Scripta Materialia 190 (2021) 46-51

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

Additive manufacturing of three-dimensional (3D)-architected n

CoCrFeNiMn high- entropy alloy with great energy absorption

Check for
| updates

Siyuan Peng®", Shahryar Mooraj?, Rui Feng¢, Liang Liu?, Jie Ren?, Yanfang Liu?,
Fanyue Kong?, Zhiyu XiaoP® Cheng Zhu¢, Peter K. Liaw¢, Wen Chen®*

2 Department of Mechanical and Industrial Engineering, University of Massachusetts, Amherst, MA 01003-2210, USA
b National Engineering Research Center of Near-Net-Shape Forming for Metallic Materials, South China University of Technology, Guangzhou 510640,

People’s Republic of China.

¢ Department of Materials Science and Engineering, The University of Tennessee, Knoxville, TN 37996, USA

d Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

ARTICLE INFO ABSTRACT

Article history:

Received 5 June 2020

Revised 3 August 2020
Accepted 19 August 2020
Available online 28 August 2020

Keywords:

Additive manufacturing
Direct ink writing
High-entropy alloy
Architected materials
Mechanical property

In this study, we developed an approach to additive manufacturing of three-dimensional (3D)-architected
CoCrFeNiMn high-entropy alloys by direct ink writing combined with thermal sintering. The 3D-
architected CoCrFeNiMn lattices exhibit the outstanding energy absorption capacity that expands the
envelope of existing architected materials. Such a high-energy absorption ability originates from the
bend-dominated deformation mode of the 3D-architecture as well as the fully-annealed homogeneous
microstructure of equiaxed grains, which collectively lead to remarkable strain hardening upon defor-
mation. Our study provides a new avenue for 3D-printing advanced architected materials with extreme
mechanical energy absorption for a myriad of structural applications.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Architected materials are ubiquitous in nature and engineer-
ing materials alike. For example, wood and bone are biologically-
architected materials with low weight and superior mechani-
cal properties [1]. Architected materials are often desirable for a
wide variety of engineering applications, such as heat exchange
[2], catalysis [3,4], mechanical damping, and energy absorption
[5-9]. The performance of architected materials is governed by
their topology and the constituent material. Conventional manu-
facturing techniques for architected materials often rely on joining
and foaming of the liquid melt, which impose a limitation on the
topology [10]. With the recent advancement of additive manufac-
turing (AM), also called three-dimensional (3D) printing technolo-
gies, materials and components with 3D geometrically-complex
topologies that were previously difficult can now be directly re-
alized [5,6,8]. Through AM, architected materials have been thus
far synthesized in many engineering materials, such as steels [11],
titanium alloys [12], aluminum alloys [13], or even ceramics [14].

A material class in which the development of architected ma-
terials towards superior mechanical performance is promising is
high-entropy alloys (HEAs). HEAs are a new family of materials
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that contain high concentrations of five or more different elements
in near equi-atomic proportions [15-17]. They are different from
the conventional alloys that usually consist of one primary ele-
ment with low concentrations of other alloying elements. Concep-
tually, this radical departure from the conventional alloy-design
motif opens up a new avenue for explorations of new materials.
Although some fundamental understanding, such as the thermo-
dynamic origin of the phase selection of HEAs, remains elusive,
HEAs have been reported to exhibit exceptional mechanical prop-
erties, including ultrahigh fracture toughness paired with com-
parable strength to that of some metallic glasses, making them
promising candidates for engineering applications [15,18-20]. To
harness the combined advantages of AM and HEAs, significant ef-
forts on AM of HEAs have been made in recent years [21-28].
Earlier studies mainly focused on laser- or electron-based AM
methods, including selective laser melting (SLM) [26], laser en-
gineering net shaping (LENS) [29,30], and electron beam melting
(EBM) [31]. However, these methods have some inherent limita-
tions, such as the intensive energy requirement and high operation
costs [32]. The highly-localized melting, strong temperature gra-
dient, and great solidification-front velocity associated with these
AM processes generate extremely nonequilibrium microstructures
associated with complex thermal histories that often result in sig-
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nificant residual stresses or even micro-cracks that deteriorate the
performance and fidelity of the fabricated parts or architectures
[33,34].

