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Highlights
e Athree-level heterogeneous structure was introduced in CoCrNi alloy.
e (CoCrNi)o4TizAlsz delivers ultimate tensile strength of 1.6 GPa and strain of 13.1%.
e Heterogeneous matrix, y’ precipitate and defects led to high strength and ductility.
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Abstract

The coarsening-grained single-phase face-centered cubic (fcc) medium-entropy alloys
(MEAs) normally exhibit insufficient strength for some engineering applications. Here,
superior mechanical properties with ultimate tensile strength of 1.6 GPa and fracture strain of
13.1% at ambient temperature have been achieved in a (CoCrNi)e4TisAl; MEA by carefully
architecting the multi-scale heterogeneous structures. Electron microscopy characterization
indicates that the superior mechanical properties mainly originated from the favorable
heterogeneous fcc matrix (1-40 pum) and coherent spherical ' precipitate (10-100 nm),
together with a high number density of crystalline defects (2-10 nm), including dislocations,

small stacking faults, Lomer—Cottrell locks, and ultrafine deformation twins.

Keywords: Medium-entropy alloys; Mechanical properties; Heterogeneous structure; 9"

nanoprecipitates; Crystalline defects
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1. Introduction

High-entropy alloys (HEAs) and medium-entropy alloys (MEAS) have introduced a new
alloying strategy and expanded the alloy design greatly by a combination of multiple
principal elements in equiatomic or nearly equiatomic concentrations [1, 2]. Among the
MEAs and HEAs, the CoCrNi alloy with low stacking fault energy (SFE) tends to easily
generate various crystalline defects, including stacking faults (SFs), Lomer—Cottrell locks
(LC locks), and twins. These crystalline defects can enhance ductility by providing pathways
for the gliding or cross-slipping dislocations, which may deliver excellent ductility and
fracture toughness at room temperature and/or cryogenic scenarios [3-5]. Unfortunately, the
low strength in as-cast CoCrNi alloy (yield strength normally lower than 400 MPa) becomes
insufficient for many engineering applications. Some essential technical developments have

been made towards enhancing the mechanical properties [4, 6-9].

Various approaches have been exerted to strengthen the CoCrNi alloys, including boron- and
nitrogen- doping [10, 11], coherent precipitates, brittle intermetallics [12-14] as well as grain
refinement [15, 16]. Among these approaches, grain refinement via severe plastic
deformation (SPD), such as high-pressure torsion (HPT), is usually only appropriate for
fabricating small samples, which cannot satisfy the requirements for a wide range of
engineering applications [17]. However, grain refinement through thermo-mechanical
processing and subsequent full recrystallization enable to produce large samples with
relatively homogenous microstructures, further improving the yield strength. Unluckily, this
approach might reduce hardenability dramatically, resulting in a limited enhancement in

ultimate strength but a significant loss in ductility [18].
4
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Interestingly, tailoring microstructures at multi-scales from micrometers even down to
nanometers is considered as an effective approach to realize good strength—ductility synergy
by enhancing the hetero-deformation induced (HDI) strain hardening ability [12, 13, 19-31].
The representative structures, reported in the Cu alloys, Al alloys, 304/304L stainless steels,
MEAS/HEAs, and others, include gradient grain structures [19-24], heterogeneous lamellar
structures [25, 26], laminate structures [27, 28], precipitates [12, 13], and nanoscale
crystalline defects (dislocation / dislocation cells [29], nanotwins [30, 31]). Recently, it was
also found that architecting heterogeneous grain structures can remarkably improve tensile
strength and ductility of CoCrNi alloys [21-24]. Nevertheless, the excellent mechanical
performances of the CoCrNi-based alloys significantly depend on complex
thermal-mechanical processing, including hot rolling, room/cryogenic-temperature rolling,
and subsequent two/three-step annealing [22, 23]. For instance, the heterogeneous grain
structures containing nanocrystalline grains, ultrafine grains, and micro-grains in the pure
CoCrNi alloy can deliver a reasonable trade-off between strength and ductility after the
complex thermal-mechanical processing with homogenization, hot-forging, cold rolling,

annealing, and water quenching [22].

