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ARTICLE INFO ABSTRACT

Keywords: Heterostructured high-entropy alloys (HS-HEAs) integrate two innovative concepts in metallic materials that
Mechanical properties encompass alloy design and microstructural engineering. HS-HEAs have demonstrated outstanding mechanical
Microstructure properties. However, it remains challenging to explore these materials due to the intricate nature of their
Recrystallization

composition and microstructure. In this study, we introduced heterostructures into a single-phase FCC HEA
through cold rolling and partial recrystallization. This process resulted in an exceptionally high density of
nanoscale recrystallization twins, leading to significant hardening and the formation of heterogeneous hard
zones in recrystallized regions with small grain sizes. This tri-modal heterostructure results in improved balance
between strength and ductility, high zone boundary density and strong hetero-deformation induced (HDI) ef-
fects, and a unique two-stage strain partitioning mechanism that postpones necking. As a result, the alloy exhibits
enhanced strength and ductility, resulting in superior mechanical properties. The identification of the recrys-
tallized hard zones is crucial for gaining a proper understanding of the hetero-zones in HEAs and provides

Nano-scale twins
High-entropy alloys

valuable insights for the future design of HS-HEAs.

1. Introduction

High- and medium-entropy alloys (HEAs and MEAs) have attracted
extensive attention of the materials community in the past two decades
[1-4]. An intriguing phenomenon in these materials is that despite
comprising many different elements, they can often form simple solid
solution phases. In fact, these solid solution phases can exhibit
extraordinary properties. For instance, CoCrNi and CoCrFeMnNi show-
case exceptional fracture toughness both in ambient and cryogenic en-
vironments [5-11]. However, these FCC solid solutions have only
modest yield strength. Hence, numerous efforts have been made to boost
their strength by refining their microstructure. However, the outcomes
have proven rather modest. For instance, in the case of CoCrNi with a
grain size of 1.26 pm, the yield strength (YS) is only 400 MPa [12].
Nanocrystalline HEAs obtained through severe plastic deformation can
elevate the yield strength to the GPa level, but they are accompanied by
limited sample sizes and a significant reduction in ductility [12-14].
Traditional strengthening approaches are not quite effective in avoiding
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the trade-off between strength and ductility.

A novel concept called heterostructured materials (HSMs) seems
quite promising [15-17]. HSMs are materials that contain zones with
significant differences in strength, but the sizes and geometries of these
distinct regions can vary notably. Such heterogeneity, can lead to
hetero-deformation induced strengthening and hetero-deformation
induced strain hardening near the boundary of the hetero-zones [18,
19]. The former enhances the strength while the latter improves the
ductility of the material, leading to better overall properties. Such
beneficial effects, of course, require proper engineering of the
morphology and the relative volume fraction of the hetero-zones. It has
been proposed that the ideal microstructure for HSMs would be one with
20-30 % volume fraction of soft lamella embedded in a hard matrix
since this would maximize the hetero-deformation induced strength-
ening effects [17,20]. This has been demonstrated by Wu et al., who
subjected pure titanium to cold rolling followed by partial recrystalli-
zation annealing, yielding a heterogeneous lamellar structure. This
unique microstructure displays strength equivalent to the
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ultrafine-grained Ti while retaining uniform elongation similar to
coarse-grained Ti [16].

It is, therefore, logical to combine the two important trends — the
unique composition design in HEAs and the distinct microstructure en-
gineering in heterostructured materials, to fabricate heterostructured
HEAs, or HS-HEAs, that could harvest the advantages from both ideas
and obtain even better properties [21-29]. Indeed, Du et al. prepared
dual heterogeneous nanostructures composed of partially recrystallized
structure and heterogeneous L1, precipitates through deliberately
designed compositions and processing methods, resulting in an ultimate
tensile strength of 2.2 GPa and a uniform elongation of 13 % [27]. This
represents a highly successful design of heterogeneous high-entropy
alloys. Besides precipitation hardened HEAs, heterostructure design
has also been extended to eutectic high-entropy alloys [29-32]. By
controlling the hierarchical heterostructure and grain size, different
types of deformation twins can be triggered to enhance the strain
hardening capability, thereby improving the mechanical properties of
eutectic high-entropy alloys [28]. Compared to as-cast eutectic
high-entropy alloy, it exhibits twice the yield strength, an increase in
uniform elongation from 16.2 % to 24.2 %, and a higher ultimate tensile
strength (UTS) of 1.5 GPa.

Despite the aforementioned successes, numerous fundamental
questions regarding HS-HEAs remain unanswered. For example, are
heterostructures in HEAs equivalent to those in traditional alloys when
the same processes are employed? Does the optimal volume fraction of
hard and soft zones directly apply to HEAs as well? It’s worth noting that
in HSMs prepared by partial recrystallization processes, the recrystal-
lized regions typically represent the soft zone, while regions with high
dislocation densities, such as ultrafine-grained and unrecrystallized re-
gions, constitute the hard zone [16,17,20]. However, HEAs continue to
exhibit exceptional properties even when they are fully or nearly fully
recrystallized, i.e., deviate significantly from the ideal heterostructure
[22-25]. For instance, both 40 % and 80 % recrystallized CoCrNi alloys
demonstrate impressive combinations of properties [24]. This observa-
tion raises the possibility that heterostructures in HEAs may differ from
their conventional counterparts.