To overcome these limitations, Kenel et al. [35] recently in-
troduced a novel AM approach to fabricate a 3D CoCrFeNi HEA
architected microlattices by direct ink writing (DIW) combined
with thermal sintering. DIW is an emerging low-cost 3D-extrusion-
based AM technique that enables 3D printing of materials into
complex architectures with high fidelity [36-39]. The CoCrFeNi
HEA microlattices was synthesized by DIW of colloidal inks con-
taining a blend of oxide nano-powders (Cr,03, NiO, Fe;03, Co304),
followed by co-reduction and sintering of the oxide inks into
a solid-solution alloy in a flowing hydrogen (H,) environment.
The sintered CoCrFeNi microlattices exhibit outstanding mechani-
cal properties at cryogenic and ambient temperatures [35]. Despite
the blend of a variety of oxide nano-powder inks enables some
compositional flexibility in printing HEAs, the requirement of co-
reduction sintering poses an inherent challenge in fabricating HEAs
containing reactive constituent elements, such as Al, Mg, Ti, Mn,
the oxides of which (i.e., Al,03, MgO, TiO, and MnO) are all diffi-
cult to be reduced by H, based on the well-known Ellingham dia-
gram [40]. Nevertheless, these reactive elements are often designed
as critical constituent elements in HEAs to achieve desired me-
chanical and physical performance [41]. Here, using CoCrFeNiMn
as an example, we develop an approach to AM of 3D-architected
HEAs by DIW of pre-alloyed CoCrFeNiMn micro-powders combined
with direct post-sintering. The sintered 3D-architected CoCrFeN-
iMn demonstrates a homogeneous microstructure with exceptional
mechanical energy absorption that far exceeds conventional metal
architectures.

Within the DIW process, structures are built layer-by-layer
through the filamentary deposition of inks. A critical step of this
AM technology is the development of inks with appropriate rheo-
logical properties so that they can flow through a micro-nozzle to
form continuous filaments under pressure and drying upon exiting
to retain their shape (Fig. 1a). In this study, we developed an ink
formulation comprised of organic solvents of 10 mL Tetrahydro-
furan (THF, Fisher Scientific) and 0.1 mL 2-Butoxyethanol (Fisher
Scientific), 1 gram Poly(methyl methacrylate) - poly(n-butyl acry-
late), i.e., PMMA-PnBA block co-polymer binder (Kuraray Ameri-
can, Inc.), and 32 grams pre-alloyed CoCrFeNiMn micro-powders
by gas atomization (size: 15 ~ 32 um, Jiangsu VILORY New Ma-
terial Technology Co, Ltd. China). A volumetric ratio of 8:2 was
adopted for the CoCrFeNiMn micro-powders and the binding poly-
mer, respectively, for the ink synthesis. To ensure homogeneity, the
ink was mixed by a planetary centrifugal mixter (Thinky Are-310).
After stabilization, the ink showed a typical shear-thinning char-
acteristic with a shear viscosity range of 102 - 10° Paes that is
appropriate for DIW (Fig. 1b). The ink was thereafter loaded into
a syringe-barrel (Nordson EFD) and pressurized through a tapered
nozzle of 250 um in diameter onto a planar alumina substrate un-
der a computer digital control. To achieve the 3D-architected CoCr-
FeNiMn, exemplary woodpile lattices of different relative densities
were printed by adjusting the spacing (or the so-called hatch dis-
tance) of the filaments ranging from 250 um to 800 um while
maintaining the filament diameter of ~ 250 ym (Fig. 1c). Each sub-
sequent layer was rotated by 90° from the previous layer and no
shift between layers was used for all the microlattices. The printed
CoCrFeNiMn lattices were sintered in a tube furnace (KSL-1700X-
KS, MTI) under the flowing Argon (99.99 wt%, 200 ml/min, Airgas).
A multi-step heating profile with a heating rate of 5 K/min. was
used to remove the moisture (373 K, 0.5 hr), organic solvents (500
K, 1 hr), and binding polymer (700 K, 1hr), followed by thermal
sintering at the peak temperature (1,420 K, 12 hrs) and eventually
furnace cooled (Fig. 1d). Note that such a peak sintering temper-
ature was selected as approximately 0.95 T,;, where the equilib-

rium melting temperature, T, ~ 1,530 K, for the CoCrFeNiMn al-
loy [42]. The average linear shrinkage of the CoCrFeNiMn sample
after sintering is approximately 12.3%. The shrinkage results from
the evaporation of the excess solvents, the burnout of the poly-
mer binder, and the solid-state-sintering-induced volume reduc-
tion. In comparison with prior studies, the linear shrinkage of our
CoCrFeNiMn is similar to the sintered Ni-Mn-Ga (10-15%) [43]. In
other examples of metal lattices fabricated by direct ink writing of
metal oxides combined with hydrogen co-reduction sintering, the
linear shrinkages are significantly higher, for example, 44% for Fe
(sintered from Fe,03) [44], 40% for Ni (sintered from NiO) [44],
and 45% for CoCeFeNi (sintered from a mixture of Co304, Cry03,
Fe,03, and NiO powders) [35]. These higher shrinkages possibly
arise from the oxygen loss during the hydrogen reduction process
[44].

