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A B S T R A C T

The hetero-lamella (HL) structure, featuring thin, uniformly distributed lamellar soft-zones embedded in a hard 
matrix, is widely regarded as the ideal architecture for maximizing heterostructure effect, as measured by hetero- 
deformation induced (HDI) stress. However, conventional rolling–recrystallization processes often fail to realize 
ideal HL structure due to the uncontrolled nature of recrystallization. Here, we propose a new strategy to alter 
the recrystallization behavior by refining the initial grain size before the R-R process. Implemented via a dual- 
stage thermomechanical treatment, this approach transforms a coarse, irregularly banded heterostructure into a 
near-ideal HL structure with fine (~20 × 8 µm²), uniformly spaced (inter-zone spacing ~10 µm) soft-zones and 
enhanced interfacial density. Applied to a VCoNi medium-entropy alloy, this architecture achieves a yield 
strength of 1.36 GPa, an ultimate tensile strength of 1.61 GPa, and a uniform elongation exceeding 27 %. 
Moreover, our study reveals that hard-zone thickness critically influences heterostructure effectiveness at high 
strain, with thinner hard-zones lose strain incompatibility early, weakening HDI hardening. This is the first direct 
experimental evidence that the function of hetero-interface is influenced by hard-zone morphology. This work 
offers a new strategy to realize ideal heterostructures and thus opens new opportunities for developing next- 
generation heterostructured alloys with unprecedented combinations of strength and ductility.

1. Introduction

Heterostructured materials (HSMs) have attracted extensive atten
tion because of their potential to overcome the longstanding 
strength–ductility trade-off that limits the performance of conventional 
metallic materials [1–3]. By deliberately incorporating microstructural 
heterogeneity—typically in the form of variations in grain size, dislo
cation density, or phase constitution—HSMs create mechanically 
distinct soft- and hard-zones that interact strongly during plastic 
deformation. The resulting incompatibility in deformation behavior 
generates pronounced strain gradients near hetero-zone boundaries, 
which in turn induce the accumulation of geometrically necessary dis
locations (GNDs) and the development of long-range internal stresses, 
commonly referred to as back stress and forward stress. Such internal 
stresses and excess GNDs give rise to hetero-deformation-induced (HDI) 
strengthening and strain hardening. As a result, HSMs exhibit excep
tional combinations of strength and ductility that far exceed those 

achievable in their homogeneous counterparts [4,5].
To achieve optimal mechanical performance in HSMs, careful design 

of the soft- and hard-zone architecture is essential. The volume fraction, 
size, morphology, and spatial distribution of the constituent zones must 
be optimized to maximize HDI effects and enable a superior 
strength–ductility synergy. Based on theoretical analyses and experi
mental observations [2–4,6], the following design principles are widely 
recognized: First, soft-zones should occupy a minority of the total vol
ume to make sure they are well-constrained by the surrounding hard 
matrix. A lower soft-zone fraction prevents plastic percolation and en
hances mechanical confinement, both of which are crucial for main
taining strain incompatibility and promoting HDI effects. Second, 
soft-zones should be small and their morphology should be 
near-lamella. Reducing soft-zone size increases the zone boundary 
density (per unit volume of soft-zone). Since strain gradients and GND 
accumulation are most active near zone boundaries, this amplifies the 
HDI effects. Lamellae or other high-aspect-ratio morphologies can 
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further maximize the surface-to-volume ratio of the soft-zones. Third, 
the thickness of the soft-zones should be optimized. Both modeling and 
experiments suggest that the most effective soft-zone thickness is 
approximately twice the width of the hetero-boundary affected region 
(HBAR), which typically ranges from 2 to 4 µm in FCC alloys [4,7–9]. 
This translates to a best soft-zone thickness of several micrometers. 
Fourth, soft-zones should be uniformly dispersed within the hard matrix 
and spacing between them should not be too large. This arrangement 
encourages the activation of distributed, multi-directional shear bands 
rather than a single dominant shear path. Such dispersive shear bands 
enhances plastic stability and delays the onset of failure, thereby 
improving overall ductility [10,11].

