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Micron-sized CoCrNi medium-entropy alloy (MEA) wires are successfully fabricated by Taylor-Ulitovsky
method for the first time. The wires of two different sizes, with diameters of 40 and 100 microns, ex-
hibit an excellent combination of tensile strength and ductility. In-depth microstructure characterization
indicates the superior mechanical properties stem from the synergy of Lomer-Cottrell locks, mechani-
cal nano-twinning and HCP stacking. Surprisingly, an anomalous size effect is presented in the tension of
these microwires, i.e., the much higher tension strength and ductility are observed in the 40 micron-wire,
in sharp contrast to conventional single-principal element alloys only showing negligibly minor tension
size effect. Much higher density of geometrically necessary dislocation accompanying heterogeneous de-
formation is observed in 40 micron-wire, leading to a high strain gradient, which is in turn joined with

multiple deformation twins giving rise to high strength and ductility in 40 micron-wire.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Microwires, such as conventional single-principal element alloy
microwires [1,2], shape memory alloy microwires [3-5], and amor-
phous alloy microwires [6], play an irreplaceable role in the field
of precise instruments and advanced manufacturing technologies.
To achieve higher accuracy and reliability, small diameter, high
strength and sufficient ductility are all urgently required. However,
it was found that diameter influence on tension behavior was neg-
ligibly minor in most traditional microwires [1], and high strength
is usually combined with low ductility, e.g. typical pearlitic steel
wire could reach super-high strength by means of fiercely sac-
rificing its ductility [7]. Hence, how to explore microwires with
both smaller diameter and better performance is still a challeng-
ing problem.

During past decade, material systems with multiple princi-
pal elements in equi-molar or near-equimolar ratio, called high-
entropy alloys (HEAs) or medium-entropy alloys (MEAs), have at-
tracted wide interests [8-17]. The unique design concept endow
these alloys unexpected mechanical properties and giant poten-
tial to overcome traditional strength-ductility trade-off dilemma
[18-21], including exceptional fracture toughness at cryogenic tem-
perature [22,23], excellent performance under extreme conditions,
e.g., extraordinary self-sharpening ability [24], which broaden our
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horizons to solve many intractable problems existing in traditional
materials. Most previous researches were focused on bulk mate-
rials, only several pioneering works have been made in H/MEA
millimeter-wires [25-27]. Nevertheless, micron-sized H/MEA wires
have not been reported yet. In this work, CoCrNi MEA was se-
lected as raw material due to its outstanding mechanical proper-
ties [28-33]. The CoCrNi microwires of two different sizes, with
diameters of 40 and 100 microns, were successfully fabricated by
using Taylor-Ulitovsky method [34]. These microwires possess ex-
cellent combination of strength and ductility. Surprisingly, these
microwires exhibit an anomalous size effect on tensile behavior.
The underlying mechanisms of this anomalous size effect were re-
vealed by a series of microstructure characterizations combined
with quantitative analysis.

Ingots of equimolar CoCrNi MEA were prepared by arc melt-
ing from pure metals of 99.9 wt.% purity and were re-melted four
times to ensure composition homogeneities. The sample with a di-
ameter of 4.5mm and a length of 10mm was cut from bulk ingot
as feedstock. Microwires with lengths of 200mm were fabricated
by the Taylor-Ulitovsky equipment. Glass shell was removed by di-
lute hydrofluoric acid corrosion after fabrication.

Specimens with a gauge length of 15mm were tested on a dy-
namical mechanical analyzer (DMA Q800) by using tension film
clamp at room temperature. The sample was fixed to a paper frame
with a rectangular hole at center, and the paper frame was cut
off when tensile tests started. The tensile tests were performed at


https://doi.org/10.1016/j.scriptamat.2021.113897
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2021.113897&domain=pdf
mailto:chenyan@lnm.imech.ac.cn
mailto:lhdai@lnm.imech.ac.cn
https://doi.org/10.1016/j.scriptamat.2021.113897

J.-X. Chen, Y. Chen, J.-P. Liu et al.

a =1200 1
1000 .
A
o :
=
R
7]
w -
S
=
) . g
e P = 40pm as-cast
E.o 2004 ———100pm as-cast -
= 1 - === bulk as-cast [35]

0 1 1 1 1 I 1
0 10 20 30 40 50 60

Engineering Strain (%)

[ ] = hulk as-cast
—— wire as-cast
® FCC phase

=

(220)

0
(311)

)322
fir

Intensity (a.u.)

52 ———

30 40 50 60 T0 80 920 100
20 (deg.)