It is reported that a small amount of Al and Ti, strong gamma-prime phase (y') formers, can
introduce coherent precipitates and deliver excellent strength-ductility synergy [12, 23, 32,
33]. The precipitation strengthening effect of y'-hardened CoCrNi alloy is generally regulated
through tailoring the size and distribution of y' precipitates, and fine-tuning the content of Ti
and Al elements, such as (CoCrNi)osTizAls [12, 23], Co0345Cr32NizzsAlsTiz [32], and

(CoCrNi)gs Ti2Al, [33]. However, tailoring the size and distribution of »' precipitates requires
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complex thermal-mechanical processing [12, 23, 32, 33]. Therefore, this work explores a
single-step heat treatment to obtain high strength and ductility in a (CoCrNi)e4TizAlz alloy by
introducing nano-sized heterogeneous j' precipitates and different crystalline defects,
including dislocations, SFs, LC Locks, and deformation twins in the heterogeneous refined
fcc matrix. Our ultimate aim is to obtain good combinations of strength and ductility in soft
fcc MEAS/HEAs by fabricating the multi-scale heterogeneous structures. This strategy may
also provide some insights into developing high-strength MEAS/HEAs with excellent

ductility.
2. Experimental Section
2.1. Materials fabrication

MEA ingots with the chemical comiposition of CoCrNi)gsTisAl; (at.%) were prepared in a
vacuum magnetic levitation melting furnace using pure metals (purity > 99.5 wt%). The
chemical compositions of the as-cast ingot are determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES), as listed in Table 1. The as-cast ingots with
dimensions-of 20 mm x 20 mm x 50 mm were homogenized at 1100 °C for 2.5 h in a
protective argon atmosphere, followed by furnace cooling. Subsequently, all the cubic
samples were rolled by a 70% reduction in thickness at room temperature. Then, annealing
treatment was applied at 500 °C (defined as RA-500 treatment) and 700 °C (defined as

RA-700 treatment) for 1 h, respectively.

Table 1 The determined chemical compositions of (CoCrNi)e,TisAl; (at.%).
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Cr Ni Ti Co Al

31.63% 32.54% 3.16% 29.79% 2.88%

2.2. Microstructural characterization

Microstructural features of the alloys were analysed using multiple electron microscopes.
Scanning electron microscopy (SEM), electron channeling contrast imaging (ECCI), and
electron backscattered diffraction (EBSD) analysis were conducted in a FIB Helios NanoLab
G3 UC SEM that is equipped with the TSL OIM data analysis software. Before the ECCI and
EBSD characterization, the sample surfaces were firstly ground using silicon carbide paper
from 400 to 2000 grit, followed by polishing with 3 and 1 um diamond suspensions. Fine
polishing was performed using a 40 nm colloidal silica suspension for more than half an hour
to effectively remove the deformation layer that was caused by previous mechanical grinding.
The volume fraction and grain size distribution of precipitates were measured using Image J
software. To explore different deformation mechanisms, we further characterized the detailed
microstructures by transmission electron microscopy (TEM; Tecnai G2 F20). The
mechanically polished TEM samples were thinned using a precision ion polishing system

(PIPS) at a voltage of 5 kV and an incident angle of 5°.

2.3. Mechanical property testing

Dog-bone-shaped tensile samples with a gauge length of 30 mm and cross-section of 2.2

mm x 1.5 mm were prepared using electrical discharge machining. Uniaxial tensile tests

-1

with a fixed strain rate of 1 x 103 s™* were performed at room temperature (25 °C) using an