The above design principles establish the hetero-lamella (HL) 
structure as one of the most effective configurations among HSMs [2,
12]. An ideal HL structure consists of 20–30 % thin, spatially discrete 
lamellar soft-zones uniformly embedded within a continuous hard ma
trix [2]. Ideally, the soft-zones should be only several micrometers thick 
but closely spaced to each other. Such a configuration ensures high 
interfacial area, enhances strain incompatibility, and fully activates HDI 
mechanisms. Extensive efforts have been made to realize such HL ar
chitectures, primarily through two types of processing routes. The first 
involves powder-based processing [13–16]. For example, powder thix
oforming offers excellent controllability over lamellar geometry and the 
soft-/hard-zone fractions by adjusting the semi-solid temperature and 
holding time. This high degree of microstructural tunability enables the 
formation of uniform, well-aligned lamellae that closely resemble an 
ideal heterogeneous configuration. By varying these processing param
eters, Wang et al. achieved alternating coarse- and fine-grained lamellae 
with controlled soft-/hard-zone ratios of approximately 3:7 to 4:6 and 
lamellar thicknesses of 10–30 µm, resulting in an outstanding 
strength–ductility synergy [13]. Nevertheless, the dependence on pow
der metallurgy evidently limits cost efficiency, scalability, and attain
able sample size.

The second and more widely adopted route is the roll
ing–recrystallization (R–R) process. R–R is industrially scalable, 
compatible with conventional metal-forming technologies, and has 
therefore been extensively investigated in recent years [17–22]. For 
instance, Jiang et al. developed alternating coarse- and fine-grained 
lamellae in an Al–Zn–Mg–Cu alloy through gradient-temperature roll
ing followed by aging, achieving an improved strength–ductility synergy 
via enhanced strain partitioning and precipitation-assisted HDI 
strengthening [21]. Likewise, Liu et al. demonstrated that 90 % cold 
rolling followed by partial recrystallization at 700–800 ◦C in an N-doped 
CrCoNi medium-entropy alloy produced a HL architecture exhibiting an 
excellent combination of high yield strength (~1.0–1.3 GPa) and su
perior fracture toughness [22]. Despite these encouraging results, the 
R–R process rarely yields the ideal HL configuration. The microstruc
tures obtained are typically composed of large, irregularly shaped soft 
and hard zones—often hundreds of micrometers in length and tens of 
micrometers in width—with random spacing and non-uniform 
morphology [23–26]. Such pronounced deviations from the ideal 
lamellar geometry prevent R–R-processed materials from fully realizing 
their mechanical potential.

The limited capability of the R–R process to produce ideal HL 
structure stems from the fact that the formation of heterostructures in 
this route is governed by spontaneous recrystallization phenomen
a—primarily nucleation and growth along various deformation-induced 
features. These processes are highly sensitive to local microstructural 
fluctuations that occur naturally, and are inherently difficult to control 
with precision [27]. Although macroscopic processing parameter
s—such as annealing temperature and duration, rolling reduction, and 
rolling temperature—can influence overall recrystallization behavior to 
some extent, they lack the spatial resolution and selectivity required to 
finely regulate critical features such as the size, morphology, and spatial 
distribution of the resulting soft- and hard-zones [28–31]. As a result, 
tuning these macroscopic parameters may allow for approximate 

adjustment of the soft-/hard-zone volume fraction, but offers virtually 
no control over soft-zone size or uniformity.

To realize an ideal HL structure, a new strategy is required—one that 
fundamentally alters the recrystallization behavior rather than allowing 
it to be dictated by random local microstructural inhomogeneities. In 
this study, we demonstrate that tailoring the initial microstructure of the 
material—particularly its grain size—can serve as a key design strategy 
for enabling HL structure formation. Specifically, refining the initial 
grain size transforms the originally coarse, irregularly banded hetero
structure into a near-ideal HL structure. The resulting microstructure 
features significantly smaller soft-zones (~20 × 8 µm²) and markedly 
improved spatial uniformity, with inter-zone spacing reduced to ~10 
µm—characteristics that are otherwise extremely difficult to achieve 
through conventional processing. This paradigm shift arises from the 
refinement of the initial grain size, which increases the grain boundary 
density by several hundred times. This drastic change alters the domi
nant mechanism governing the distribution of recrystallization nucle
ation sites, which in turn reshapes the overall recrystallization behavior 
and the final heterostructure. We validate this approach in a VCoNi 
medium-entropy alloy by introducing a pre-processing step prior to the 
regular thermomechanical treatment (TMT) in the R–R process, thereby 
creating a dual-stage thermomechanical treatment (DS-TMT). The 
VCoNi alloy, in its single-phase FCC state, already offers a good 
strength–ductility balance [32–34]. During intermediate-temperature 
annealing, κ-phase particles precipitate and provide additional 
strengthening [35–37]. Compared to the conventional TMT route, the 
DS-TMT-processed VCoNi alloy exhibits significantly improved me
chanical performance, achieving a yield strength (YS) of 1.36 GPa, an 
ultimate tensile strength (UTS) of 1.61 GPa, and a uniform elongation 
(UEL) exceeding 27 %. Beyond microstructure and properties, this study 
also uncovers a critical but underexplored factor in heterostructure 
design: the geometry of the hard-zones. Specifically, we find that 
boundaries adjacent to thinner hard-zones lose their ability to sustain 
strain incompatibility and accumulate GNDs at higher strains, leading to 
the degradation of HDI effects.