Microstructural analysis was conducted by a scanning electron
microscope (SEM, Zeiss EVO) equipped with a Bruker's QUANTAX
e-Flash electron backscatter diffraction (EBSD) detector. The crys-
tal structure of the sintered sample was confirmed by Panalytical
X-ray diffraction (XRD), using a Cu-K, target with the 26 scan-
ning range of 20° ~ 100° at a scanning rate of 8°/min. The chemi-
cal compositions of the prealloyed powders and the sintered sam-
ples were measured by the inductively-coupled plasma mass spec-
trometry (ICP-MS) and SEM-EDX (energy-dispersive X-ray spec-
troscopy), respectively. The relative density of the sintered micro-
lattices was measured by the weight and geometric volume. To
study the energy absorption of the 3D-architected CoCrFeNiMn,
uniaxial compression tests of the microlattices with dimensions of
approximately 5 mm x 5 mm x 4 mm (height) were performed
on an Instron 5969 machine with a strain rate of 5 x 1074 s~1 at
room temperature. The displacement and the strain were precisely
recorded by a non-contact AVE2 video extensometer. To facilitate
the fundamental understanding of the microstructure and the me-
chanical property of the constituent material of the 3D-architected
CoCrFeNiMn, bulk specimens were also printed and sintered under
the same processing conditions. Bulk uniaxial compression pillars
of 2 mm x 2 mm x 4 mm (height) were cut by electrical discharge
machining and tested under the same strain rate.

Fig. 2 shows the SEM image, XRD pattern, EBSD inverse pole
figure (IPF) of the 3D-architected CoCrFeNiMn in both the as-
sintered state and deformed states at compressive strains of 15%
and 45%. The microstructural evolution after deformation is shown
here for a direct comparison and will be discussed later. In the
as-sintered state, a homogeneous single-phase FCC structure was
revealed (Figs. 2a-d). The SEM-EDX revealed a similar chemical
composition of the sintered specimen, as compared to the preal-
loyed powders, of which the composition was measured by ICP-
MS (Table S1). Moreover, a highly-uniform elemental distribution
was identified after sintering (Fig. S1). The EBSD-IPF map (Fig. 2d)
shows the prevalence of the equiaxed coarse grain structure with
randomly-oriented grains. The grain size ranges from a few mi-
crons to 50 microns, with an average grain size of approximately
24.3 um (Fig. S2). Meanwhile, annealing twins were frequently ob-
served in the grain interior, which has also been reported in the
sintered CoCrFeNi HEA [35] and in fully-recrystallized CoCrFeN-
iMn HEAs [15]. Overall, this well-annealed equiaxed microstruc-
ture is fundamentally distinct from that prepared by the other
energy intensive laser or electron beam-based AM, whereby far-
from-equilibrium microstructures often prevail [45]. This trend
suggests that the DIW technique has the potential to provide
structurally-homogenous samples with negligible residual stresses
due to the full inter-diffusion and isothermal sintering [35]. Never-
theless, some residual pores of ~ 5% by the volume fraction (es-
timated by the Image] software) were also observed, mainly lo-
cated at grain boundaries and triple junctions (Fig. 2d), despite
the relatively-high sintering temperature (0.95T,) and long sin-
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Fig. 1. Fabrication process of the 3D-architected CoCrFeNiMn. (a) Schematic illustration of the DIW technique. During the DIW process, a suspension ink is extruded through
a nozzle to print the desired 3D-architected materials. The inset image shows the rapid solvent evaporation after extrusion. (b) Rheological properties of the CoCrFeNiMn
ink. The apparent viscosity continuously decreases with increasing the shear rate, resulting in a shear-thinning viscoelastic behavior. The storage modulus (G’) and the loss
modulus (G”) are sensitive to the varying shear stresses (or strains) and form a “crossover”, which is necessary for printability, suggesting a liquid-like behavior during DIW
and a solid-like behavior after printing to facilitate shape retention. (c) Photograph of the CoCrFeNiMn woodpile lattices with gradually increasing relative densities after
sintering by continuously decreasing filament spacing from left to right. (d) A multi-step sintering process of the 3D-architected CoCrFeNiMn.

tering time (12 hrs). Compared with the sintered CoCrFeNi HEA
by co-reduction sintering that shows a low porosity of ~ 0.4%
[35], the significant residual pores here may be attributed to the
large starting powder sizes of 15 ~ 32 um that result in a less
driving force at the last stage (i.e., densification) of solid-state
sintering [46].

