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Selective laser melting enabling the hierarchically heterogeneous microstructure
and excellent mechanical properties in an interstitial solute strengthened high
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ABSTRACT ARTICLE HISTORY
An interstitial solute strengthened high entropy alloy (iHEA), Fe495Mn30C010Cr10Co5 (at.%), was Received 17 July 2019
successfully additively manufactured via selective laser melting. The as-built iHEA exhibits a hierar-
chically heterogeneous microstructure with length scales across several orders of magnitude, which
engenders an enhanced strength—ductility combination relative to those fabricated by conven- laser melting; hierarchical
tional processing routes. The high yield strength mainly stemmed from the dislocation strength- microstructure; deformation
ening besides the friction stress and grain boundary strengthening. The joint activation of multiple twinning; phase
deformation mechanisms involving dislocation slip, deformation twinning and phase transforma- transformation

tion can maintain the steady work-hardening behavior at high stress levels, leading to a high

ductility.
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IMPACT STATEMENT

A hierarchical interstitial high entropy alloy, Fesg5Mn3¢Co10Crq0Co5 (at.%), was successfully addi-
tively manufactured via selective laser melting. Its exceptional strength—ductility synergy surpasses
that of the most SLM processed conventional alloys.

1. Introduction carbon, boron and oxygen, to develop the interstitial

High entropy alloys (HEAs) have attracted extensive  solute strengthened HEAs (iHEAs) is attractive to manip-
investigations due to their scientific significance and  ulate the mechanical properties [4-6]. For instance,
application prospects [1]. Recently, novel mechanism- a carbon-doped iHEA, Feq95Mn3pCo19Cri19Co 5 (at.%),
driven HEAs have been designed by incorporating other ~ could jointly activate the TWIP and TRIP mechanisms
strengthening and deformation mechanisms besides the ~ to harvest an enhanced strength-ductility combination

inherent solid solution strengthening, such as precip-  relative to the interstitial-free reference alloy [5,8,10,12].
itation strengthening [2,3], interstitial solid solution = However, leaving aside the production of structural com-
strengthening [4-6], twinning- or/and transformation-  ponents with sophisticated geometry, the precise con-

induced plasticity (TWIP and TRIP, respectively) [7-11],  trolling of metallurgy and subsequent thermomechan-
to push the property boundary of possibility. Of these  ical treatments based on the conventional fabrication
strategies, introducing the small-sized atoms, such as  methods causes significant inefficiency in term of cost
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and productivity [13]. With respect to the applications
of this novel alloy, it is crucial to develop advanced
manufacturing technologies in an integrated manner
while maintaining comparable properties.

Selective laser melting (SLM) could construct near-net
shape components through a layer-by-layer method with
design freedom [13]. During SLM, the highly localized
melting/solidification enables the formation of a hierar-
chically metastable microstructure that is not accessible
through the conventional metallurgical methods, engen-
dering excellent mechanical properties [14,15]. However,
as one of most versatile additive manufacturing tech-
nologies, the application of SLM to prepare HEAs is
still limited [16-18]. Herein, we employed SLM to fab-
ricate the carbon-doped iHEA to investigate its print-
ability, microstructures, tensile properties and defor-
mation mechanisms. The results of present investiga-
tions are important both scientifically, for bridging the
microstructure-property relationship of SLM processed
alloys, and technologically, for guiding the structural
design of HEAs.
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2. Materials and methods

The characteristics of the gas-atomized iHEA pow-
ders can be found in the Table S1 and Figure 1 in
the Supplementary information (SI). The samples were
fabricated in the argon atmosphere using a ProX 300
machine based on the optimal printing parameters:
laser power = 180 W, layer thickness = 40 um, hatching
space = 55 um, and scanning speed = 1000 mm/s. The
scanning strategy, building direction and scanning direc-
tion are shown in Figure S2(a). The tensile specimens
with a gauge dimension of 10 mm x 2.5mm x 1.2 mm
were machined from the block samples, as illustrated
in Figure S2(b). Tensile tests were performed with a
strain rate of 1073/s on a universal Instron-5982 testing
machine.