2. Experimental procedures

VCoNi alloys were fabricated by vacuum arc melting under a high- 
purity argon atmosphere. Elemental raw materials with purities of 
99.95 % or higher were melted in a water-cooled copper crucible and re- 
melted four times to enhance chemical homogeneity. To investigate the 
influence of initial grain size on the microstructural evolution, two 
thermomechanical processing routes were employed: a regular ther
momechanical treatment (TMT) and a dual-stage thermomechanical 
treatment (DS-TMT), as schematically illustrated in Fig. 1a and b. For 
the TMT route, as-cast ingots (dimensions: 50 × 25 × 8 mm3) were first 
homogenized in vacuum at 1200 ◦C for 24 h. Homogenized ingots then 
underwent a single-stage thermomechanical treatment (referred to as 
the main-processing step), which involved cold rolling to a final thick
ness of 1 mm (87.5 % reduction) followed by annealing in air at various 
temperatures for 5 minutes. The resulting specimens are hereafter 
referred to as TMT samples. For the DS-TMT route, thicker ingots (50 ×
25 × 16 mm3) were used to enable an additional pre-processing step 
designed to refine the initial grain size. These thick ingots were ho
mogenized under the same conditions (1200 ◦C for 24 h), followed by 50 
% cold rolling and full recrystallization at 1000 ◦C for 10 minutes. This 
pre-processing yielded a fine-grained microstructure prior to the main- 
processing step. Subsequently, the pre-processed ingots were subjected 
to the same cold rolling and annealing procedures as those used for the 
TMT route. The final specimens obtained via this two-step treatment are 
referred to as DS-TMT samples.

Microstructural analysis was performed using a JEOL JSM-7800F 
scanning electron microscope (SEM). Crystal structure analysis was 
performed using a BRUKER-D8 Discover X-ray diffractometer operating 
at 40 kV and 30 mA using Cu Kα radiation. Electron backscatter 
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diffraction (EBSD) was carried out with an Oxford NordlysMax 3 system 
mounted on a JEOL JSM-7800F SEM. Prior to observation, all specimens 
were mechanically polished using standard metallographic techniques. 
Transmission electron microscopy (TEM) investigations were conducted 
on a JEOL JEM-2100F microscope. TEM foils were mechanically thinned 
to below 100 μm and subsequently twin-jet polished in an electrolyte 
mixture of 5 % perchloric acid and 95 % ethanol.

Tensile test samples were cut to gauge dimensions of 16 × 4 × 1 mm3 

and tested with a Shimadzu AGS-1000kN universal tensile machine with 
a strain rate of 1 × 10-3 s-1. Tensile specimens were wire-cut from the 
rolled sheet such that their longitudinal axis was parallel to the rolling 
direction (RD), and tensile tests were performed along the same direc
tion. A series of loading–unloading–reloading (LUR) tests were con
ducted, with a strain rate of 5 × 10⁻⁴ s⁻¹ applied during loading and 
reloading, and a load-controlled unloading rate of 3.3 N/s down to a 
minimum load of 200 N. Nanoindentation tests were carried out to 
evaluate local mechanical properties across different microstructural 
regions. A Bruker Hysitron TI 980 TriboIndenter equipped with a Ber
kovich diamond tip was used, with a peak load of 12 mN applied at a 
loading rate of 1 mN/s. EBSD scans were performed after indentation to 
identify the precise location and type of each indent. Indentation data 
near indistinct zone boundaries were excluded, and at least 50 valid 
measurements were taken from each clearly defined region.