In this study, CoCrFeNi is selected as a model system to study het-
erostructures in HEAs. Unlike alloys used in previous HS-HEA studies,
which are mostly multi-phased, CoCrFeNi is a single-phase FCC alloy [6,
33-35]. It is often used as a base alloy to which additional elements are
added to create a diverse range of pseudo-binary or pseudo-ternary al-
loys for theoretical study or various applications [36-45]. Moreover, in
contrast to CoCrNi and CoCrFeMnNi, which are characterized by their
low stacking fault energy and therefore prevalent deformation twinning,
CoCrFeNi possess a higher stacking fault energy [10,46-48]. This leads
to a simple dislocation-mediated deformation that barely involves
deformation twinning, which allows us to focus more on heterostructure
itself. By employing simple cold rolling and annealing procedures, we
produced three HS-HEAs with varying degree of recrystallization. Our
analysis shows that the hard and soft zones in HEAs are different from
general expectation. Contrast to conventional hard zone with high
dislocation density, the existence of dislocation-free recrystallized hard
zone (RHZ) is discovered. The existence of RHZ leads to a unique
tri-modal  heterostructure that enables excellent mechanical
performances.

2. Experimental procedures

The CoCrFeNi alloys were prepared by vacuum arc melting under a
high purity argon atmosphere. Raw materials (purity > 99.95 %) were
placed in a water -cooled copper mold and melted for four times to
enhance chemical homogeneity. The ingots (50 x 25 x 8 mm®) were
homogenized in vacuum at 1100 °C for 24 h and then cold-rolled to
sheets with thickness of 1 mm (87.5 % reduction). The sheets were
subsequently annealed in air at 600, 650, and 700 °C for 5 min to obtain
three different HSMs (henceforth called HSM1, HSM2, and HSM3,
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respectively).

Microstructure observations were carried out using a JOEL-5400
scanning electron microscope (SEM). Crystal structures were analyzed
by a BRUKER-D8 Discover X-ray diffractometer operated at 40 kV and
30 mA using Cu Ka radiation. Electron backscatter diffraction (EBSD)
technique was performed using an Oxford NordlysMax 3 EBSD instru-
ment on a JOEL JSM-7800F SEM. Mechanical polishing was applied to
the specimens before metallographic observation. Transmission electron
microscopy (TEM) observations were carried out using a JOEL JEM-
2100F microscope and high-resolution transmission electron micro-
scopy (HRTEM) images were taken on a JEOL JEM-ARM300F2 equipped
with double spherical aberration correctors. TEM samples were pre-
pared by initially grinding and polishing them to a thickness of less than
100 pm, and subsequently twin-jet polished, using an electrolyte
comprised of 5 % perchloric acid and 95 % alcohol at a temperature of
—25 °C with a voltage of 30 V.

Tensile test samples were cut to gauge dimensions of 16 mm x 6 mm
x 1 mm and tested with a Shimadzu AGS-1000 kN universal tensile
machine with a strain rate of 1 x 107> s~l. Repetitive loading-
unloading-reloading tests were conducted for HSM2 and HSM3. The
loading/reloading strain rate was 5 x 10™* s!, and a load-controlled
unloading rate of 3.3 N/s was applied to reach a minimum load of
200 N. Local hardness of different regions were measured by nano-
indentation using a Bruker’s Hysitron TI 980 TriboIndenter with a
Berkovich diamond indenter tip. The maximum load is 12 mN and the
loading rate is 1 mN s~1. To identify the type of region each indent
represents (which will be explained later), EBSD scans were performed
before and after indentation. Data from indents located in mixed regions
whose type cannot be clearly distinguished is discarded. At least 50
indentation data is collected for each type of region.

3. Results
3.1. As-homogenized and as-rolled microstructure

Fig. 1a shows the microstructure of the as-homogenized (as-homo)
CoCrFeNi alloy, equiaxed grains with an average grain size of 850 pm
are observed. After 87.5 % cold rolling, dense shear bands resulting from
plastic deformation form a complex, network-like structure (Fig. 1b).
TEM analysis shows the presence of high-density dislocations and

200 pm

Fig. 1. SEM images of (a) the as-homo and (b) the as-rolled CoCrFeNi alloy; (c)
(d) show the TEM bright field images of the as-rolled alloy. Inset shows the
corresponding SADP. Arrows in (c) indicate dislocation cells and those in (d)
indicate stacking faults.
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dislocation cells (Fig. 1c). From the selected area diffraction pattern
(SADP), it can be observed that the diffraction spots have extended into
short arcs, indicating slight angular variations. Besides typical disloca-
tion substructures, only a small amount of stacking fault can be observed
(Fig. 1d). Thus, the plastic deformation is dominated by dislocation
activities, which is consistent with previous literature [34,35].