MTS Alliance RT30 mechanical testing system. Micro-hardness was measured by a
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micro-Vickers hardness tester with a load of 300 g for 10 s (ASTM E 384-08). All the
reported data are based on the average value of at least five measurements. To minimize the
measurement errors, the measured mechanical properties were obtained based on an average

value collected from over six tests.
3. Results and discussion

SEM/TEM images in Fig. 1(a—c) show the microstructures in the (CoCrNi)o,TizAlz alloy
after RA-500 and RA-700 treatments. The RA-500 sample consists of a high number
density of heterogeneous precipitates with sizes ranging from 10 to 100 nm, as shown in Fig.
1(a). However, the RA-700 sample has much fewer homogenous coarsening precipitates (~
100 nm), as shown in Fig. 1(b). Correspondingly, the grain size distribution of precipitates is
shown in Fig. 1(d, e). The volume fraction and size of the precipitates detected in the
RA-500 sample were 42.8% and 31.6 nm, respectively. The volume fraction and size of
precipitates detected in the RA-700 sample were 21.2% and 93.3 nm, respectively. The
precipitates of the RA-500 sample were further examined in the bright-field (BF) TEM
image (Fig. 1(c)). The selected area electron diffraction (SAED) pattern (L1) inserted in Fig.
1(c) confirmed that the interface of fcc/y' has a good orientation with [011]¢//[011],.
Qualitative chemical analysis of the y' precipitates detected in the alloys after RA-500 and
RA-700 treatments was further performed using scanning TEM equipped with energy
dispersive X-ray spectroscopy (STEM-EDS), as shown in Fig. 1(fi—gs). These y* precipitates
were evidently enriched in Ni, Ti, and Al, but depleted in Co and Ni. Only 3 at% Ti and 3 at%
Al were able to promote formation of y' precipitate, which was consistent with previous

studies [12,23]. Additionally, the number density of y' precipitates after RA-500 treatment
8
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(Fig. 1(f,—fs)) is also higher than those after RA-700 treatment (Fig. 1(g1—gs)), while the size

exhibits the opposite trend, which agreed well with the SEM results in Fig. 1(a, b).
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Fig. 1. (a) SEM image showing the heterogeneous y' precipitates in the CoCrNi)q4 TizAlz alloy with RA-500
treatment. (b) SEM image showing the homogeneous y* precipitates in the alloy with RA-700 treatment. (c)
BF-TEM image of the nano-size y' precipitates and SAED pattern L1, indicating the coherent interface
between fcc matrix and y* precipitates. (d) and (e) Grain size distribution of the y* precipitates after RA-500
and RA-700 treatments, respectively. (fi—fs) The corresponding STEM-EDS maps of y' precipitates in the

RA-500 sample. (g1—gs) The corresponding STEM-EDS maps of y' precipitates in the RA-700 sample.
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Fig. 2. (a) Engineering tensile stress—strain curves of the (CoCrNi)qsTisAlsz alloy with different processing

treatments at room temperature. (b) Comparison of the tensile properties between the (CoCrNi)gsTizAlz

alloy and other engineering materials [34-37]. (c) True stress—strain curves and (d) work-hardening

response of the (CoCrNi)e4TisAl; alloy after RA-500 and RA-700 treatments, respectively.

Table 2 Yield strength (YS), ultimate tensile strength (UTS), fracture strain (FS), and Vickers hardness

determined in the (CoCrNi)es TizAlz alloys with different treatments.

Treatment YS (GPa) UTS (GPa) FS (%) Hardness (Hv)
As-cast 0.41 0.63 40.2 298.5
Rolled at 25 °C 1.63 1.83 11 540.3
RA-500 1.20 1.60 135 525.3

10
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RA-700 0.90 1.15 22.9 4354

