02 &
1 [
0 0

24 hrs 48 hrs 96 hrs Arc- Liter'ature

melted melted

particles. Once the larger particles are connected via a small
particle, diffusion initiates and these smaller particles are
consumed in the process which leads to the densification of
the alloy. A similar trend in grain size growth is reported for
CoCrFeNiMn HEA [31].

Similar findings for neck formation with binder jetting
followed by sintering of CoCrFeMnNi HEA are available
in the literature [42]. We juxtapose the similarity in necking
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and the initial bonding between the results presented here
and Xu et al.’s report [20]. As the temperature increases,
the powder particles adhere to each other initiating a neck.
Using molecular dynamics simulations, we have elucidated,
elsewhere, that when particles come in contact, the neck-
ing initiates at a lower temperature and subsequent heat-
ing promotes the neck growth instigated from this contact,
thereby densifying the material [43]. Additionally, it was
discovered that for AICoCrFeNi HEA there is a noticeable
increase in neck diameter between 827 and 1077 °C [26].
However, in this study, we conducted sintering at tempera-
tures of 1200 °C, 1225 °C, 1250 °C, 1275 °C, and 1300 °C.
We determined that 1200 °C is the optimal sintering tem-
perature, which closely aligns with molecular dynamics
(MD) simulations ~ 1077 °C. The neck formation process
initiates at the point of initial contact during resin removal
at 550 °C. Subsequent diffusion is facilitated by the high
surface energy (2.3 J/m? at 1077 °C, as predicted by first-
principles calculations [26]), and it is primarily driven by
the elevated temperature. In addition, the process induces a
naturally aspired porosity based on the powder packing and
the resin-to-powder ratio (Fig. 3a), resulting in a reduced
density and weight. We note surface oxidation of Al and Cr
present in the sample through the EDS maps (Fig. 3e). We
use high purity research-grade Ar gas to extract the green
part from the resin; nonetheless, trace amounts of oxygen
are present in the gas, causing oxygen to be trapped on the
surfaces of the powder particles that subsequently promote
the formation of Al based and traces of Cr-based oxides at
higher temperatures (see Fig. S3 in Supplementary Informa-
tion). However, these passivating surface oxides render the
alloy resistant to further oxidation due to the high surface
area resulting from the low density. In principle, similar oxi-
dation mechanism can be leveraged with tailored composi-
tions, where powder particles coated with oxidizing agents
can enable passivating surface oxides, while the bulk alloy
is able to reproduce structural properties and endure harsh
environments at elevated temperatures.

The above-discussed BCC to FCC phase transformation
by surface oxide formation contribute to the reduction in the
alloy hardness. Figure 3f, g displays the Vickers microhard-
ness and average density of the sintered pellets, respectively.
The porosity is estimated using the SEM micrographs of
the sintered pellets and represented as percentage porosity
in Fig. S1 of the Supplementary Information. Given that
porosity reduces with increased sintering time, our results
are in close agreement with findings in the literature for a
different processing modality [34]. We corroborate from
Fig. 3a—e that the powder particles undergo a robust sinter-
ing at a 1200 °C for 24 h, and any further sintering increases
the possibility of gradual oxidation that reduces the hard-
ness of the samples (Fig. 3f). The oxidation causes deple-
tion of Al in the alloy powder, which otherwise would have

stabilized the BCC phase [44]. Various fractions for Al have
been extensively mixed with Co—Cr-Fe—Ni based MPEAs
to improve the hardness and trigger the transformation to
a dominant BCC phase in HEAs [45-48] phase in HEAs
[45-48]. Thus, we establish 24 h to be the optimal time for
the sintering and the manufacture of lightweight and high-
hardness porous AlICoCrFeNi HEAs.

Conclusion

In summary, we reiterate that to realize the promise that
MPEAs have demonstrated with the exceptional mechani-
cal and catalytic properties of some of the compositions,
pathways to manufacture them with reduced density is criti-
cal. While architected, hierarchical, and cellular structures
can address some of the associated challenges by producing
lightweight alloys, the costs associated with scalable produc-
tion of these components is high due to specialized skills and
the difficulty in procuring suitable equipment. We present a
cost-efficient thermal-solvent extraction based AM technique
that produces low-density MPEAs with porous structures. A
pre-alloyed powder of AICoCrFeNi HEA is mixed in a trans-
parent photopolymer resin that is used in the SLA process to
synthesize a cylindrical green specimen. The latter is baked
at 550 °C to extract the green part free from the resin, and
further heated in a vacuum environment at 1200 °C to pro-
mote sintering by the formation and growth of the neck. The
part sintered for 24 h exhibits BCC and FCC phases together
with surface oxides of Al (prominent) and Cr (traces), and
assumes a hardness ~400 HV and density ~4.3 g/cm>. SEM
characterization reveals a well-connected sintered part with
passivating surface oxides on the powder particles, which is
advantageous to the alloy under high temperature and oxi-
dizing environments. Increasing the sintering time beyond
24 h reduces the hardness while promoting oxidation, which
is detrimental to the alloy part. A wide range in the particle
size distribution contributes to the manufacturing process
by enhancing the sintering mechanism, wherein the smaller
particles serve as fillers to weld larger particles. Further
research is essential to understand the effect of different
particle size distributions on the properties of the sintered
parts. A deeper understanding of thermal expansion and
conductivities for these materials is needed to design parts
with higher geometric precision. Investigating the corrosion
behavior in the presence of biological fluids is imminent
for assessing the suitability of these materials for use in bio
implants. This customizable fabrication method for biomedi-
cal implants presents a cost-effective alternative compared to
conventional AM techniques such as selective laser melting,
laser powder bed fusion, wire arc and electron beam manu-
facturing. Its efficiency and adaptability make it a promising
approach for meeting physiological requirements in implant
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applications. This AM technique holds advantages over the
other approaches in terms of process simplicity, throughput,
and potential scalability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44210-024-00029-z.
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