3.2. A first look at the microstructure

According to X-Ray diffraction, all three HSMs remain a single-phase
FCC structure after annealing (Fig. S1). However, annealing at different
temperatures results in varying degrees of recrystallization (Fig. 2).
HSM1 is annealed at the lowest temperature, and the majority of the
alloy remain unrecrystallized (Figs. 2a-c). Fig. 2b shows the distribution
of the recrystallized grains by blackening out the unrecrystallized re-
gions. The recrystallized regions are approximately 27 % in volume
fraction, and they form lamellas that are tens of micrometers long
(Fig. 2b). These constitute the “ideal” heterostructure predicted to
provide the best properties: lamella-shaped soft zones with approxi-
mately 20-30 % volume fraction embedded in a hard zone matrix [17,
20]. The microstructure of HSM2 is somewhat inverse to that of HSM1
(Figs. 2d-f), with unrecrystallized hard zones (UHZs, vol. fraction 37.9
%) embedded in the recrystallized soft zones (RSZs, vol. fraction 62.1
%). Such structure is far away from the ideal heterostructure, and is
anticipated to exhibit inferior properties. HSM3 is annealed at the
highest temperature, and therefore have almost completely recrystal-
lized (Figs. 2g-i). Its structure is composed of large-grained regions
surrounded by a fine-grained matrix. The recrystallized grains in all
three HSMs were relatively small, with their sizes measuring approxi-
mately 1 pm, 1.8 pm, and 1.9 pm, for HSM1, 2, and 3 respectively. This
suggests that a large proportion of grains are smaller than 2 pm.

HSM1

IPF Z
(UHZ blackened)
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3.3. Mechanical behaviors of the HSMs

The tensile curves of the HSMs are shown in Fig. 3a, and important
numbers from the curves can be found in Table 1. The as-rolled alloy
exhibits high strength but very low uniform elongation (UEL, 1.7 %). In
contrast, the as-homo alloy demonstrates high elongation but a YS of
only 146 MPa, showing a typical strength-ductility trade-off. Surpris-
ingly, despite having an ideal heterostructure, HSM1 exhibits mechan-
ical properties similar to the as-rolled alloy. In contrast, HSM2, which
features ~38 % of UHZs embedded in a recrystallized matrix, exhibits an
excellent strength-ductility combination, having a YS of 817 MPa, an
UTS of 953 MPa, and an elongation of 33 %. Interestingly, HSM3, which
has almost completely recrystallized, is still four times stronger (in YS)
than the as-homo alloy, while remaining a similar elongation.

The work hardening behaviors of the HSMs are shown in Fig. 3b. The
hardening rates of both the as-rolled alloy and HSM1 drop in a free-fall
manner, while that of the as-homo alloy shows a gradual monotonic
decrease typical of coarse-grained materials. The hardening rate of
HSM3 shows an inversion after the initial drop, and then remains at a
level similar to that of the as-homo alloy until ~27 % true strain. Such
discontinuous yielding is typical for heterogeneous materials, indicating
that hetero-effect is indeed working in HSM3. HSM2 exhibits an unusual
secondary discontinuous yielding behavior following the standard
initial discontinuous yielding, this will be discussed later.

The outstanding mechanical properties demonstrate the efficacy of
the heterogeneous design in the CoCrFeNi alloy. Fig. 3c compares the YS
and UEL of CoCrFeNi in various processing states, including different
homogeneous states via conventional processes and ultrafine-grained
states via high pressure torsion. It can be seen that CoCrFeNi with a
homogeneous structure faces the common strength-ductility trade-off,
while our heterogeneous approach using simple cold rolling and
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Fig. 2. Inverse pole figure (IPF_Z) maps and grain size distributions of (a-c) HSM1, (d-f) HSM2, and (g-i) HSM3. The top row shows IPF_Z maps, where black signifies
unidentified uncrystallized regions due to deformation. The middle row shows the corresponding IPF_Z maps after blackening out all the unrecrystallized regions for

easy recognition. The bottom row shows the volumetric distribution of grain size.
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Fig. 3. (a) Engineering stress-strain curves and (b) work hardening curves of CoCrFeNi processed under different conditions. (c) Yield strength vs. uniform elongation
of CoCrFeNi in various states collected from literature [6,49-56] and those for our HSMs.

Table 1

Tensile properties of CoCrFeNi under different processing conditions in this
work.

YS (MPa) UTS (MPa) UEL (%) EL (%)

As-rolled 1159 1361 1.7 4.8
HSM1 1120 1302 1.9 6.4
HSM2 817 953 22.1 32.9
HSM3 650 868 36.8 51.7
As-homo 146 550 52.3 56.0

annealing overcomes this problem. Our HSMs even outperform
ultrafine-grained CoCrFeNi obtained through high pressure torsion.
Representing the best mechanical property combination there is for
CoCrFeNi.

Fig. 4a shows the true stress-true strain curves of HSM2, HSM3, and
the as-homo alloy obtained by loading-unloading-reloading tests. All
unloading-reloading cycles exhibit detectable reverse plastic flow hys-
teresis, indicating the presence of non-uniform deformation in all sam-
ples. Interestingly, during each loading-unloading-reloading cycle,
HSM2 and HSM3 display more pronounced hysteresis loops than the as-
homo alloy (Fig. 4b), indicating that hetero-structures exhibit higher
hetero-deformation induced strengthening effect than homogeneous
structures. According to the literature [57], the hetero-deformation
induced strengthening stress (oxp;) can be calculated by the equation:

o, +o0,
2

Onpr =

where the reloading yield stress o, and unloading yield stress o, can be
measured from each hysteresis loop in Fig. 4b. The variation of oyp as a
function of strain is provided in Fig. 4c. At the same strain level, HSM2
exhibits higher hetero-deformation induced stress, aligning with the

(a) 1400 (b)

results reflected in the hysteresis curve in Fig. 4b and confirming the
reliability of oyp; measurements. The initial oyp; of HSM2 is 456 MPa,
while that of HSM3 is 386 MPa. Both of them clearly surpass the as-
homo alloy (117 MPa). After reaching uniform elongation, the
maximum oyp; for HSM2 and HSM3 is 612 and 544 MPa, respectively.
Notably, the maximum opp; for the as-homo alloy increases to 484 MPa.
Due to the presence of texture and grain boundaries, even in a homo-
geneous structure, microscopic plastic inhomogeneity can occur
[58-60]. Deformation in the vicinity of grain boundaries triggers the
activation of geometrically necessary dislocations across multiple slip
systems, resulting in orientation gradients characterized by lattice ro-
tations [61,62]. Consequently, under high strain, the accumulation of
geometrically necessary dislocations near grain boundaries in the
as-homo alloy generates hetero-deformation induced stress, resulting in
stress-strain hysteresis during unloading and reloading.