The engineering tensile stress—strain curves of the (CoCrNi)esTizAls alloy with different
treatments are shown in Fig. 2(a), and the featured data for tensile and hardness are listed in
Table 2. For the as-cast samples, the yield strength (YS) was 0.41 GPa, the ultimate tensile
strength (UTS) was 0.63 GPa, and the fracture strain was 40.2%. After cold rolling with a 70%
thickness reduction at 25 °C, the YS and UTS increased to 1.63 GPa and 1.83 GPa,
respectively, but the fracture strain sharply decreased to only 1.1%. The YS, UTS, and
fracture strain were 0.90 GPa, 1.15 GPa, and 22.9% after RA-700 treatment. After annealing
at the optimal condition of RA-500, the YS, UTS, and fracture strain of the alloy retained
1.20 GPa, 1.60 GPa, and 13.5%, respectively. Apparently, an excellent combination of
strength and ductility has been achieved. Fig. 2(b) demonstrates a comparison of tensile
properties (i.e., engineering strength and engineering strain) between the (CoCrNi)osTizAl3
alloy in the present study and other engineering materials [34—37]. The alloy with RA-500
treatment exhibited a better combination of strength and ductility. Moreover, the true stress—
strain curves of RA-500/700 samples are also shown in Fig. 2(c). The true stress—strain
curve of the RA-500 sample shows a typical transient hardening at strains ranging from 1.0%
to 5.4%, typical of strain hardening response. Meanwhile, the comparison of the strain
hardening exponent (n) between the (CoCrNi)esTisAls alloys fabricated in this study and
other engineering alloys is shown in Table 3. Apparently, the RA-500 sample exhibited a
higher strain hardening exponent. Normally, a higher n value represents a stronger strain
hardening effect and better formability, which suggests that the material can be greatly
strain-hardened during plastic deformation.

11
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Table 3 Comparison of the strain hardening exponent (n) between the present (CoCrNi)gsTisAlz alloy and

other reported engineering alloys.

Alloys

strain hardening exponent (n)

(CoCrNi)g4TizAl; alloy (RA-500)
(CoCrNi)gsTisAl; alloy (RA-700)
316L stainless steel
Al alloys sheet
Pure Cu
CrMnFeCoNi
TWIP CrysMnyoFesqCosoNisa
FeasNizsCrypoMnyg

FeMnNi

0.38
0.23
0.39 [38]
<0.33[39]
0.35 [40]
0.16/0.32 [41]
0.23 [42]
0.24/0.29 [43]

0.38/0.17/0.15 [44]

Furthermore, Fig. 2(d) presents the work-hardening behavior of RA-500/700 samples as a

function of the true strain. The RA-700 sample only shows a monotonic two-stage decrease

in the work-hardening rate. By contrast, a three-stage work-hardening behavior following

yielding was observed in the RA-500 sample. The initial rapid drop of work hardening rates

corresponding to stage A (0.0% to 1.0%) indicates the start of plastic deformation after

yielding, which is normally observed in fcc-based alloys [35]. Upon straining to stage B (1.0%

to 5.4%), the work hardening rate increases notably for 2.5 GPa at 5.4% strain. This

double-yielding behavior is similar to the TRIP/TWIP effect [45, 46]. In stage C (5.4% to

12.6%), the work hardening rate decreases gradually again.
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Fig. 3. (@) IPF, (b) 1Q map, and (c) SEM image showing grain structure of the (CoCrNi)gsAl3Tiz alloy
with RA-500 treatment after tensile testing. (d) KAM map of the (CoCrNi)g,AlsTiz alloy with RA-500

treatment. (e) Grain size distribution of the (CoCrNi)q4Al5Tis alloy with RA-500 treatment.

Inverse Pole Figure (IPF), Image Quality (1Q) map, and SEM image of the
(CoCrNi)gsTisAls alloy (tip of the tensile specimen after tensile testing) after RA-500
treatment are shown in Fig. 3(a—c), and the corresponding grain size distribution is shown in
Fig. 3(e). The obvious existence of refined heterogeneous grain structure with an average
grain size of ~ 13.2 um was detected. The resultant heterogeneous grain structure contained
two types of grains with different length scales and sizes: the coarsening grains (> 11 pum)
constituted an area fraction of ~ 49.2%, and the relative fine grains (< 11 um) comprised an
area fraction of ~ 50.8%. Therefore, we successfully obtained a multi-scale heterogeneous
structure with matrix and precipitate through single-step cold rolling and annealing in the
RA-500 sample. Additionally, the relatively homogeneous matrix with an average grain size
of ~ 25.7 um was observed in the IPF (Fig. 4(a)), 1Q map (Fig. 4(b)), and SEM image (Fig.
4(c)) of the RA-700 sample. Moreover, the IQ+GOS (grain orientation spread) map in Fig.
4(d) indicated that the resultant homogeneous grain structure contained the mixture of the

partial-recrystallization grains (PR grains) constituted a volume fraction of ~ 17.74%, the
13
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fully-recrystallization grains (FR grains) comprised a volume fraction of ~ 82.26%.

