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The bionics structure inspires a new design approach for the strength-toughness trade-off of metallic materials. In

Keywords: this study, a bionic bamboo fiber heterogeneous microstructure was successfully constructed in an ultrafine-

Bionics grained eutectic high-entropy alloy, AlCoCrFeNiy;, by multi-pass cold-drawing and subsequent annealing.

Fiber Such a bionic microstructure possesses a hard-B2 fiber along the axial direction embedded in the soft-face-

Heterogeneous centered-cubic (FCC)-matrix, achieving an excellent synergy of strength and ductility. Originating from this

VHVi_gh'eﬂtrOPY alloy structural heterogeneity, deformation incompatibility and strain gradient generated between the B2 fiber and
ire

FCC matrix phases, causing the formation of the significant hetero-deformation-induced hardening. This hard-

ening effect not just reinforced the FCC matrix and contributed to the excellent yield strength, also enhanced
high strain-hardening and postponed the strain-localization of the brittle-B2 fiber, and furthermore increased the

tensile ductility.

Pursuing materials with high strength and good ductility has always
been a challenge for engineering applications and energy conservation
[1-10]. Unfortunately, high-performance wires, applied in rescue
equipment, suspension bridge, cable-stayed bridge, and other critical
infrastructure, sometimes suffer from a serious limitation - lack of uni-
form tensile ductility [11,12]. For instance, the elongation of
high-strength pearlitic wires reported is even as low as ~ 2%, i.e., the
strength-ductility trade-off [13,14].

High-entropy alloys (HEAs) have opened up a new epoch that the
alloy-design concept is drawn innovatively to the center of the phase
diagram from the conventional corners [5,6,15], which provides a
promising pathway to overcome the strength-ductility trade-off. Espe-
cially the eutectic HEAs (EHEASs), they possess a natural duplex phase
lamellar structure, which is usually viewed as in situ composites,
achieving an excellent combination of strength and ductility owing to
the scarce casting flaws and the synergetic effect from the composite
structure [2,16-18]. For instance, Lu et al. first developed the AlCoCr-
FeNiy 1 EHEA with fine layer microstructures, possessing excellent me-
chanical properties at room and elevated temperatures [16]. Moreover,
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Shi et al. architected an ultrafine-grained AlCoCrFeNiy; EHEA with
lamellar phases structure further enhanced its performances by rolling
and annealing [2]. As the introduction above, it is an effective pathway
for improving the performances of the AlCoCrFeNiy; EHEA by archi-
tecture engineering.

The bionics structure, a unique approach to engineer properties by
tailoring microstructures, offers a novel avenue to achieve high-
performance materials [19]. For instance, a bamboo exhibits good me-
chanical properties in plants owing to that its fiber structure formed
along the axial direction effectively strengthens the lignin [20]. Inspired
by this trend, introducing such a fiber architecture into the AlCoCr-
FeNiy ; EHEA may be a promising method to enhance its mechanical
properties. Moreover, the fiber microstructure may be easily constructed
from a lamellae morphology by the drawing process owing to the
decrease in the radial size. Thus, in the present work, the AlCoCrFeNis 1
EHEA was applied to architect mechanical performances by introducing
a bionic bamboo fiber heterogeneous structure with the drawing process
and annealing. The detailed microstructures, mechanical responses, and
corresponding mechanisms of deformation were characterized.
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Drawn direction

Fig. 1. Macrostructures of the AlCoCrFeNi,; EHEAs. (a, b) backscattered electron (BSE) images of initial state and drawn extracted from the as-cast samples and
drawn BFH wires. The blue arrow indicates the drawing direction, which is also parallel the growing direction of the fiber and the tensile loading direction. (c, d)
Schematics of the bamboo and its interior fiber microstructure. (e) The photography of the AlCoCrFeNi,; BFH wire with the diameter of ~ 0.3 mm.