3.4. Further analysis of the microstructure

As shown previously, despite the seemingly ideal heterostructure in
HSM1, its mechanical properties are similar to the as-rolled alloy. In
contrast, HSM2, which features UHZs embedded in a recrystallized
matrix, exhibits an excellent strength-ductility combination. Further
analysis is therefore conducted in HSM2 to investigate microstructural
features that could lead to such scenario. The microstructure of the
recrystallized regions in HSM2 comprises isolated large grains (called
large-grained region, LGR) surrounded by a small-grained matrix (called
small-grained region, SGR) (Fig. 2d-i) which is somewhat similar to that
of HSM3. Figs. 5a-b present a high-magnification EBSD analysis of a
small-grained region (with grain sizes < 2 pm). Several features are
noted. Firstly, the average grain size in the fine-grained region is
remarkably small, approximately 0.46 pm according to our EBSD anal-
ysis. This is in stark contrast to just-recrystallized microstructures (i.e.
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Fig. 4. (a) True stress-true strain curves of CoCrFeNi processed under different conditions using loading-unloading tensile tests; (b) magnified unloading-reloading
hysteresis loops taken from (a); (c) hetero-deformation induced stress derived from the unloading-reloading hysteresis loops.
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Fig. 5. (a) Band contrast image and (b) IPF_Z of the SGR in HSM2; (c) Twin densities in the SGR of HSM2 compared to those in various fully-annealed and just-
recrystallized conventional alloys. Yellow and red arrows in (a) indicate coherent twin boundaries and incoherent twin boundaries, respectively.

grain growth has barely begun) in conventional alloys, where grain sizes
typically range from tens to hundreds of micrometers (see Table S1).
Even in heavily alloyed conventional metals, just-recrystallized grain
sizes are still in the range of 5-10 pm. Secondly, the twin density in the
SGR is exceptionally high, measuring 1.26 um ™' (using the approach in
Ref. [63]). This value is two orders of magnitude higher than those in
fully annealed conventional alloys and still one order of magnitude
higher than those in just-recrystallized ones (Fig. 5¢ and Table S2). In
fact, we suspect that the actual twin density is higher because many twin
boundaries seem to be omitted in Fig. 5a-b (black circles) due to insuf-
ficient resolution of the EBSD technique. Thirdly, unlike most annealing
twins, which generally have coherent twin boundaries (yellow arrows in
Fig. 5a), a significant faction of twin has incoherent twin boundaries
(red arrows). This is evidenced by the abundant non-linear twin
boundaries in Fig. 5a.

Further TEM observations of the recrystallized grains in HSM2
(Fig. 6a) show that the actual twin density is apparently higher than
what EBSD can resolve. Surprisingly, we noticed a strong dependence of
twin density on grain size. Small grains exhibit extremely high twin
densities and nanoscale twin widths (~20 nm, see Fig. 6a). In contrast,
large grains show lower twin densities with wider twin widths (~1 pm,
Fig. 6b). Through examining numerous grains, it is concluded that the
critical grain size for this stark contrast is around 2 pm. As twin
boundaries are strong obstacles for dislocations [64], the prevalence of
twins reduces the effective size of these grains. We analyzed the effective
grain sizes using the intercept method (Fig. 6¢). The effective grain size
decreases linearly with grain size initially, then abruptly stabilizes at a
constant value of 129 nm for grain sizes below 2 pm. This indicates an
enhanced refinement effect in grains below the critical size. The clear
difference in twin densities between small grains and large grains sug-
gests that their properties could also be significantly different, as will be

evidenced later. Thus, the recrystallized regions should indeed be
further divided into SGR and LGR, with the strength of the former ex-
pected to be noticeably higher. This leads to a tri-modal microstructure
with three structural components: SGR, LGR and UHZ.

3.5. Deformation behavior

To assess the distinct deformation behaviors of the two recrystallized
regions (SGR and LGR) in HSM2, we conducted kernel average misori-
entation (KAM) analysis at 0 %, 5 %, and 10 % tensile strain, as shown in
Fig. 7 and Table 2. The IPF_Z image and the KAM map revealed that
UHZs already exhibited high misorientation at 0 % strain, indicating a
high defect density resulting from cold work (Figs. 7a-7b). Recrystal-
lized grains have clearly lower misorientation at 0 % strain. However,
SGR exhibited higher misorientation compared to LGR, possibly due to
the presence of high-density twin boundaries not resolved by EBSD. At 5
% strain, the deformation of LGR has clearly taken place. The KAM map
turned greener, with a recorded KAM increment of 0.13. In contrast,
there was no significant KAM increment for both UHZ and SGR, with
KAM increments of 0 and 0.01, respectively. This suggests notable strain
partitioning, with the LGR primarily accommodating the deformation.
After reaching 10 % strain, KAM in LGR further increased, while KAM in
UHZ remained unchanged. The KAM in SGR, however, started to in-
crease significantly. This implies a second stage of strain partitioning
occurring between 5 % and 10 % strain, with SGR starting to participate
in the deformation. Therefore, in the tri-modal microstructure of HSM2,
the initiation of deformation in SGR is indeed delayed to a higher strain
level, resulting in a more complicated strain partitioning scenario.