The chemical composition of the powder and as-
built samples was listed in Table S2, indicating that their
overall chemical composition is near to the nominal
composition with impurity elements of Al and Ni. The
porosity level was measured through area percentage

Figure 1. (a) OM images of the as-built iHEA. (b) SEimage obtained from the area in (a). The inset shows the equiaxed cellular structures.
(c) STEM image of the equiaxed cellular structures and the inset HRTEM image showing the distance across 5 {111} planes. (d) IPF map
and (e) phase map superimposed with the GB map. (f,g) IPF (the dashed lines show the fusion boundaries) and KAM maps. (h) STEM-EDS

maps of the cellular structures.



measurements using an optical microscope (OM), as
exhibited in Figure S2(c,d), validating the fabrication of
near fully dense samples with porosity level less than
1%. The microstructures of the samples were charac-
terized using X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), electron backscattered diffrac-
tion (EBSD), transmission electron microscopy (TEM)
and scanning TEM (STEM). For the EBSD grain bound-
ary (GB) maps, the 15° criterion was used to distin-
guish the low angle GBs (LAGBs) and high angle GBs
(HAGBs). TEM observations were carried out on a JEOL
2200F with a field mission gun operating at 200 kV.

3. Results and discussion

Figure 1 indicates that the as-built iHEA possesses a
hierarchically heterogeneous microstructure with length
scales across several orders of magnitude. The semi-
elliptical fusion boundaries are visible while the esti-
mated height and width of the melt pools were
55.3£9.5um and 95.1 £8.5pum, respectively (Figure
1(a)). The HAGBs and cellular structures are readily
traced in the SEM image (Figure 1(b)) and the average
size (1) of the cellular structures with either equiaxed or
columnar morphology is measure to be 0.63 0.23 um
(Figure 3). The STEM morphology (Figure 1(c)) reveals
the cell walls with average spacing of about 0.4 um are
decorated with a high density of dislocations with rel-
atively clean interiors. The inset high-resolution TEM
(HRTEM) image indicates the lattice constant of as-built
iHEA can be derived to be about 3.7 A. All elements
among the cells are uniformly distributed without appar-
ent segregation (Figure 1(h)). No carbides, as observed
in the SLM processed carbon-doped CoCrFeNiMn [17],
could be detected. Instead, a few Al-rich oxides formed
along cellular boundaries due to the oxidation of Al
impurity (Figure 4).

The grain orientation, phase and GBs information
were measured by EBSD (Figure 1(d-g)). The inverse
pole figure (IPF) map along the building direction in
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Figure 1(d) shows that columnar grains grew mainly
along the directions of <001 > and <101 > .In contrast
to the dual phases, viz. the face-centered cubic (FCC) y
phase and the hexagonal close-packed (HCP) € phase,
formed in this iHEA prepared by conventional meth-
ods [5], the phase map superimposed with the GB map
(Figure 1(e)) validates the formation of the single FCC
phase, which is also substantiated by the XRD results
(Figure 5). The thermally induced martensitic transfor-
mation could be kinetically inhibited due to the fast cool-
ing rate during SLM. The as-built iHEA contains a high
fraction of LAGBs (about 59%) without twin boundaries
(TBs). The approximate average grain size (d) based on
the HAGBs is ~ 10 ym. The IPF map (Figure 1(f)) can
substantiate the formation of columnar grains through
the epitaxial growth mode across the fusion boundaries.
The kernel average misorientation (KAM) map (Figure
1(h)) illustrates the local misorientation on the order of
0.2°-0.9° across individual grain.

The representative tensile engineering stress—strain
curves of the iHEA and coarse-grained (CG) iHEA were
shown in Figure 2(a). The as-built iHEA exhibited a
high yield strength (oy) and ultimate tensile strength
(outs) of ~710 MPa and 1 GPa, respectively, which are
much higher than those (~230 MPa and ~ 720 MPa)
of the CG iHEA [5]. Also, it maintains a high uniform
elongation (€,) of ~28%. Thus, the as-built iHEA pos-
sesses a comparable strength—ductility synergy to that of
high-performance iHEAs achieved through special hier-
archical microstructure design [12]. Figure 2(b) presents
the true stress—strain curves superimposed with the cor-
responding work-hardening rate versus true strain of
the as-built iHEA. The inset of Figure 2(b) illustrates a
pronounced work-hardening ability at high stress lev-
els, leading to a high ductility. Particularly, a direct
comparison of the oy and €, with those of SLM pro-
cessed conventional alloys, such as Ti alloys and stainless
steels, whose mechanical data are shown in the Table
S3, indicates its superior status in the strength—ductility
synergy, as illustrated in Figure 2(c). Therefore, the
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Figure 2. (a) Engineering stress—strain curves of the as-built iHEA compared to the CG iHEA with grain size of ~ 160 um. (b) True
stress—strain and work-hardening rate-true strain curves. The inset shows the work-hardening rate—true stress curve and the Considére’s
criterion for necking. (c) A summary of the oy, versus €, for various SLM processed alloys.
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extraordinary mechanical properties were achieved in
the iHEA through the integrated SLM process without
any post-treatment.