10000 T T T T T r r
Ib = 40pm wire
= 100pm wire
;;-8000 i —— 2mm wire[27] ]
S
<6000}
&
&
< 4000}
-
%
2000 F
0 1 1 1 '} 1 1 1 1
0 5 10 15 20 25 30 35 40

Scripta Materialia 199 (2021) 113897

True Stram, e (%)

200im

| ——

Fig. 1. (a) Tensile engineering stress-strain curves of MEA microwires. (b) Strain hardening rate curves of MEA microwires. SEM images of (c, d) initial MEA microwires, (e)
ductile dimpled fracture surface and prominent necking behavior. (f) XRD patterns of the as-cast state of bulk ingot and microwires. (g-i) EDS maps show homogeneous

distribution for three elements in microwires.

a strain rate of 1 x 10~ s~!. Morphology of the microwires was
characterized by scanning electron microscope (SEM, JSM-7900F).
Phase identification was carried out by SMARTLAB X-ray diffrac-
tometer equipped with a Cu K, radiation source. Average grain size
was measured by electron backscattered diffraction (EBSD) using
a field emission SEM equipped with EDAX-TSL OIM EBSD system.
Structure features were characterized by transmission electron mi-
croscope (TEM, JEM-2100F). The focused ion beam (FIB) instrument
(Scios2) was applied to the fabrication of EBSD samples and TEM
samples.

The measured uniaxial tension stress-strain curves of the
CoCrNi microwires are shown in Fig. 1a, where the curve of bulk
CoCrNi MEAs in cast condition is also shown for comparison [35].
With a small decrease in ductility, the microwires exhibit much
higher strength than the as-cast bulk samples, and considerable
improvements both in tensile strength and ductility are achieved
with the dimeter reduction. When the diameter of microwires de-
creases from 100 um to 40 pum, the yield strength increases from
450 MPa to 638 MPa, the ultimate tensile strength increases from
950 MPa to 1188 MPa and the tensile ductility also increases from
41% to 48%. Both samples show pronounced work-hardening capa-
bility (Fig. 1b), which is far beyond that of CoCrNi wire with the
diameter of 2mm fabricated by heavily drawing process [27]. Ob-
viously, the MEA microwires exhibit an anomalous size effect, in

sharp contrast to conventional single-principal element alloys only
showing negligibly minor diameter influence on tension behavior
[1]. To uncover the mechanisms underlying the superior properties
and the anomalous size effect, the microstructures before and after
deformation were characterized in detail.

As shown in Fig. 1c, d, the diameter of initial microwires keeps
almost same over a long length. After tensile tests, fully ductile
dimpled fracture surface and obvious necking (Fig. 1e) suggesting
good plasticity are observed. XRD patterns (Fig. 1f) confirm the sin-
gle face-centered-cubic (FCC) phase structure of microwires and
bulk ingot, and EDS measurements (Fig. 1g-i) reveal the uniform
chemical composition both on surface and inside, which indicate
the microwires are in a good solid solution state without composi-
tion segregation.

According to EBSD images (Fig. 2a, b), both initial mi-
crowires have random crystallographic textures, the microstruc-
ture is mainly composed of equiaxed grains, and some anneal-
ing twins with irregular shape are widely distributed, which to-
gether point out that the solidification force rather than the
drawing force plays the dominant role in the fabrication of mi-
crowires. By statistics, the mean grain sizes (contain annealing
twin boundaries) of 40-microwire and 100-microwire are 5.1+1.0
pum and 7.54+1.1 pum, respectively. After tensile tests (Fig. 2c, d), the
grains of microwires are severely stretched along tensile direction
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Fig. 2. EBSD images of initial structures of (a) 40-microwire and (b) 100-microwire;
deformed structures of (c) 40-microwire with strain of 48% and (d) 100-microwire
with strain of 41%.

(black arrow in Fig. 2¢, d), among which some deformation twins
(DTs) occur. Intra-granular lattice curvatures are developed in al-
most all grains, and lattice rotations are distinguishable in many
grains.

TEM observation was made to further understand deformation
mechanisms of microwires. Fig. 3 shows the structure feature of
the deformed 100-microwire. First, plenty of stacking faults (SFs)
extend in one direction (Fig. 3a), which is related to the very low
stacking fault energy (SFE) of CoCrNi alloy (22+4 mJ/m~2 [28]). On
the one hand, the existence of these SFs increases misorientation
in grains, which could possibly evolve into DTs [36] and very fine
lamellae structure. On the other hand, it has been reported that
further enhancement of work-hardening capacity in CoCrNi is via
local phase transformations from FCC to hexagonal close-packed
(HCP) that occur along SFs and DTs [31,37]. The formation of high-
density DTs (Fig. 3¢) and twin lamellae (Fig. 3d) can severely refine
grains, providing more boundaries to block dislocation motion and
inducing prominent work-hardening capability [38]. No FCC-HCP
phase transition is observed in 100-microwire from HREM image
and the corresponding selected-area electrical diffraction (SAED)
pattern (Fig. 3b).