Fig. 8 shows the deformation microstructure of HSM2 after 2 % and
10 % strain. At 2 % strain, planar dislocations are observed in the LGRs.
The dislocations often accumulate at the zone boundaries, forming

-A- Small Grain
—AA— -@- Large Grain

1 2 3 4 5
o Grain Size (um)

Fig. 6. Representative TEM images of (a) small grains and (b) large grains in HSM2. Inset shows the SADP of the center grain. (c) Grain size versus effective grain size
for grains in HSM2. The solid lines in (a-b) represent twin boundaries, with colors corresponding to the twin spots in the SADP. The white dashed lines denote

zone boundaries.
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10% Strain
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Fig. 7. (a, ¢, e) IPF_Z maps and (b, d, f) KAM maps of HSM2 before strain, after 5 % strain, and after 10 % strain. UHZs are blackened in the IPF_Z maps and white

dotted lines indicate boundaries between SGR and LGR.

Table 2
KAM in UHZ, SGR, and LGR of HSM2 after different degrees of strain.

Region Misorientation (°)
0% 5% 10 % Increment after 5 % Increment after 10 %
UHZ 0.96 0.96 0.96 0.00 0.00
SGR 0.34 0.35 0.72 0.01 0.37
LGR 0.22 0.34 0.73 0.12 0.51

dislocation pile-ups (Fig. 8a). Zhu et al. suggest that this type of
geometrically necessary dislocations assembly is the most effective in
producing back stress [18]. In contrast, the density of dislocations in the
grains of SGR are evidently lower. This agrees well with our KAM re-
sults. At 10 % strain, dislocation densities increase evidently in both SGR
and LGR. However, dislocations clearly tend to accumulate at both grain
boundaries and twin boundaries (Fig. 8c). This is further evidenced by
HRTEM analysis. Regions away from twin/grain boundaries exhibit few
dislocations (Fig. 8d). In contrast, regions adjacent to twin boundaries
display a very high dislocation density (Fig. 8e). Hence, it can be
concluded that at this strain (10 %), the SGRs already participate in
deformation, and the twin boundaries indeed effectively hinder dislo-
cation movement and produce dislocation pile-ups.

4. Discussions
4.1. The origin of dense nanoscale twins and their strengthening effects

The microstructure within the small-grained region (SGR) belongs to
a just-recrystallized structure that has not undergone grain growth. This
structure differs significantly from fully annealed microstructures. The
latter typically exhibit grain sizes in the range of hundreds of micro-
meters, very low twin density, large twin widths, and coherent twin
boundaries. In contrast, microstructures immediately after recrystalli-
zation display smaller grain sizes, narrower twin widths, and abundant
incoherent twin boundaries [65]. In fact, due to the distinct twin mor-
phologies arising from these two states, it has been proposed to desig-
nate them with more specific terms — recrystallization twins and grain
growth twins, instead of collectively referring to both as annealing twins
[66].

In the early stage of recrystallization, the newly formed grains

exhibit significant misorientation with respect to the deformed matrix.
When the grain boundaries of these new grains migrate into the
deformed matrix, they undergo high-angle plane rotations that
evidently impede the rate of grain growth [67]. To accelerate grain
boundary migration, these new grains transform their orientation by
producing twins to overcome the misorientation with the deformed
matrix [68-71]. The 1st generation of twins continue this process and
produce multiple generations of twins. This is called the multiple
twinning mechanism, and is known to result in exceptionally high twin
density [65,66,70-72]. Multiple twining plays a critical role in filling the
orientation space and transforming the texture of the deformed matrix
into a fully recrystallized texture. In this process, when grains with twin
orientation come into contact with grains of different generations of
twins, incoherent twin boundaries are produced [73]. This explains the
abundance of incoherent twin boundary in just-recrystallized micro-
structure. Since the boundary energy of coherent twins is only 1/10 that
of incoherent twins [74], when grain growth begins, most incoherent
twin boundaries will soon disappear [66]. Consequently, the remaining
twins after grain growth are mostly coherent.

Although the SGRs in our heterostructured materials (HSMs) clearly
exhibit features of just-recrystallized microstructures, they also exhibit
features distinct from just-recrystallized microstructures in conventional
alloys. Firstly, the sizes of just-recrystallized grains in conventional al-
loys are typically tens to hundreds of micrometers, and are still at least
5-10 pm even for heavily alloyed, low stacking fault energy alloys
(Table S1). In contrast, the average sizes of all recrystallized grains in
our three HSMs are all less than 2 pm. Secondly, the twin widths in just-
recrystallized conventional alloys are micrometer-sized, whereas those
in the SGRs of our HSMs are only around 20 nm. Thirdly, the twin
density in the SGRs is an order of magnitude higher than those in just-
recrystallized conventional alloys (Fig. 5c¢). These differences can be
attributed to two factors in the recrystallization behavior of HEAs, which
set them apart from conventional alloys.