T RA-700 sample (e)

D D DN AN D > A
RPN &%" & o

Grain size (um)
Fig. 4. (a) IPF, (b) 1Q maps, and (c) SEM image showing grain structure of the (CoCrNi)gsAl3Tis alloy
with RA-700 treatment after tensile testing. (d) IQ+GOS map showing the volume fraction of
fully-crystallization grains (FR) and partial-recrystallization grains (PR). (e) Grain size distribution of the

(CoCrNi)gsAl3Tiz alloy with RA-700 treatment.

It is clear in Fig. 2(a) that the one-step rolling with annealing treatment significantly
increased the strength of the as-cast (CoCrNi)g4sTizAls alloy. The rolling/annealing-induced
variation in mechanical properties depends closely on the heterogeneous matrix grains and »'
precipitates (refer to the microstructure characteristics). The pronounced strengthening and
the exceptional work-hardening ability in hetero-structured materials are reported to be
attributed to the efficient strain hardening rate [20-23, 47, 48]. This mechanism can be
explained as follows: Firstly, both coarsening and fine grains deform in an elastically similar
manner to their homogeneous coarsening grains counterparts [49]. With increasing the true
stain, the fine grains continue deforming elastically while the coarsening grains begin to
deform plastically, resulting in a deformation incompatibility and composite-like behavior.

Thus, to accommodate the deformation incompatibility near grain boundaries and interfaces

14



Journal Pre-proof

separating the coarsening- and fine-grain regions, geometrically necessary dislocations
(GNDs) piled up and blocked at grain boundaries of coarsening grains are required. The
variations in local misorientation qualitatively reflected the degree of plastic deformation or
defect density, and additional stress was introduced into the boundaries of adjacent grains to
guarantee strain compatibility during plastic deformation, which increased the density of
GND [27, 50]. Correspondingly, the kernel average misorientation (KAM) map of the
RA-500 sample is shown in Fig. 3(d). The relatively high local misorientation is obviously
seen in the coarsening-grain region. These GNDs may interact with mobile dislocations to
increase the density of mobile dislocations in coarsening grains due to dislocation interaction
and entanglement. Consequently, stage B of the work hardening rate of the hetero-structured
RA-500 sample maintains a near-constant value due to the severe deformation of coarsening
grains, and subsequently the deformation of fine grains causes a gradual decrease in the
work-hardening rate. Essentially, the enhanced strain hardening rate and work-hardening rate
induced by heterogeneous matrix grains (i.e., soft coarse grains and fine hard grains) are
similar to the TRIP effect (the occurrence of stress and strain hardening induced by hard fresh
martensite and soft austenite [51-54]) and TWIP effect (changing the dislocation
accumulation rate and hardening the slip system directly through the Hall-Petch effect [55,
56]). For instance, the dislocation hardening of the stable fcc phase and increased ductility
induced by transformation-induced hardening of the metastable hexagonal closed-packed
(hcp) phase are widely researched in the FeMnCrCo-systems MEAs [53, 54]. Meanwhile, the
FesoMn4Cr10Co10 MEA exhibited an enhanced strain hardening rate and tensile strength due
to the strong twin-twin and twin-slip interactions where twin boundaries reduce the mean

15
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free path of dislocations [56]. Finally, a three-stage work-hardening behavior was present
following vyield, as shown in Fig. 2(d). Additionally, the hetero-structured RA-500 sample
showed a much higher work-hardening rate in comparison with its homogenous RA-700
sample, which indicates that the mechanical incompatibility induced by heterogeneous matrix

grains and y' precipitates plays a crucial role in the increment in work-hardening rate further.