Alloy ingots with a nominal composition of AlCoCrFeNiy; (atomic
percent, at.%) with approximately 2.5 kg were melted at least five times
before drop-casting into a ®55 x 220 mm MgO crucible. The alloy-
process details were elaborated in previous studies [16]. Samples with
1 x 1 x 150 mm were extracted from the as-cast ingots by electrical
discharge machining and then subjected to multi-pass cold-drawing at

ambient temperatures to a ~ 90% reduction in the cross-sectional area.
A minor deformation degree upon each drawing step (~ 0.02 mm
reduction in diameter) and a moderate drawing velocity (~ 200 mm /
min) were conducted. Thus, the annealing treat after each drawing step
is not required. The final diameter of the cold-drawing wire is ~ 0.3 mm.
After all drawing steps above, AlCoCrFeNip; wires were further
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Fig. 2. Microstructures of the AlCoCrFeNi,; BFH wire. (a) STEM image showing the alternative dark-B2 fiber as well as tint-FCC matrix phases (interfaces between
the FCC matrix and B2 fiber are indicated by dash lines) and EDS maps of the elemental distribution of Al, Ni, Fe, Cr, and Co. (b) SADPs of FCC and B2 phases. White
circles show superlattice-diffraction spots in the B2 phase. (c) The bright-field image displaying the precipitate and annealing twin in the FCC matrix. (d) Left: EBSD
images showing the whole IPF map of the BFH wire. Right: IPF maps of the B2 phase and FCC phase, respectively. (e) Enlarged IPF map showing the grain
morphology and annealing-twin boundaries (pink lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

annealed at various temperatures (650 °C, 700 °C, and 750 °C for 1 h in
air, respectively, correspondingly denoted as BFH 650, BFH 700, and
BFH 750), followed by air cooling. Microstructure characterizations
were performed by a Zeiss Supra 55 field emission scanning electron
microscope (SEM) equipped with an electron back-scattering diffraction
(EBSD) system and a Tecnai G2 F30 S-TWIN transmission electron mi-
croscope (TEM) operated at 300 kV. For the SEM and EBSD observa-
tions, specimens were mechanically ground by a 2500-grit SiC paper and
then electro-chemically polished in a mixture of 90% ethanol and 10%
perchloric acid (volume percent, vol.%) with a direct voltage of 20 V at
ambient temperature. The EBSD analysis was carried out using a step
size of 0.02 pm at the acceleration voltage of 20 KV. The TEM samples
were mechanically grinded to ~ 30 pm thickness and subsequently
thinned by a Model 691.CS ion beam thinner. The quasi-static uniaxial
tensile tests were performed by a Material Testing System (MTS) system
with a constant strain rate of 1 x 1073 s™! at room temperature. To
confirm tensile-property reproducibility, at least 3 tensile tests were
conducted for each treatment condition. The tensile interruption tests
were performed at the designated strain values of ~ 5%, ~ 15%, and ~
30% (failure strain) for microstructural characterizations. The selected
areas at different designated strains were extracted from the middle of
the gage length or near the fracture. Tensile load-unload-reload (LUR)
experiments were conducted by the same MTS machine at ambient
temperature. The specimen was first stretched to a certain strain with
the strain rate of 1 x 10~2 57!, and then unloaded by the load-control
mode to 4 N at the unloading rate of 40 N-min}, subsequently reloa-
ded to the next designated unloading strain. Both the quasi-static uni-
axial tensile and LUR tests specimens with a gage length of ~ 70 mm
were prepared carefully by electro-discharge machining.

The as-cast AlCoCrFeNip; EHEA shows a typical lamella
morphology, as presented from the three-dimensional (3D)

stereographic microstructures (Fig. 1a). To date, EHEAs usually show
such an alternate phase lamella morphology [2,16] or equiaxed duplex
phases microstructure [17] at each 3D perspective. Nevertheless, the
diversity of microstructures may enrich their mechanical properties,
such as the unusual bimodal structure overcoming the trade-off of
strength and ductility [4]. As shown in Fig. 1a and b, the lamellae
morphology successfully evolved into a fiber-microstructure after the
drawing process along the axial direction, which is easy to recognize
particularly at the cross-section perspective. Similar to the brown-lignin
and blue-fiber in the bamboo (Fig. 1c and d), the current fiber-structure
features a tint-face-centered-cubic = (FCC)-matrix phase and
dark-ordered-body-centered-cubic (B2)-fiber phase. The blue arrow in-
dicates the drawing direction, which is also parallel the growing direc-
tion of the fiber and the tensile loading direction in Fig. 3. Moreover, the
diversity of the hard-B2 fiber and soft-FCC matrix successfully imparts
the structural heterogeneity [21]. Thus, such a structure in Fig. 1b is
hereafter referred to as the bionic bamboo fiber heterogeneous (BFH)
structure, and the AlCoCrFeNiy; EHEAs wires with different annealing
conditions of 650, 700, and 750°C for 1 h corresponding as BFH 650,
BFH 700, and BFH 750, as described before. The photography of the
drawn AlCoCrFeNiz; BFH wire with a diameter of ~ 0.3 mm is dis-
played in Fig. le.