As the products of interactions between two leading partials
from different slip planes, Lomer-Cottrell (L-C) locks widely appear
in 100-micron wire (Fig. 3e). Enlarged image as an inset in Fig. 3e
represents details of L-C lock, the pentagon with five red dots is
the core of L-C locks which is a stair-rod dislocation. It has been
reported that the L-C locks have a good capability to accumulate
different types of dislocations and a good stability to resist dis-
sociation [39,40]. When the distance between locks is small, high
strengthening could be achieved. Thus, the massive formation of
L-C locks is very effective in facilitating work hardening in MEA
microwires. Besides, when an incoming Shockley dislocations run
around L-C locks, twin lamellae would form consequently, which
was proposed to be a new twinning mechanism for FCC metals
[41].

In addition to aforementioned mechanisms, strong interaction
between dense dislocation walls (DDWSs) and DTs could also con-
tribute to good work hardening capability (Fig. 3f). Just like nano-
twinned copper [42,43], the strong interaction severely subdivides
grains, generates numerous internal boundaries, and finally causes
dynamic Hall-Patch effect.

In contrast to the 100-microwire, a series of special phenom-
ena have been observed in 40-microwire. The SFs in 40-microwire
extend on multiple {111} planes (Fig. 4a). These SFs have a strong
interaction with each other, providing more chances for the for-
mation of L-C locks. Much more severe DDWs-DTs interactions are
also found in 40-microwire (Fig. 4b). DDWs are typically consid-
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ered to belong to geometrically necessary boundaries, into which
geometrically necessary dislocations (GNDs) are assembled [44,45].
It is worth noting that the average boundary spacing of DDW of
40-microwire is much smaller, corresponding to higher GND den-
sity. Aside from above mechanisms, two other unique deformation
mechanisms are further observed in 40-microwire.

First, HCP stacking appears, and its thickness could reach eight
atomic layers (Fig. 4g-i). Such HCP stacking may act as a favorable
site for the growth of HCP phase. It is clear that nanotwins and
HCP stacking are distributed in hierarchical structure, and many
nanotwin-HCP boundaries are generated. As the transmission of
edge dislocations from FCC region into the HCP region would re-
quire the activation of some types of dislocations which typically
have very large critical resolved shear stress in HCP materials [46],
the hierarchical structure and nanotwin-HCP boundaries could act
as effective barriers for dislocation slip. Since the HCP stacking has
incomplete evolvement and limited quantity, it is not supposed to
be the most vital contributing factor for the more superior me-
chanical properties of 40-microwire.

Secondly, typical bright-field TEM images (Fig. 4c, d) and dark-
field TEM images (Fig. 4e, f) show multiple twinning systems. The
existence of twinning network could provide adequate pathways
for easy glide and enable motion of cross-slip from one bound-
ary to another, so that larger plastic deformation gets coordinated
and higher strain hardening capacity is obtained [47,48]. As many
twinning systems contain high-density twin lamellae structures,
the ductility and strength of 40-microwire could get further en-
hanced simultaneously.

GNDs represent an extra storage of dislocations required to
accommodate the lattice curvature that arises whenever there is
a non-uniform plastic deformation [49]. Obvious size effect of
strength in traditional metals has been commonly found under
micro-torsion, micro-bending, and micro-indentation, but is rare in
homogeneous tension [1,49]. According to strain gradient theory,
the plastic flow strength increases with diminishing size, and this
is attributed to the strengthening effect of strain gradient associ-
ated with the GNDs [50-52]. As for MEA microwires, a significant
improvement of strength is presented in smaller size even under
tension. A question naturally arises: what is the underlying reason
for this size effect?

Kernel Average misorientation (KAM) is an OIM analysis tool
that characterizes the local misorientation [53], from which the
average GND densities are estimated to be 12.3 x 10 m~2 and
71 x 10" m~2 for 40-microwire and 100-microwire at strain ~40%
(Fig. 5a, b). This suggests that the deformation of both microwires
exhibits a high strain gradient, and the higher tensile strength of
40-microwire can also be ascribed to its higher strain gradient.
According to the detailed distribution of GND in both microwires
(Fig. 5¢), we find that the GND density of 40-microwire is not only
higher, but also much more uniform. This uniform distribution of
GND may restrict localized deformation, leading to a high work
hardening and homogeneous plastic flow capability.