The first is the evidently lower grain growth rate in HEAs. In con-
ventional alloys, grain boundaries tend to move at an excessively fast
rate during recrystallization, resulting in recrystallized grains tens or
hundreds of microns in size by the time recrystallization is completed. In
HEAs, however, it is known that diffusion is more sluggish due to a
greater fluctuation in lattice potential energies [75]. This constraint
slows down the migration of grain boundaries. In fact, boundary mi-
grations are further hindered by the significant solute drag effect in
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Fig. 8. Representative TEM images of HSM2 after deformation. (a) Large grains and (b) small grains after 2 % strain; (c-e) Microstructure within small grains after 10
% strain. (c) Bright-field image with corresponding SADP, twins are marked by green and red dash lines. (d) HRTEM image in regions away from grain/twin
boundaries (region d in (c)). (e) HRTEM image adjacent to twin boundaries (region e in (c)). Insets in (d) and (e) show magnified inverse fast Fourier transform

images of the yellow rectangles.

HEAs, which originates from their complex composition where all the
components can be regarded as solutes [76,77]. These mechanisms
reduce the boundary migration rate and raises the activation energy for
grain growth. For instance, the CoCrFeMnNi alloy exhibits an activation
energy for grain growth (321.7 kJ/mol 1) twice that of AISI 304LN [78].
The low grain growth rate thus enables the extremely fine grain size at
the end of recrystallization, which is crucial for retaining the high twin
density and the formation of recrystallized hard zones. The second factor
is the lower energy penalty for twin formation in HEAs. This is because
the “perfect” lattice in HEAs is inherently distorted due to the atomic
size differences between different elements (i.e. severe lattice distortion
effect [1,2]). Therefore, the activation energy for twin nucleation and
the energy difference between a “perfect” lattice and one with twin
boundary are both reduced [1,79,80]. Consequently, HEAs have a
higher propensity to form twins and a lower driving force to eliminate
twin boundary - both critical to achieve the high twin density observed
in the SGR of our HS-HEAs.

Such high twin density is expected to evidently strengthen the SGRs.
The strengthening effect can be estimated quantitatively using the Hall-
Petch equation [81,82]:

kup

oy = 0 +ﬁ (€Y)

where oy is the predicted YS, oy is the lattice friction stress, kyp is the
Hall-Petch slope [83], and d is the average grain size. Eq. (1) can be

modified for the SGRs and the large-grained regions (LGRs) as follows to
account for their respective effect of twins:

kHP (2)

kHP (3)

Vi

where o}, and o}, represent the predicted YS for SGR and LGRs after
considering the strengthening effect of twins, respectively. ds.; and dj;z
represent the effective grain sizes for SGRs and LGRs measured by TEM.
Table 3 lists the parameter values used in our calculation and the pre-
dicted results. The predicted YS of the SGR is 891 MPa, while that of the
LGR is only 328 MPa. Therefore, the former is 2.7 times stronger than
the latter. Considering that the YS of the as-rolled alloy being 1159 MPa
(Table 1), it is evident that the strength of SGR is comparable to that of
the unrecrystallized hard zone (UHZ). These calculations are further
evidenced by nano-indentation experiments, by which the hardness
values of UHZ, SGR and LGR are measured (Fig. S2). The hardness
values of UHZ and SGR are 4.2 and 4.0 GPa, respectively, while that of
LGR (3.1 GPa) is noticeably lower. It is worth noting that the difference
in hardness between SGR and LGR will not be as significant as that in YS

-
O16r = O0 +

Table 3
Predicted YS for SGR and LGR in HSM2 and the parameter values used for the
prediction. Values of 6y and Kyp for CoCrFeNi are taken from Ref [83].

6o (MPa) Kpp (um™'7?) digr / digr (hm) Gier / Ojgr (MPa)

891 / 328

123 276 0.129 / 1.182
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between the two. This is because hardness reflects UTS much better than
YS in highly deformable FCC HEAs due to the contribution of their
strong work hardening to hardness [84]. As a reference, we also
measured the hardness of the As-Homo alloy. Its nano-indentation
hardness is 2.6 GPa. Clearly, the behavior of LGR is similar to that of
the As-Homo material, while the behavior of SGR is similar to that of the
As-Rolled material. These results align well with our calculations.
Hence, unlike heterostructured conventional alloys, where regions
recrystallized from cold work are always regarded as soft zones, the
exceptionally high twin density in the SGR seems to turn them into
unique recrystallized hard zones (RHZs).

It should be noted that LGR and SGR share a common formation
mechanism, but were formed at different annealing stages. This is
because the defect densities induced by the cold rolling process is non-
uniform, leading to distinct rates of recrystallization nucleation in the
deformed matrix. As annealing progresses, recrystallization and grain
growth occur simultaneously, resulting in the coexistence of regions
with larger and smaller grains. Therefore, as grain growth proceeds,
SGRs will gradually turn into LGRs.