Fig. 2a displays the scanning TEM image and corresponding energy-
dispersive-spectroscopy (EDS) maps of the longitudinal section in BFH
EHEAs. There are the apparent dark-B2 fiber phase and tint-FCC matrix
phase, consisting with the Fig. 1b. Additionally, the EDS maps show the
enriched Fe, Cr, and Co in the FCC matrix, while abundant Ni and Al in
the B2 phase. The corresponding selected-area-diffraction patterns
(SADPs) of FCC and B2 phases are shown in Fig. 2b. The volume frac-
tions of FCC and B2 phases are 55.4 + 3% and 44.6 + 3%, respectively
(Fig. 2d). Additionally, separated B2 particles embedded in the FCC



S. Zhou et al.

a
2000 T T T T
= BFH 650
) — = BFH 700 {
a = BFH 750
= 1500 - b= .
N’
[72]
7]
=
> 1000 L Material 6, (MPa) oy;s(MPa) &y(%) |
)
£ BFH650 172713  1825+15  15+2.2
:5 BFH700 1600x11 172519 31+2
[P]
E 500 BFH750 126516 152712 40+3.5 E
)
=
=
0 1 " 1 1 " 1
0 10 20 30 40 50
Engineering strain (%)
8000

6000

4000

2000

Strain hardening rate (MPa) &

0 1 1 1 1 1 L
0 5 10 15 20 25 30 35

True strain (%)

Scripta Materialia 226 (2023) 115234

[=n

2800 EHEAs and dual phases HEAs HEA fibers
W Ni,,Co,Cr,Fe, ALW, ® Co,,Cr Fe,Mn,Niy,V,,
. Fe, CoyAlNi, ® Al ;CoCrFeNi
? 2400 \\ i} Al("u(':l-‘cNiu ® (-.,(J-.—Fe.\lnxi
(- N FeCrNi,,Al, @ CoCrFeNi
> \ B AICrFeNi, ® CoCrNi
~2000 4 n B (NiCoCr)4Al, Ta,
:E ] : _—_._-~—\—“\‘
g 1600 - "\Il's worg K T
5 [ ] wal *_>
S STy (8
- ] | | SSoo
7] ® - B o
= 1200{ 88 Ne & o -
7] @ \
=} \
)
= 800 - \
® o 4
® \
400 T T T T T
0 10 20 30 40 50 60
Uniform strain (%)
1200 T T T T
~ L B
) 1000
S
~ 800 |-
»
7))
%] P
S £
@ 600 2 i
@
= 2
=/ L E 500 ! |
= 400
i i ; ; .
4 5 6 7. 8 9 10
200 . . . True strain (IA;)

0 5 10 15 20 25
True strain (%)

Fig. 3. Mechanical responses of the AlCoCrFeNi, ; BFH wires. (a) Engineering stress-strain curves of the BFH 650, 700, and 750, respectively. The inset showing
detailed tensile properties. The yield strength, ultimate tensile strength, and uniform elongation are expressed here in a usual way in terms of oy, oyrs, and ey,
respectively. (b) Tensile-strength and uniform-strain comparison of our AlCoCrFeNi,; BFH HEA wires with previously reported EHEAs and HEA fibers. EHEAs:
NizpCo039CrioFepAlgWy [29], FeygCoo0Al1gNiy; [30]1, AlCoCrFeNi,; [2], FeCrNisoAlgg [31], AlCrFeNis [32]. HEAs fibers: CopoCrisFeasMnggNizgVig [22],
Al 3CoCrFeNi [23], CoCrFeMnNi [24,27], CoCrFeNi [26], CoCrNi [11,28], (NiCoCr)ggAl;gTa, [33]. (¢) The corresponding strain-hardening curves. (d) The evolution
of the HDI stress (oupy) and effective stress (ogg) with the variation of true strains for BFH 700. The inset shows magnified LUR cycles, which presents typical
hysteresis loops for the BFH 700. The whole LUR curves and calculation details of HDI stress are shown in the supplementary Figs. S2 and S3.