As is known, the MEAs have chemical-disordered structure and
non-ignorable lattice distortion [54,55], which become intrinsic
sources inducing inhomogeneous deformation or strain gradient
even under tension [56]. By contrast, the surface constraint effects
[57] are thought to be the extrinsic sources. As shown in Fig. 5d,
the cross-section of microwires can be divided into free-surface re-
gion and interior region [58]. Assuming that the thickness of free-
surface region is d (mean grain size), the volume fraction (fs) of
free-surface region in the whole sample could be described as [59]:
fs = 4(DD’2‘1)‘1 d< %), where the D represents the diameter of mi-
crowires. Then, the f; are estimated to be 44.5% and 27.8% for
40-microwire and 100-microwire, respectively. This shows that the
surface constraint effects would have a non-negligible influence
on the mechanical properties of microwires. The work hardening
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Fig. 3. Detailed microstructure of 100-microwire. Bright-field TEM images of (a) SFs in one direction; (c) high-density DTs; (f) interaction between dislocation and DTs.
HREM images of (b) SFs; (d) nanotwin lamellae; (e) L-C locks. All the SAED patterns were taken along [110] zone axis.

Fig. 4. Detailed microstructure of 40-microwire. Bright-field TEM images of (a) SFs in two directions; (b) much more severe dislocation-DT interaction; (c, d) multiple DTs.
Dark-field TEM images of (e, f) multiple DTs. HREM images of (g, h) SFs and HCP stacking, and (i) corresponding SAED pattern. All the SAED patterns were taken along [110]

zone axis.

of microwires can be described as: Ao = fs- Aos + (1 - fs) - Ao,
where the Aos and Ao; represent the work hardening of free-
surface and inner grains. It has been reported that the strength of
free-surface grain is weaker with a factor which varies from 0.4 to
0.84 compared to inner grain [60], because the dislocation gliding
will not be blocked intensely, and the dislocations can be attracted
to surface by image force [61]. Here, an average value of 0.6 was
used for calculation. Then, the true stress-strain curves of interior
region of microwires are plotted in Fig. 5e.

The higher strain gradient not only results in higher strength,
but also an enhancement of ductility by promoting the acti-
vation of multiple DTs. The critical stress for twinning (oty)
in CoCrNi with ultra-fine grain is usually estimated by equa-

1

—1,HP 3 =2
tion [62,63]: orw = %, where SFE (y) is 22m]J/m?, Burg-

ers vector (b) is 0.252 nm [28], Hall-Petch constant for twin-
ning (kM) is 265 MPa - um'/2 [30], average Schmid factor (M) for
FCC is 0.326 [62]. To estimate the critical stress for secondary
twinning (0,4_sw), the primary twinning spacing, estimated at
250 nm (Fig. 4.e), was regarded as the characteristic length A.
Hence, the o0y,4_4, is roughly estimated to be ~1893 MPa. It is
worth noting that the 40-microwire could reach 1893 MPa at true
strain ~34% (engineering strain ~40%), but the 100-microwire could
only reach 1460 MPa. Therefore, the multiple DTs only appear
in 40-microwire. The timely appearance of multiple DTs coordi-
nates more heterogeneous plastic deformation to higher strain and
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Fig. 5. The GND densities of (a) 40-microwire and (b) 100-microwire with strain of 40% based on the KAM; (c) The distribution of GND density; (d) Schematic of microwires

within cross-section; (e) True stress-strain curves of inner grains.

strengthens microwires simultaneously. Thus, the massive activa-
tion of multiple DTs accompanied by high-density twin lamellae
are thought to be the dominant mechanism for the more superior
mechanical properties in 40-microwire.

In conclusion, we successfully fabricated CoCrNi MEA mi-
crowires by using Taylor-Ulitovsky method. Excellent combination
of strength and ductility was achieved for microwires of two dif-
ferent sizes. Through detailed microstructure characterization, mul-
tiple deformation mechanisms were revealed, such as L-C locks,
DDWs, DTs and HCP stacking. Furthermore, a surprising size ef-
fect was uncovered under tension: the 40 micron-wire shows both
higher strength and ductility, which is attributed to the effect of
strain gradient associated with the GNDs. The high strain gradi-
ent in microwires derived from the intrinsic (i.e., chemical-disorder
structure of MEAs) and extrinsic (i.e., surface constraint effects)
features promotes the activation of multiple deformation twins,
giving rise to both superior strength and ductility in 40-microwire.
This work not only sheds light on the micro-mechanism underly-
ing the excellent performance in MEA microwires, but also pro-
vides a meaningful guidance for developing new advanced metallic
microwires.
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