3. Results

3.1. Initial microstructure with and without pre-processing

To clarify the effect of the pre-processing, the initial microstructures 
prior to the main-processing step are compared for the TMT and DS-TMT 
routes. Figs. 1c and 1d show the as-homogenized (As-Homo) and pre- 
processed states of the two samples, respectively. The As-Homo spec
imen contains large equiaxed grains with occasional annealing twins, 
and an average grain size of approximately 506 μm (Fig. 1c). In contrast, 
the pre-processed state in the DS-TMT specimen shows a fully recrys
tallized microstructure characterized by a significantly refined grain size 
of ~18 μm (Fig. 1d) and a somewhat higher density of annealing twins. 
SEM observations and XRD analysis (Fig. S1) confirm the absence of 
secondary phases in both cases, verifying that both samples retain a 
single-phase FCC structure. Therefore, the major microstructural 
distinction between the two samples prior to main-processing lies in 

their markedly different grain sizes.

3.1. Mechanical properties

Fig. 2a presents the engineering stress–strain curves of the VCoNi 
alloys, with key mechanical parameters summarized in Table 1. The 
TMT samples already demonstrate excellent mechanical performance. 
For example, the TMT sample annealed at 875 ◦C for 5 minutes (TMT- 
875) achieves a YS of 1044 MPa and an UTS of 1473 MPa, while 
retaining a high UEL of 31 %. In contrast, the DS-TMT route, designed to 
refine initial grain size, significantly enhances strength with only a 
marginal compromise in ductility. Specifically, the DS-TMT-875 sample 
demonstrates a YS of 1359 MPa and a UTS of 1612 MPa, reflecting in
creases of 315 MPa and 139 MPa, respectively, compared to TMT-875 
(Fig. 2b). Notably, at such high strength levels, substantial strength 
gains typically lead to significant ductility losses. However, the DS-TMT- 
875 sample maintains a high UEL of 27 %, a reduction of only 4 % 
relative to TMT-875.

A similar trend is observed in the annealing at 900 ◦C. Compared to 
TMT-900, DS-TMT-900 again shows a substantial strength enhance
ment: the YS increases by 217 MPa, and the UTS increases by 121 MPa. 
Despite this considerable strengthening, the UEL in DS-TMT-900 re
mains high at 32.5 %, representing a reduction of only 2.9 %. These 
results clearly demonstrate that the DS-TMT route significantly boosts 
mechanical strength with minimal sacrifice in ductility, highlighting its 
effectiveness in optimizing the strength–ductility synergy of HSMs even 
at high-strength regimes where such trade-offs are typically 
unavoidable.

To investigate the effect of initial grain size on strain hardening 
behavior, TMT and DS-TMT samples exhibiting the best mechanical 
performance are selected for comparison, and their corresponding 
hardening behaviors are shown in Fig. 2c. Both TMT-875 and DS-TMT- 
875 exhibit discontinuous yielding, indicating the activation of the HDI 
effect. These samples also show sustained strain hardening until meeting 
the Considère criterion for necking. Notably, refining the initial grain 
size does not harm the strain hardening capacity; as a result, DS-TMT- 
875 maintains the ductility level of TMT-875 despite having a much 
higher yield strength.

Fig. 1. (a and b) Schematic illustration of the two thermomechanical processing routes. (c)(d) Microstructures of the TMT and DS-TMT samples before entering the 
main processing step.
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3.2. Microstructural characterization

The microstructure of the TMT-875 sample is revealed in Fig. 3. As 
shown in the low-magnification EBSD images (Figs. 3a and b), the TMT- 
875 sample exhibits an alternating banded structure consisting of 
coarse-grained (CG) and fine-grained (FG) bands. These bands are 
typically hundreds of micrometers long and tens of micrometers wide, 
but can vary significantly. Notably, FG sub-bands are often observed 
within the CG bands. Both the FG bands and FG sub-bands are hereafter 
collectively referred to as FG regions. According to image-based quan
tification (Table 2), the CG and FG regions occupy approximately 65 % 
and 35 % of the total volume, respectively. Their spatial configuration is 
illustrated schematically in Fig. 3c. XRD analysis confirms a single-phase 
FCC matrix with a minor fraction of κ-phase precipitates in the TMT-875 
sample (Fig. S1c). The κ phase, identified as (Co,Ni)3V, is an A3B-type 
rhombohedral intermetallic (hR36-BaPb3, SG No. 166) with a 9R-type 
close-packed stacking sequence (ABCBCACAB) [38,39]. This phase is 

known to precipitate in VCoNi alloys during intermediate-temperature 
annealing [40].