A typical compressive engineering stress-strain (o-¢) curve of
the 3D-architected HEA is shown in Fig. 3a. Similar to many
other ductile architected materials [1], the o-& curve of the 3D-
architected CoCrFeNiMn is characterized by three progressive de-
formation stages: (i) linear elasticity; (ii) plastic flow plateau; and
(iii) final densification. The flow stress smoothly increases with
no stress serrations and exhibits the pronounced strain-hardening
characteristic in the plastic-plateau stage, suggesting that the struts
of the 3D-architected CoCrFeNiMn lattice are plastically deform-
ing rather than fracturing upon compression [47]. The densifica-
tion stage is designated by a rapid stress rise after the plateau
stage. The densification strain, €49, can be quantitatively deter-
mined by an energy-absorption-efficiency method, which yields a
precise and consistent measure for the onset of the densification
[48,49].

Fig. 3b shows the o-¢ curves of the 3D-architected CoCrFeN-
iMn lattices with a wide range of relative densities from 0.35 to
0.69. The o-¢ curve of the bulk specimen under the same sintering
protocol is shown in Fig. S3 (Supplementary Materials). The yield
strength (0.2% proof stress) of the HEA lattices scales directly with
the relative density. In general, the Gibson-Ashby model can be
well adopted to quantify the yield-stress dependence of an open-

cell architected material on the relative density as follows [1]:

* x\ N

LAY (&) (1)
Os Ps

where o ~ 196 MPa is the yield strength of the bulk constituent
CoCrFeNiMn alloy (Fig. S3). ps is the density of the bulk sam-
ple. o* and p* are the yield strength and the density of the 3D-
architected CoCrFeNiMn lattices, respectively. The value of the scal-
ing exponent, n, depends on the nature of the deformation mode
in the material: n ~ 1 when the struts deform under axial stresses
(stretch-dominated), and n ~ 2 ~ 3 when the struts deform un-
der bending stresses (bend-dominated) [1]. Here, by plotting the
relative yield strength, o*/os, as a function of the relative den-
sity, p*/ps, on a logarithmic scale (Fig. 3c), n ~ 1.9 was fitted,
suggesting a bend-dominated deformation mechanism in the 3D-
architected HEA woodpile lattices.

Among the mechanical properties of architected materials, the
energy absorption per unit volume upon densification (W) is crit-
ical for their structural applications [1]. W is quantitatively de-
scribed by

/a(e)ds (2)
0

W =

where the onset of densification strain, €49, is the strain at the
maximum energy-absorption efficiency. The energy-absorption ef-
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Fig. 2. Microstructural characterization of the 3D-architected CoCrFeNiMn. (a) SEM image. (b) EBSD-phase map of the same area of (a). Note the areas nearby the micropores
were difficult to be indexed. (c) XRD pattern. (d)-(f) EBSD-IPF images of the 3D-architected CoCrFeNiMn in the as-sintered state, deformed at strains of 15% and 45%,
respectively. (g)-(i) statistical kernel average misorientation (KAM) angle distribution at different strain stages (refer to Fig. S5 for the KAM images). Note that the compression
is along the Y-direction and the IPF map is along the X-direction.
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Fig. 3. Mechanical properties of 3D-architected CoCrFeNiMn lattices. (a) Representative compressive stress-strain (o -¢) curve. Three deformation stages of (i) linear elasticity,
(ii) plastic plateau, and (iii) final densification are identified. The progressive deformation morphologies of the 3D-architected lattice are in-situ captured by a camera (b)
Compressive o-¢ curves of the 3D-architected CoCrFeNiMn woodpile lattices with different relative densities ranging from 0.35 to 0.69. (c) Scaling plot of the relative yield
stress (0*/os) versus relative density, p*/ps. (d) Plot of energy absorption per unit volume (W) versus relative density. The mechanical properties of the sintered bulk
CoCrFeNiMn (Fig. S3) are included in (c) and (d).
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ficiency, 7, is strain-dependent and is defined by [49]

n(e) = % [oede 3)
0

Therefore, ¢4 can be simply identified by the differentiation of
Eq. (3)

dn(e)
de

=0

€=€qo

(4)