(b)

Interaction of Slip
bands

* Grain boundary \

5pum

Dislocation cells

Elongated grains

Interaction of Slip

bands
X

RA-500°C alloys RA-500°C alloys
Fig. 5. ECCI microstructural analysis of the (CrCoNi)gsAlsTis alloys under different conditions, i.e. (a) and

(b) Rolling, (c) and (d) RA-500 treatment.

Different from the single heterogeneous matrix in the pure CoCrNi alloy reported in
previous studies [20-23], the refined heterogeneous ' precipitates detected in this study also
played an important role in tuning the trade-off of strength and ductility. On the one hand, a

high volume fraction of small precipitates is preferred to generate effective precipitation
16
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strengthening according to the Orowan strengthening theory [57]. Compared with the alloy
with RA-700 treatment, the high strength observed in the sample after RA-500 treatment is
partially attributed to the high number density of fine y' precipitates, the corresponding
strengthening contribution of y' precipitates will be calculated in the following sections. On
the other hand, the previous studies have indicated that the heterogeneity in y' precipitates
delivered the difference in precipitation hardening effect and also promoted strain
partitioning further [22, 58]. Meanwhile, the ultrafine y' precipitates have a coherent
orientation relationship with their surrounding fcc matrix, as shown in Fig. 1(c). The
associated elastic interaction between y' precipitates and dislocations is hence lowered. This
can prevent crack initiation at the precipitate-matrix interfaces owing to negligible strain

accumulation and maintaining the uniform plastic deformation [59].

Furthermore, the other positive effects of strain hardening capacity might be attributed to the
formation of various Kkinds of heterogeneous ultra-fine crystalline defects. The ECCI
microstructural analysis of the as-rolled samples without and with RA-500 treatment after
tensile testing in Fig. 5 indicated that many slip bands (~ 0.8 pum) occur within the grain
matrix and interact with each other. Slip bands, which are formed as a result of the planar
slip and occur in MEAS/HEAs along with lattice friction stress, have been recognized to
accommodate plastic deformation [35, 60, 61]. Moreover, the detailed microstructural
evolution of the (CoCrNi)gsAl3Tis alloy after tensile testing is shown in Fig. 6. BF-TEM
images in Fig. 6(a, b) indicated that the typically elongated grain microstructure is detected
in the as-rolled alloy with high-density dislocations inside. Abundant immobile LC Locks

accompanied with SFs are also detected in the matrix, as shown in Fig. 6(c). These

17
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crystalline defects of different sizes, such as SFs and LC Locks on multiple {111} planes (~
2 nm), and deformation twins (DTs, 5-10 nm), are also observed in the RA-500 sample, as
shown in the TEM image of Fig. 6(e—g). DTs, acting as the additional plasticity mode, are
the key microstructural origin for the remarkably enhanced strength/ductility and superior
strain hardening capacity. Generally, apart from acting as the plastic carrier, DTs could
induce grain refinement effect by introducing extra interfaces and thereby notably reduce the
dislocation mean free path, leading to a pronounced dynamic Hall-Petch effect [61, 62].
Moreover, in addition to endowing slippery pathways to facilitate the glide of dislocations
for plasticity [63], these extra twin boundaries could also provide effective obstacles against
dislocation motion, and their subsequent interplays can increase the capacity of dislocation
gathering [64, 65]. Additionally, SFs are widely found at both room and cryogenic
temperatures and are believed to be the dominant deformation modes of y'-hardened
HEAS/MEAs [12, 66]. Although the hardening effects of SFs may not be as effective as DTs
[67], the high number density of SFs can still benefit the strain hardening by acting as the
barrier to impede the propagation of dislocations [12]. Moreover, like the SFs, dislocations
from four directions can be pinned by the LC locks, and other dislocations are also difficult
to move near the LC locks, then resulting in dislocation pile-up [68], which also plays a
positive role in the strengthening and strain hardening of HEAS/MEASs [3, 69-71]. When
further increasing the annealing temperatures to 700 °C, the BF-TEM images in Fig. 6(h, i)
show that the alloy contained recrystallized grains in which an interaction between

dislocations with twins occurred.