Figs. 3d–f show that the CG region in TMT-875 primarily consists of 
FCC grains (~95 %) with a minor fraction of κ-phase precipitates (~5 
%), and exhibits a grain size of 7.8 μm (FCC phase). In contrast, the FG 
regions, including both the FG bands and FG sub-bands, contain a two- 
phase ultrafine structure composed of FCC grains and κ-phase particles 
(Fig. 3g–i), with an effective FCC grain size of only ~0.8 μm. Although 
EBSD cannot accurately resolve phase fractions in such fine structures, 
qualitative contrast and later TEM analysis (Fig. 5) indicate a signifi
cantly higher κ-phase volume fraction in the FG regions compared to the 
CG regions. Therefore, the difference between CG and FG regions lies not 
only in grain size but also in phase constituents.

Following initial grain refinement via the DS-TMT route, the overall 
microstructure becomes markedly finer, and the morphological 
arrangement of the CG/FG-region is fundamentally transformed. As 
shown in Fig. 4a–c, the DS-TMT-875 sample exhibits an inverted 
microstructural architecture compared to TMT-875: FG regions now 
constitute the continuous matrix, while CG lamellae are discretely 
embedded within it. According to Table 2, the volume factions of FG and 
CG regions are approximately 65 % and 35 %, respectively—essentially 
the reverse of those in the TMT-875 sample. This inverted architecture 
resembles the ideal HL structure, where soft-zones are constrained 
within a continuous hard-zone matrix to maximize HDI effects [12]. 
Additionally, unlike TMT-875, FG sub-bands are no longer found within 
the CG lamellae of DS-TMT-875. Despite significant morphological 
changes, the phase constituents within the CG/FG regions remain 
similar between the two samples. Figs. 4d–f show that the CG lamellae in 
DS-TMT-875 consist predominantly of FCC grains (98 %), with a minor 
presence of κ particles (2 %). The FG matrix also retains an 

Fig. 2. (a) Engineering stress–strain curves of samples processed by different routes and annealing temperatures; (b) Enlarged comparison of DS-TMT and TMT 
samples annealed at 875 ◦C and 900 ◦C (inset), respectively, illustrating the strength improvements due to initial grain size refinement; (c) Work-hardening rate and 
true stress as functions of true strain for TMT-875 and DS-TMT-875; (d) Nanohardness values of CG and FG regions in TMT-875 and DS-TMT-875, compared with 
those of homogeneous As-homogenized and As-rolled alloys.

Table 1 
Tensile properties of the VCoNi alloys under different processing conditions.

Processing 
route

Anneal. temp. 
(◦C)

YS (MPa) UTS 
(MPa)

UEL (%) EL (%)

TMT 875 1044 ±
20

1473 ±
21

31.3 ±
0.3

36.9 ±
0.6

900 914 ±
12

1389 ±
34

35.4 ±
2.4

41.9 ±
2.8

DS-TMT 875 1359 ±
10

1612 ±
26

27.1 ±
0.6

31.2 ±
1.0

900 1131 ±
25

1510 ±
19

32.5 ±
1.3

39.1 ±
1.7
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ultrafine-grained two-phase structure, and a higher κ fraction 
(Figs. 4g–i), similar to the FG regions in TMT-875. Again, due to EBSD 
resolution limitations, precise quantification of phase fractions within 
the FG regions is carried out via TEM later. An important difference 
between the two samples is that the average FCC grain size in the CG 
region of DS-TMT is only 2.7 μm—substantially finer than that observed 
in TMT-875 (7.8 μm).