4.2. Reconsidering the hetero-zones in HEAs

In HSMs, the hard zones typically consist of regions with high
dislocation density, such as unrecrystallized or ultrafine-grained re-
gions, while the soft zones include all regions with low dislocation
density. Zhu et al. suggested that embedding 25-30 vol.% of soft zone in
a hard matrix will result in optimal mechanical properties through
hetero-deformation induced related effects. However, in this study, the
behavior of HS-HEA appears to be different. Table 4 shows the volume
fractions of UHZ, SGR, and LGR in each HSM. Based on previous defi-
nition, unrecrystallized region should be the hard zone and recrystal-
lized regions should serve as the soft zone. Therefore, HSM1 should have
been the optimal HSM, given its composition of 73 % hard zone (UHZ)
and 27 % soft zone (SGR + LGR). However, its UEL is only 1.9 %, similar
to the as-rolled alloy. Surprisingly, HSM2, which contains only 38 %
UHZ, exhibits the best combination of strength and ductility and high
hetero-deformation induced stresses. Furthermore, HSM3, nearly fully
recrystallized, exhibits over four times the YS of the as-homo alloy,
while maintaining similar ductility. This suggests that HSM3 is also a
promising HSM.

The discrepancy between expected and actual properties can be
understood by the formation of the RHZ (i.e., the SGR), this is illustrated
in Fig. 9. Owing to the formation of dense nanoscale twins in the SGR, its
effective grain size is reduced to only 129 nm. As demonstrated in
Section 4.1, this results in significant strengthening, making the YS of
the SGR about 2.7 times that of the LGR. Given that the YS of the UHZ is
about 3.5 times that of the LGR, it is clear that the SGR resembles the
UHZ far more than the LGR. Our KAM mapping results also show evident
strain partitioning between LGR and SGR at low strain. These results
suggest that the SGR should be regarded as a hard zone instead of a soft
zone as in the case of conventional metals. If we now acknowledge SGR
as a hard zone, the volume fraction of hard zone in HSM1 becomes 90 %
(Fig. 9b), which explains its poor ductility. The fraction of hard zone in
HSM2 increases to 60 %, which is closest to the ideal fraction, making it
the best among the three HSMs. HSM3 has a largest increase in hard
zone fraction (from 3 % to 54 %). This value is farther away from the
ideal value, yet is still sufficient to exhibit some heterogeneous effect,

Table 4
Volume fractions of UHZ, SGR and LGR in each HSM.

Region Volume fraction (%)
HSM1 HSM2 HSM3
UHZ 73.3 37.9 29
SGR 16.2 22.2 50.8
LGR 10.6 39.9 46.3
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which aligns with the high strength and high hetero-deformation
induced stress observed. Based the above, acknowledging the exis-
tence of RHZ is of critical importance in understanding the properties
and designing the microstructures of HS-HEAs.

4.3. The tri-modal microstructure and its benefits

Table 4 displays the volume fractions of UHZ, SGR, and LGR in our
HSMs. HSM1 is primarily composed of UHZ, whereas HSM3 consists of
nearly equal amounts of SGR and LGR. In contrast, HSM2 contains a
comparable fraction of the three zones, resulting in a unique tri-modal
microstructure that is rarely reported in HSMs. Such a tri-modal struc-
ture exhibits unique deformation behavior. At low strain levels, defor-
mation is concentrated in the soft zone as in common bi-modal HSMs.
Indeed, KAM analysis (Fig. 7d) indicates that near 5 % strain, the two
hard zones have hardly deformed. However, at 10 % strain, RHZ has
started to deform significantly, while UHZ’s deformation remains very
limited (Fig. 7 and Table 2). This implies that the tri-modal structure
introduces two-stage strain partitioning. This phenomenon can also be
observed in HSM2's hardening curve. In the early stage of deformation
(before 3.5 %), a discontinuous yielding typical of HSMs appears.
Discontinuous yielding is usually attributed to the lack of mobile dis-
locations in the soft zone at the beginning of its deformation. As RHZ is
still hardly deformed at 5 % strain, this should correspond to the onset of
deformation in LGR. However, an unusual second discontinuous
yielding event occurred after the first (at 3.5-8 %). Since the RHZ is the
only zone that start to deform evidently after 5 % strain, the second
discontinuous yielding should originate from onset of deformation in the
RHZ. Thus, the two-stage strain partitioning is further evidenced by the
two discontinuous yielding events. The tri-modal microstructure and its
distinct deformation behavior offers several advantages:

Superior balance between strength and ductility contributed by
RHZ. The primary distinction between the two hard zones lies in their
strengthening mechanism. UHZ derives its strength from forest dislo-
cation strengthening, a result of their nearly saturated dislocation den-
sity. Conversely, RHZ attains its strength from an exceptionally high
interface density, following the Hall-Petch strengthening mechanism.
This distinction results in the former barely having hardening capability,
while the latter exhibits excellent hardening ability. The hardening
ability of RHZ is demonstrated in HSM3, which comprises as much as 51
% of RHZ. Its hardening ability remains almost identical to that of the as-
homo alloy over a wide range of strain (Fig. 3b). This enables HSM3 to
achieve an YS increase of ~4.5 times compared to the as-homo alloy,
while experiencing only a minimal loss in ductility (EL still 52 %).
Consequently, when compared to the traditional UHZ, RHZ provides a
superior balance between strength and ductility.