To understand the origin of the excellent properties,
the microstructural evolution during deformation was
characterized by EBSD (Figure 3). At an early deforma-
tion with a strain of 4% (Figure 3(a;)), a minor volume
fraction (~0.7%) of deformation-induced HCP phase
with a lath shape was detected within the FCC matrix.
Also, a few twins formed inside the FCC matrix, implying
that deformation twinning was activated to accommo-
date the plasticity. When the strain reached 12% and 22%
(Figure 3(az,a3)), the fractions of HCP phase increased
to ~1.9% and 6.3%, respectively, while twins fraction
increased to 6.3% and 7.1%, respectively. The lath HCP
phase tended to thicken and grew toward each other,
bringing in the formation of large blocks of HCP phase.
After fracture with €, of 28% (Figure 3(a4)), the frac-
tion of the HCP phase and twins further increased to
9.5% and 7.4%, respectively. The phase transformation
from FCC to HCP during deformation was supported by

the XRD in Figure 5. Besides, the KAM values (Figure
3(b1-by4)) increased apparently with the strain, suggest-
ing an increasing density of geometrically necessary dis-
locations [19].

The postmortem microstructure at different strain
levels were investigated by TEM for understanding the
steady work-hardening capability. Figure 4(a—c) present
the microstructures after initial deformation (¢ = 4%).
It is clear that the high density of dislocations were
trapped and accommodated within many cellular struc-
tures (Figure 4(a)). Additionally, planar slip bands with
width of several hundred nanometers formed in some
areas to carry the deformation (Figure 4(b)). More-
over, deformation twins and phase transformation can be
occasionally observed (Figure 4(c)). Based on the inset
selected area electron diffraction (SAED) pattern, besides
the diffraction spots from the deformation twins, the
weak diffraction streak pointed by an arrow provided
strong evidence of the formation of the HCP phase. These
HCP structures resided within the nanotwins, forming a
nanotwin-HCP lamella composite structure [20].
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Figure 3. (a;—a4) EBSD phase and GBs maps showing microstructural evolution at different strain levels. (b1—ba) Corresponding KAM

maps of the FCC and HCP grains.

Figure 4. Deformation structures of the iHEA after 4% strain. The insets in (b) and (c) show the SAED pattern.



When the strain increased to 12%, a higher density
of slip bands with a reduction of mean spacing tran-
sected the cell structures and the second slip system
was activated (Figure 5(a)). In addition, profuse stacking
faults (SFs) formed between slip bands (Figure 5(b)) and
these SFs could be intersected by the slip bands (Figure
5(c)), both of which are beneficial for the work-hardening
behavior [21]. Also, the amount of the nanotwin-HCP
structure apparently increased, which was not shown
here. After fracture with a €, ~28%, the complex three-
dimensional networks based on the interactions among
slip bands of different slip systems (Figure 5(d)) as well
as the interaction between slip bands and nanotwin-HCP
structures (Figure 5(e)) were clearly visible in several
regions. More significantly, the nanotwin-HCP structure
was detected frequently and the amount of the HCP
phase increased remarkably (Figure 5(f)). The detailed
orientation relationship and atomic structures of FCC
and HCP phases can be found in Figure S6. Generally,
with the plastic strain, along with the dislocation activ-
ities, deformation twinning and phase transformation
play increasingly essential roles in accommodating the
plasticity to maintain the steady work-hardening ability
at high stress levels.