To further investigate the microstructure in the FG regions, TEM 
analysis was conducted on both samples (Fig. 5). As shown in Figs. 5a–b, 
the FG regions in the two samples exhibit similar microstructures, 
featuring mostly dual-phase grains (where plate-shaped κ-phase plates 
precipitated coherently within FCC grains, often penetrating across the 
FCC matrix) and accompanied by occasional isolated κ particles. 
Quantitative TEM analysis (Table 2) reveals that the κ-phase volume 
fraction is slightly higher in TMT-875 (36 %) than in DS-TMT-875 (29 
%). A representative dual-phase grain from TMT-875 is shown in Fig. 5c, 
where the selected area diffraction pattern (SADP, Fig. 5d) confirms a 
well-defined orientation relationship: <110>FCC // <110>κ and 
{111}FCC // {0009}κ. This crystallographic alignment indicates a fully 
coherent interface, as further verified by high-resolution TEM imaging 
(Fig. 5e-f). EDS analysis confirms that the κ phase is Co-rich and contains 
substantial Ni, consistent with a (Co,Ni)3V stoichiometry (Table S1). 
Notably, unlike conventional brittle intermetallics, these κ precipitates 
are deformable to some extent due to their coherent interfaces [35,36]. 

This allows them to act as strengthening features without initiating early 
failure, thereby contributing to the observed balance of strength and 
ductility.

3.3. Hetero-zones and global HDI stress

Based on previous microstructural characterization, the CG and FG 
regions exhibit clearly distinct phase constituents and structures. In 
order to understand the strength contrast between CG and FG regions in 
TMT-875 and DS-TMT-875, nanoindentation measurements were con
ducted (Fig. 2d). For comparison, homogeneous samples—the As-Homo 
and the As-Rolled alloys—were also examined. The CG regions in both 
HSM samples exhibit similar nanohardness (~4.5 GPa), comparable to 
As-Homo alloy (~4.4 GPa). Likewise, the FG regions show nearly 
identical values (~6.3 GPa), similar to As-Rolled alloy. Notably, the As- 
Homo and As-Rolled alloys differ in YS by a factor of 3.7 (Table S2), 
supporting the classification of CG and FG regions as soft- and hard- 
zones, respectively, and confirming the classification of both samples 
as heterostructures.

Because HDI mechanisms play a pivotal role in HSMs, the level of 
HDI stress provides critical insight into their mechanical performance 
[5]. Fig. 6a shows the true stress–strain curves of TMT-875, and 
DS-TMT-875 obtained via LUR tests. Both samples exhibit clear reverse 
plastic hysteresis, suggesting non-uniform deformation. Fig. 6b clearly 
displays visible hysteresis loops for both samples, highlighting the 
non-uniform deformation and the operation of HDI mechanisms. The 
HDI stress (σHDI) is estimated from each loop using the equation [41]: 

σHDI =
σr+ σu

2
,

where σr and σu are the reloading and unloading yield stresses, 
respectively. σHDI represents the collective effect of back and forward 
stress. However, at the yield point it can be regarded as back stress since 
the hard zones are still largely elastic [42]. As shown in Fig. 6c, at low 
strains (<10 %), both samples display similar HDI stress increments, 
indicating comparable HDI strain hardening behavior during early stage 
of deformation. However, beyond 10 % strain, a divergence emerges: 

Fig. 3. EBSD analysis of the TMT-875 sample. (a–c) Low-magnification overview: (a) Band contrast image, (b) IPF_Z map, and (c) schematic of CG/FG band 
structure. (d–f) CG region: (d) Band contrast image, (e) IPF_Z map, and (f) phase map. (g–i) FG region: (g) Band contrast image, (h) IPF_Z map, and (i) phase map.

Table 2 
Summary of microstructural parameters for the TMT-875 and DS-TMT-875 
samples, including volume fraction of each region (Vᵣ), volume fractions of 
the FCC and κ phases within each region (VFCC and Vκ), and the effective grain 
size of the FCC phase (deff). Phase volume fractions in FG regions were obtained 
via TEM due to the insufficient spatial resolution of EBSD.

Sample Region Microstructural parameter

Vr (%) VFCC (%) Vκ (%) deff (μm)

TMT-875 CG 64.8 ± 1.7 95.2 ± 1.3 4.8 ± 1.3 7.8 ± 1.5
FG 35.2 ± 1.7 64.1 ± 2.3 35.9 ± 2.3 0.8 ± 0.2

DS-TMT-875 CG 34.6 ± 2.2 98.0 ± 0.8 2.0 ± 0.8 2.7 ± 0.6
FG 65.4 ± 2.2 71.3 ± 2.0 28.7 ± 2.0 0.9 ± 0.1
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DS-TMT-875 maintains a steady rate of HDI stress increase, whereas 
TMT-875 exhibits a noticeable reduction in slope. This suggests a partial 
loss of HDI strain hardening in TMT-875 at higher strain. In contrast, 
DS-TMT-875 retains robust HDI effects throughout deformation.