More zone boundaries and stronger hetero-deformation
induced effects. In HSMs, boundaries between soft and hard zones
play a key role since strain partitioning and associated hetero-
deformation induced strain hardening take place around them. How-
ever, within our tri-modal microstructure, the notable difference in
deformability between RHZ and UHZ lead to strain partitioning between
these two hard zones at elevated strains. As a result, even the boundaries
between the hard zones can contribute to hetero-deformation induced
strain hardening. According to EBSD analysis, the densities for the three
types of zone boundaries in HSM2, namely UHZ/LGR, RHZ/LGR, and
UHZ/RHZ, are 0.109, 0.343, and 0.221 pm_l, respectively, totaling
0.673 pm’l. In comparison, those for HSM3 are 0.008, 0.431, and 0.006
pm~L, respectively, totaling 0.445 um~'. Thus, HSM2 and HSM3 have
similar densities of soft/hard zone boundaries (UHZ/LGR + RHZ/LGR).
However, since the former contains additional hard/hard zone bound-
aries, its overall zone boundary density is 34 % higher than the latter.
These additional boundaries are expected to contribute extra hetero-
deformation induced hardening effect. Indeed, since HSM2 contains
38 % of UHZ (Table 4), which essentially lacks hardening capability, its
overall work-hardening ability is expected to be significantly lower than
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Fig. 9. Volume fractions of soft and hard zones in our HSMs when (a) not considering and (b) considering SGR as RHZ. Hard and soft zones are colored red and blue,
respectively. Ideal volume fractions of hard/soft zones are also shown at the top, where the white area can be either hard or soft zone.

HSM3 (given similar soft/hard zone boundary densities and recrystal-
lized grain sizes). However, Fig. 3b shows that after the discontinuous
yielding events, HSM2's work-hardening rate is still about 85 % of
HSM3's. This suggests that additional factors enhance HSM2's work-
hardening ability. It is likely that these extra zone boundaries provide
HSM2 with increased hetero-deformation induced strain hardening.

Postponed deformation of the RHZ and delayed necking. As
mentioned previously, due to the tri-modal microstructure, the defor-
mation of RHZ is delayed until higher strains. This is expected to
evidently benefit the alloy’s ductility. According to Considere’s crite-
rion, necking occurs when the work hardening rate lags behind the true
stress. Therefore, to delay necking and enhance ductility, it is essential
to maintain a sufficient hardening rate. However, in the early stages of
deformation, when stress is low, the required rate of work hardening is
not very high. Excessive hardening at this point would unnecessarily
consume hardening capacity. In the later stages of deformation, as stress
increases, the demand for a higher rate of work hardening also rises.
Maintaining a high rate of work hardening at this stage is crucial. Due to
the unique nature of the tri-modal structure, the work hardening of RHZ
is delayed until higher strains. This implies that a significant part of the
hardening capacity (assuming no hardening ability for UHZ and similar
hardening ability for RHZ and LGR, that is over 1/3 of the total hard-
ening capability) is kept to the later stages of deformation. Such
moderation of strain hardening rate is known to be very effective in
delaying necking, as has been demonstrated in medium carbon trans-
formation induced plasticity steels, although the strain hardening rate in
that case was moderated by a different strategy [85].

Another factor that may also contribute to the outstanding properties
of HSM2 is that its LGR has a near-optimal grain size. Recently, it has
been proposed that there exists an optimum grain size for a favorable
strength-ductility combination in single-phase metals [86]. This size is
approximately two times of lgp,, Which stands for the length of grain
boundary affected region. lgp, is determined by the grain boundary’s
ability to withstand geometrically necessary dislocation piling-up (or
strain gradient accumulation) and can be estimated using the formula:

kupR

lobar = )
@ VAMGh

where R is the distance from pinning points to dislocation sources, M is
the Taylor factor, G is the shear modulus, and b is the Burgers vector. If
substituting kyp with 276 pm’l, R with 0.5 pm, G with 82 GPa, and b
with 0.7 pm into the formula, that I, of CoCrFeNi is approximately 0.4

pm [83,86,87]. Therefore, its optimal grain size is around 0.8 pm (=
2lgpqer)- Since the LGR of HSM2 has an effective grain size of about 1.18
pm, which is quite close to this value. This contributes to HSM2 having
high strength while maintaining good uniform elongation.

5. Conclusions

The present study produces three HSMs with varying fractions of
hard and soft zones by subjecting the CoCrFeNi alloy to simple cold-
rolling and partial recrystallization processes. A careful comparison of
the structure and properties of these HSMs leads to the following
conclusions:

(1) Both HSM2 and HSM3 show good mechanical properties and
evident hetero-deformation induced effects. HSM2 shows a YS of
817 MPa and an elongation of 33 %. HSM3 exhibits an elongation
similar to the as-homo alloy but its YS is 4.5 times that of the
latter.

(2) The formation of dense nanoscale recrystallization twins is
observed in small grains with sizes below 2 pm. These twins
reduce the effective grain size to merely 129 nm and turn the
SGRs into recrystallized hard zones (RHZs). This contradicts
conventional understanding, where hard zones are typically re-
gions with high dislocation density rather than clean recrystal-
lized domains.

(3) The emergence of the RHZ imparts an unconventional tri-modal
structure to HSM2, encompassing LGR, SGR (i.e. RHZ), and
UHZ. Such tri-modal structure results in an enhanced balance
between strength and ductility, higher zone boundary density
and stronger hetero-deformation induced effects, and a two-stage
strain partitioning mechanism that postpones necking. These ef-
fects collectively lead to superior overall mechanical properties.

(4) The formation of RHZ significantly alters our understanding
regarding the volume fractions, morphologies, and zone bound-
ary density of hard and soft zones. Recognizing the presence of
RHZ is therefore pivotal for accurate comprehension of HS-HEAs.
Thus, our work provides valuable insights for the future design of
HS-HEAs.
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