18
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Fig. 6. (a)—(d) Detailed microstructural analysis of the as-rolled (CoCrNi)gsAlsTis alloy: (a) the elongated

grains and SAED pattern L1, showing the fcc matrix with a (111) local rolling texture; (b) BF-TEM image

showing the high density of dislocations; (c) BF-TEM image and SAED pattern L2, showing the formation

of SFs and LCs; (d) BF-TEM image and SAED pattern L3, showing the formation of deformation twins.

(e)—(9) Detailed microstructural analysis of the (CoCrNi)esAlsTiz alloy treated by RA-500 treatment: (e)

and (f) BF-TEM image and HR-TEM image and FTT patterns L4, showing the y' precipitates, SFs and LCs;

() BF-TEM image and SAED pattern L5 indicating the formation of nanotwins. (h) and (i) Detailed

microstructural analysis of the (CoCrNi)gsAl3Tiz alloy treated by RA-700 treatment: (h) BF-TEM image

showing the fully-recrystallized structures; (i) BF-TEM image implying the interaction between
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deformation twins with certain dislocations.

As demonstrated in Figs. 5 and 6, the (CoCrNi)gsAl;Tiz alloy after RA-500 treatment
showed abundant deformation modes, which are different from that of the reported
y'-hardened HEAS/MEAs [12, 66]. In the present study, apart from SFs, LC Locks,
deformation twins, and slip bands occurred during the tensile deformation of RA-500
sample. Based on a three-stage work-hardening behavior, we believe that the localized
strains in the coarse grains result from the high stress and thus stimulate the formation of
deformation twins. These additional slip bands and deformation twins are beneficial to the

strain hardenability and ductility of the alloy.

Also, from the above microstructural observations, for the (CrCoNi)gsAl3Tiz alloy, potential
strengthening mechanisms should involve the combination of grain boundary strengthening
(0g), dislocation strengthening (agis), and precipitation strengthening (op), in addition to its
lattice friction strength ao. For simplicity, the contribution of main mechanisms responsible

for the strengthening of the RA-500 sample can be expressed as Eq. (1).

oy = 09 + 0g * odist 0Op @
where gy is a constant (218 MPa for CoCrNi alloy [15]).
3.1. Grain refinement strengthening

EBSD results show the obvious decrease in the average grain size of the fcc matrix after
RA-500 treatment, as shown in Fig. 3(a). The part of strengthening effects by grain

refinement (g4) can be calculated via the Hall-Petch relationship as follows [72]:
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o = K-d0® (2)

where K is a constant (265 MPa mm*? for CoCrNi MEA [15]) and d is the average grain size
of the (CrCoNi)qsAl3Tis alloy under RA-500 condition (~ 13.2 um). As a consequence, the

strength contribution from grain refinement to yield strength is evaluated as ~ 72.9 MPa.
3.2. Dislocation strengthening
The contribution of ayjs can be estimated according to Taylor’s hardening law [73]:

Odis = M-oc-G-b'pO'5 (3)

where M, a, G, b, and p are the Taylor factor, empirical constant, shear modulus, Burgers
vector, and dislocation density, respectively. For the CoCrNi alloy, the above parameters are
M =3.06 [74], o= 0.2 [75], G = 85 GPa [76], b = 0.253 nm [12]. Usually, the total dislocation
density is composed of GND and statistical storage dislocation (SSD). GND is caused by
uniform deformation. It is mainly distributed in the grain boundary region and the restricted
boundary region, while the SSD is mainly distributed inside the grain, so the main
contribution of dislocation enhancement comes from the GND. According to Eq. (4)
proposed by Zaiser et al. [77], the KAM map can be used to calculate GND by combining

local strain.
ponp = 2-9/(u-b) (4)

where 9 is the average value of KAM (0.938), u is the step size during EBSD measurement.
Therefore, the strength contribution from dislocation strengthening to yield strength is

evaluated as ~ 566.1 MPa.
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3.3. Precipitation strengthening