It is known that the rapid melting/solidification dur-
ing SLM leads to steep temperature gradients and large
thermal stresses, enabling a hierarchically heterogeneous
microstructure that cannot be readily achieved in mate-
rials fabricated by conventional methods [15]. For the
present as-built iHEA, its o'y was about three times higher
than that of the cast counterparts, which originated
from various strengthening contributors in terms of lat-
tice friction stress (04), GB strengthening (ogp), and

(@)
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dislocation strengthening (o ,), which can be expressed
as

0y =04+ 0GB+ 0p

An early study estimated the o4 of 179 MPa [12]. The
ogp can be described by the Hall-Petch relationship,
oGs = kyd~1/?, where k, is the GB strengthening coeffi-
cient, 573 MPaxm m'/? [12]. According to the previous
study [15], assuming that this strengthening effect scales
with the cell size (~ 0.63 um and 0.4 pm obtained by SEM
and TEM, respectively), the estimated ogp is 721 and
906 MPa, both of which are higher than the experimental
oy (~ 710 MPa). Therefore, the cellular boundary herein
is not as effective as the HAGBs in term of strengthen-
ing. Instead, the o gp stemmed from the HAGBs and was
about 181 MPa (the average d of ~10.0 um).

It was revealed that the cellular structures can con-
tribute to oy through the dislocation strengthening [18]
based on the expression of 0, = Ma Gb,ol/ 2 where M is
the Taylor factor (3.06), « is a constant (0.2), G is the
shear modulus (76 GPa), b is the magnitude of Burgers
vector (0.262 nm), and p is the dislocation density, which
was roughly 7.36 x 10'* m~2 based on the XRD measure-
ment, as shown in the SI [22,23]. Thus, the contribution
of o, is estimated to be 325 MPa. Combined with the
o4, ogp and o, the calculated oy of 685 MPa was in
agreement with the experimental values. The internal
stress induced during SLM can make a minor contribu-
tion to the o'y, while the strengthening effect of few oxides
is negligibly small [15,24]. On the whole, although the
lattice friction stress, GB strengthening and dislocation
strengthening account for the measured oy, the disloca-
tion hardening is a major contributor to the strength.

Figure 5. Deformation structures of the iHEA after 12% strain (a—c) and fracture (d-f). The inset in (f) shows the SAED pattern.
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As mentioned above, the SLM processed iHEA
exhibits a high strength-ductility combination that is
comparable to those of the counterparts with spe-
cially designed microstructures [12]. The steady work-
hardening capability at high stress levels is of crucial sig-
nificance to maintain a large uniform elongation, which
is related to the activation of multiple deformation mech-
anisms. At the initial deformation stage, the dislocations
were mainly trapped along the cellular boundary, lead-
ing to the substantial storage of dislocations within the
cells. The planar slip bands play increasingly important
roles in carrying the deformation. These slip bands fur-
ther reduce the mean free path of dislocations and then
a higher stress is required to sustain the plastic flow.
With increasing strain levels, the dislocation activities
continuously contribute to the deformation evidenced by
an apparent increase of KAM values (Figure 3(b;-by)).
Additionally, the activation of multiple slip systems and
their mutual interactions can further promote the work-
hardening behavior.

More significantly, the progressive formation of defor-
mation twins and deformation-induced HCP phase can
not only carry the deformation, but also provide strong
barriers to the dislocation movement, both of which can
provide substantial work-hardening capability [8,9]. The
contribution of deformation twins to the work-hardening
is more pronounced at high stress levels since TBs can
offer ample room for the storage of additional dislo-
cations and suppress the dynamic recovery by hinder-
ing dislocation annihilation [25]. Additionally, the back
stress that is beneficial to the work-hardening is likely
to be developed due to the heterogeneous microstruc-
tures of the as-built iHEA [15,26,27]. Therefore, the
multiple deformation mechanisms involving dislocation-
mediated plasticity, TWIP and TRIP effects essentially
sustain the steady strain hardening at the high stress level,
leading to a large ductility.

4. Conclusions

In summary, the near-fully dense iHEA, Fe49 sMn3pCo1g
Cr10Cos5 (at. %), with extraordinary mechanical prop-
erties was additively manufactured using SLM. The
as-built iHEA exhibited a hierarchical microstructure
with length scales across several orders of magnitude,
which imparts a comparable strength-ductility syn-
ergy relative to those of iHEAs through special hierar-
chical microstructure design. Stemming from the dis-
location strengthening induced by cellular structures
and activation of multiple deformation mechanisms,
the exceptional strength-ductility synergy of the iHEA
could surpass that of most SLM processed conventional
alloys.
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