A typical n-& curve is shown in the Fig. 3a inset whereby
&40 is denoted. Combining Eqs. (2)-(4), the energy absorption per
unit volume versus relative density was calculated and plotted in
Fig. 3d. Notably, W continuously increases from 155 to 333 MJ/m3
as the relative density of the 3D-architected CoCrFeNiMn lattice in-
creases from 0.35 to 0.69. This trend is consistent with the strong
dependence of the flow stress on the relative density (Fig. 3b). For
a direct comparison with architected structures made of other ma-
terials, an energy absorption-density Ashby chart is constructed
(Fig. 4), in which the 3D-architected CoCrFeNiMn exhibits out-
standing energy absorption that is not accessible by existing ar-
chitected materials, such as steel and titanium alloy architectures
with similar densities [50-61]. For example, when p* ~ 6 g/cm?,
W = 333 MJ/m3 for our AM 3D-architected CoCrFeNiMn, which
is almost three times of W = 116 MJ/m3 for the Ti-6Al-4V archi-
tected materials [56] and two orders of magnitude higher than
that of W ~ 2 MJ/m? for the stainless-steel foams [57]. To fur-
ther compare with the mechanical performance of the lightweight-
architected materials, such as the aluminum-alloy foams or lat-
tices, the specific energy-absorption capacity, U = W/p*, is also
employed here to normalize the density effect. The remarkable
specific energy absorption of U = 54 ~ 63 ]/g is derived for the 3D-
architected CoCrFeNiMn, which rivals the mechanically-efficient Al-
10Si-Mg (wt.%) gyroid lattices (20 ~ 25 J/g) [52], architected carbon
nanotube (CNT)-polyamides (PA) composites with auxetic struc-
tures (~ 20 J/g) [50], and lightweight hollow nickel nano-lattices
(~1]/g) [2] (Fig. 4). Compared with the CoCrFeNi HEA microlattice
with a grain size range of 35 ~ 80 um, at the same relative density
of ~ 60%, o* ~ 90 MPa, and W = 235 MJ/m?3 for the CoCrFeNiMn
microlattice, which are slightly higher than 77 MPa and 210 MJ/m3
for the CoCrFeNi microlattice [35] (Fig. S4).

We speculate that the outstanding energy absorption of the
3D-architected CoCrFeNiMn is attributed to the fully-annealed mi-

crostructure where remarkable strain-hardening was observed in
both the 3D lattices and the constituent bulk specimen (Figs. 3
and S3). To understand the microscopic deformation mechanism,
the deformed microstructures at different strain stages of 0% (as-
sintered), 15%, and 45% were analyzed by EBSD (Figs. 2d-i and S5).
The average grain size was drastically decreased from ~ 24 um in
the as-sintered state to ~ 10 um at &€ = 45% together with a no-
ticeable increase in the local misorientation, suggesting the multi-
plication of geometrically-necessary dislocations (GNDs) upon de-
formation [62,63]. The density of GNDs, pgnp, can be quantitatively
estimated, based on [64]

20kam

b (5)
where 6y is the kernel average misorientation angle (Oyay ~
0.0139, 0.0213, and 0.0268 for ¢ = 0%, 15%, and 45%, respectively).
x is the unit length, x = 2 « Px, which Px is the step size used in
the EBSD acquisition. b ~ 0.254 nm is the Burgers vector (the lat-
tice constant, a = 0.3592 nm was calculated from the XRD). Hence,
ocnp ~ 118 x 10 m=2, 1.78 x 10 m~2, and 5.52 x 10 m~2 for
& = 0%, 15%, and 45%, respectively. In addition to such an intrinsic
dislocation-hardening mechanism in the constituent material, the
bend-dominated macroscopic deformation mode of the woodpile
lattices is likely to be another mechanism responsible for the re-
markable strain hardening of the 3D-architected CoCrFeNiMn upon
compression, as evidenced in many other ductile-architected met-
als with a woodpile lattice topology [65].

In summary, we have developed an approach to AM of 3D-
architected HEAs by DIW of the pre-alloyed CoCrFeNiMn combined
with direct post-sintering. The 3D-architected CoCrFeNiMn wood-
pile lattices exhibit an exceptional energy-absorption capability
that expands the envelope of existing architected materials. Such a
high energy-absorption ability originates from the bend-dominated
deformation mode of the architecture topology as well as the fully-
annealed microstructure of homogeneous and equiaxed grains,
which collectively result in significant strain hardening upon de-
formation. Our work offers new opportunities for designing and
3D-printing advanced architected materials with extreme mechan-
ical energy absorption for many applications, including packaging
and other highly-value-added industries. Further work will be per-
formed in the future to fully understand the micro-mechanisms
of the plastic deformation in these 3D-architected HEAs, which
is essential towards the optimized microstructure and architecture
topology.

PGND =
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