The fine y' precipitates have the size distribution of a dominant number of particles less than
100 nm (Fig. 1(a)). During deformation, y' precipitates act as hard phases at grain boundaries
and in the fcc matrix, which interact with dislocations through the pining effect and block the
dislocation movement further (Orowan-type). Correspondingly, the precipitation

strengthening can be calculated by Orowan—Ashby equation [78]:

s = 0.13-G-bl-In> (5)

A=D 2V R -1] (6)

where G and b represent the shear modulus and Burgers vector of CoCrNi alloy, while D, 4,
and V, represent the average diameter, average inter-particulate spacing, and volume fraction
of o' precipitates, respectively. Thus, the strength contribution from precipitation

strengthening to yield strength is estimated as ~ 403.4 MPa.

Correspondingly, the strengthening contributions from grain boundary strengthening,
dislocation strengthening, and precipitation strengthening are calculated to be ~ 72.9 MPa, ~
566.1 MPa, and ~ 403.4 MPa, respectively, the total yield strength estimated by Eq. (1)

would be 1.26 GPa, which is approaching to the measured yield strength of 1.28 GPa.
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Three-level heterogeneous structure in the (CrCoNi)y,Al;Ti; alloys (RA-500 treatment)

Precipitates: 10 - 100 nm
crystalline defects: 2 - 10 nm

@ Heterogeneous matrix grain: 1 - 50 ym
oo

Grain length: 1 — 50 ym

...'.:- Heterogeneous vy’ precipitates: 10 - 100 nm

$5:
Heterogeneous crystalline defects : 2 -10 nm
' % A Dislocation 7 Stackingfault .+ LC locks
CI3

%" single gran —— Deformation twin — High-angel grain boundary

Fig. 7. Schematic illustration showing the microstructural evolution during different processing routes in

the present work.

A representative diagram showing the microstructural characteristics in the studied
(CoCrNi)gsAl3Tis alloy after RA-500 treatment is schematically illustrated in Fig. 7. The
multi-scale heterogeneous structures could be architected by a single rolling and annealing
treatment. The enhanced mechanical properties (UTS of 1.60 GPa and fracture strain of
13.5%) mainly originate from three aspects: (i) the refined heterogeneous matrix grains (1-50
pum) brought grain boundary strengthening and exceptional work-hardening ability; (ii) the
ultrafine heterogeneous ' precipitates (10-100 nm) delivered effective precipitation
strengthening; (iii) it is probable that the strengthening and hardening also originated from
the capability of various crystalline defects with different sizes (i.e., the SFs, LCs, DTs, and
slip bands) to accommodate dislocations, which benefited the strain hardenability of the alloy

and thus led to good ductility.

4. Conclusions

In this work, we explored a feasible single-step heat treatment to develop a (CoCrNi)TizAls
23
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alloy with multi-scale heterogeneous structures, which resulted in the simultaneous

improvement of strength and ductility. The major conclusions were made as follows.

(1) The (CoCrNi)TizAls alloy with an excellent strength—ductility synergy was achieved
through single-step rolling and annealing. A good combination of yield strength of 1.47 GPa,

UTS of 1.60 GPa, and fracture strain of 13.1% has been obtained after RA-500 treatment.

(2) The alloy exhibited multi-scale heterogeneous structures that contains the favorable
heterogeneous fcc matrix grains (1-40 pm) and the coherent spherical y' nanoprecipitates
(10-100 nm), together with the high number density of 2-10 nm crystalline defects (i.e.

dislocations, small stacking faults, Lomer—Cottrell locks, and ultrafine nanotwins).

(3) This investigation provides an economical and efficient way to fabricate high strength and
ductile CoCrNi-based MEAs. Meanwhile, it promotes to unravel the deformation

mechanisms of MEASs with characteristic microstructures.
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