matrix owing to the phase decomposition (Fig. 2a and c), which is
similar to previously reported studies [2]. The B2 fiber and FCC matrix
consist of recrystallized ultrafine grains, and the average diameter of
both phases are roughly comparable (~ 460 nm) by the classical line
intercept methods excluding the twin boundaries (Fig. 2e). Furthermore,
the formation of abundant annealing twins in the FCC matrix reduced
the grains size.

The whole inverse pole figure (IPF) of the AlCoCrFeNis ; BFH wire is
shown in Fig. 2d. For the easy observation of orientation distributions,
the IPF maps of B2 and FCC phases are shown, respectively. The B2
phase indicates a (110) // axial direction texture while the FCC phase
reveals preferred (111) // axial direction and minor (100) // axial di-
rection texture components, all of which indicate a typical fiber texture.
This distribution of fiber orientations is widely reported in previous
studies [22-25].

Furthermore, we measured the mechanical behaviors of our BFH
650, BFH 700, and BFH 750 HEAs (Fig. 3). The remarkable strength-
ductility synergism and corresponding strain-hardening curves of the
three BFH wires are shown in Fig. 3a and c. The inset table of Fig. 3a

presents the detailed tensile properties. To emphasize the excellent
properties, we compared the tensile strength and uniform strain of our
AlCoCrFeNiy ; BFH wires with previously reported EHEAs and HEA fi-
bers [11,22-24,26-28] (Fig. 3b). Our three BFH wires locate at the upper
right corner of the map, exhibiting an unusual combination of tensile
strength and uniform strain. Such superior mechanical properties
expand known performance boundaries, overcoming the trade-off of
strength and ductility.

The high yield strength, apparent discontinuous yielding, and
distinguished multi-stages strain-hardening behavior can be observed,
and each strain-hardening curve comprises roughly three stages, i.e.,
quick drop (I), upturning to the maximum (II), and sustaining until to
drop slowly (II), as partitioned by red dash lines in Fig. 3c. The present
phenomenon is usually shown in heterogeneous-structures metallic
materials [2,4]. The quick drop behavior of strain hardening at stage I is
due to the absence of mobile dislocations, leading to that they cannot
accommodate the strain rate (1 x 107> s~ [34]. In region II, the dis-
locations quickly proliferate and tangle, causing a sharp increase of
strain-hardening [35]. The high strain-hardening ability in the region III
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Fig. 4. Evolution of microstructures of the AlICoCrFeNi, ; BFH 700 wire upon tensile deformation. (a-c) TEM images of the microstructure evolution at engineering
strains of ~ 5%, ~ 15%, and ~ 30%, respectively. (a) Dislocations activated in the FCC matrix appear in comparison to no apparent dislocations in the B2 fiber (at the
strain of ~ 5%). (b) As the strain increased (~ 15%), the FCC matrix exhibits denser dislocations than the B2 fiber. (c) The microstructure stretched to fracture (~
30%) shows significant pronounced dislocations in the FCC matrix and B2 fiber. (d) SEM image of the microstructure after failure near the fracture region. The
longitudinal and tear sections were divided by the white dash line. (e) High-magnification fractography consisting of massive dimples (the inset presents the

macroscopic fractography).

may result from the hetero-deformation-induced (HDI) effect especially
for BFH 700 and 750 alloys, which show apparent sustaining hardening
behavior [21].

To clarify the origin of the high yield and excellent strain-hardening
ability, the tensile load-unload-reload (LUR) tests and the evolution of
microstructures of the BFG 700, as a representative of BFG specimens
due to the similar mechanical responses, were conducted. As displayed
in the inset of Fig. 3d, local magnified LUR curves exhibited the typical
hysteresis loops, implying a strong Bauschinger effect even though at the
initial straining stage [35]. The whole LUR curves are presented in the
supplementary (Fig. S2). The contributions of the long-range HDI stress
(oupp and short-range effective stress (ogg) to the macroscopic flow
stress (o) can be estimated as usual by the following equations, i.e.,
oupr = (or + ou) / 2 and oggs = (6F — oup1), where 6, and o, are the
unloading yield stress and the reloading yield stress, respectively. The
measurement detail is referred to Yang et al. [35]. Fig. 3d shows the high
initial oyp; (~ 800 MPa) and a steady increase trend with loading, which
is the main origin of the high strength and strain-hardening. Thus, we
will mainly discuss about the HDI- hardening effect.

The formation of the HDI stress mainly resulted from the deforma-
tion incompatibility between the hard-B2 fiber and the soft-FCC matrix
[21]. Upon tensile deformation, due to the natural soft/hard distribu-
tions, the soft-FCC matrix is prone to originate plastic strains than the
hard-B2 fiber. Thus, the dislocations activated firstly in the FCC matrix
in comparison to no apparent dislocations in the B2 fiber (Fig. 4a) in our
BFH alloys. However, such a soft-FCC matrix is unable to deform freely
owing to the constraint by the hard-B2 phase. At this moment, the B2
fiber is still in the elastic deformation, causing the formation of a strain
gradient between those elastic-B2 fiber and plastic-FCC matrix [2]. To
accommodate this strain gradient, geometrically necessary dislocations
(GNDs) formed, which induced the directional back-stress in the soft
matrix and made it stronger as hard-B2 fiber [4]. Consequently, at this
elastic-plastic deformation stage, the back-stress induced the HDI
hardening and effectively enhanced the yield strength of our BFH EHEAs
[21].

As loading increases, both the FCC matrix and B2 fiber generated
plastic deformation. Owing to the soft-FCC matrix is easier to deform
than the hard fiber, the former bore higher strains [21]. Thus, the
deformation incompatibility still existed and further became lager with

the increase of strain [4]. Much more GNDs in both the FCC matrix and
B2 fiber (a corresponding forward-stress) were required to accommo-
date the present strain gradient, which further contributed to the in-
crease of the HDI stress [2]. Correspondingly, the FCC matrix exhibited
denser dislocations than the B2 fiber (Fig. 4b, ¢). The increasing HDI
stress not just effectively enhanced flow stress and strain hardening, and
also contributed to the initiation of more and harder slip systems, pro-
moting dislocations nucleation and proliferation [36,37]. This theory
indicated that the HDI tress contributed to the delay of the strain
localization in the brittle-B2 fiber, the improvement of its strain hard-
ening, and the increase of the effective stress. Consequently, at this
co-plastic deformation stage, the synergism of the back-stress in the FCC
matrix and forward-stress in the B2 fiber produced the HDI hardening
[21], which contributed to the high strain hardening and good ductility.

Different from the long-range HDI stress (dislocations interactions
within a large area), the short-range effective stress is related to local
interactions, including the Peierls stress and forest hardening [4].
Massive GNDs increased the total dislocations density, facilitated the
interactions of dislocations, and contributed to the effective stress.

Different from the previous study [2], the SEM image shows only a
few microcracks near the failure and a typical fiber structure at fracture,
agreeing with the BFH structure, as introduced above (Fig. 4d). More-
over, as presented at the right longitudinal section, cracks could form in
both the FCC matrix and B2 fiber phases. Massive dimples are shown in
the left tear section and fracture surface (Fig. 4e), indicating a ductile
fracture mode and corresponding to the excellent tensile ductility (the
inset shows the macroscopic fractography).

In conclusion, we have successfully introduced a bionic bamboo-
fiber heterogeneous structure into AlCoCrFeNiy; BFH EHEAs by the
drawing process. The architected BFH wires possess an extraordinary
synergism of strength and ductility, overcoming the strength-ductility
trade-off. The detailed microstructure analysis and LUR tests indicated
that the excellent HDI-hardening effects are mainly responsible for the
unusual strength and high strain hardening. Additionally, the HDI effect
postponed the strain localization of the brittle-B2 fiber, which contrib-
uted to the tensile ductility. The present work provides a guidance for
developing fiber-heterogeneous structure eutectic alloys with high
performance.
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