3.4. Local HDI stress: Unequal efficacy of different zone boundary types

Since HDI effects in HSMs primarily originate from HBARs, the 
partial loss of HDI strain hardening observed in TMT-875 (see Sec. 3.4) 
implies a degradation of HDI effects at certain boundaries. To better 
understand this phenomenon, it is essential to examine the local me
chanical response at individual zone boundaries. Given that GNDs 
mainly accumulate on the soft-zone side of a hetero-interface, kernel 
average misorientation (KAM) line scans were performed from the zone 
boundaries into adjacent coarse grains to probe the local HDI response at 
the individual boundary level (Figs. 7a and b). According to the 
microstructural features shown in Fig. 3, the TMT-875 sample contains 
two types of hard-zones: Type I, large FG bands (denoted as HZ1), and 
Type II, FG sub-bands embedded within the CG band (denoted as HZ2). 
Accordingly, their respective zone boundaries are defined as ZB1 and 
ZB2. In contrast, the DS-TMT-875 sample (Fig. 4) contains only a single 
type of hard-zone and a corresponding zone boundary. They will be 
denoted as HZ3 and ZB3, respectively.

Figs. 7c and d present the measured GND accumulation profiles 
ahead of each zone boundary at strain levels of 3 % and 10 %, with 
regular grain boundaries (GBs) included as a baseline. At 3 % strain in 
TMT-875, both ZB1 and ZB2 exhibit higher KAM values than GBs, 
indicating stronger local HDI effects near zone boundaries. However, at 
10 % strain, the KAM level near ZB1 continues to increase, while that 
near ZB2 remains largely unchanged and becomes comparable to GBs. 
This suggests that ZB2 loses its HDI effect at higher strain, as its capacity 
to accumulate GNDs becomes similar to that of an ordinary grain 
boundary. This trend is consistent with the reduced HDI slope observed 
in TMT-875 beyond 10 % strain (Fig. 6c). In contrast, the DS-TMT-875 
sample shows sustained HDI activity across the two strain levels. As 
shown in Figs. 7e–f, the KAM level ahead of ZB3 consistently remains 
higher than that ahead of GBs at both 3 % and 10 % strain, indicating 

persistent strain incompatibility and HDI strengthening throughout 
deformation.

To understand the origin of the degraded HDI effect near ZB2 in 
TMT-875, TEM analysis was performed on samples strained to 10 %. As 
shown in Fig. 8a, the soft-zone contains high densities of dislocations 
and slip bands, indicative of extensive plastic deformation. In contrast, 
HZ1 shows markedly lower defect density (Fig. 8b), consistent with the 
expected strain partitioning behavior in HSMs, where hard-zones un
dergo less strain than adjacent soft-zones. Surprisingly, however, HZ2 
contains pronounced planar slip and densely packed slip bands (Fig. 8c), 
resembling the deformation characteristics of soft-zones rather than 
hard-zones. This indicates that, despite both being classified as hard- 
zones, HZ1 and HZ2 exhibit markedly different deformation behavior 
at high strains. Additional differences are observed at their respective 
interfaces. As shown in Fig. 8d, instances of slip band propagation across 
ZB2 are visible, suggesting local breakdown of deformation confine
ment. In contrast, no such propagation is observed across ZB1. These 
observations collectively indicate that ZB2 is less effective in sustaining 
strain incompatibility, likely contributing to the decline in HDI strain 
hardening in TMT-875 at higher strain. The implications of the distinct 
deformation behaviors and boundary characteristics of HZ1 and HZ2 
will be further discussed in the next section.

4. Discussion

4.1. How initial grain size influences heterostructure formation

As shown previously, the deliberate refinement of the initial grain 
size prior to the R–R process is a powerful strategy that transforms the 
microstructure from an alternating banded architecture with coarse 
bands—hundreds of micrometers in length and tens of micrometers in 
width—into one that closely matches the hetero-lamella (HL) structure 
design concept. This adjustment produces four major features: 

(1) Increased hard-zone fraction (from 35 % to 65 %);
(2) Refined overall grain size (from 5.4 µm to 1.5 µm);

Fig. 4. EBSD analysis of the DS-TMT-875 sample. (a–c) Low-magnification overview: (a) Band contrast image, (b) IPF_Z map, and (c) schematic of the CG lamella and 
the FG matrix. (d–f) CG region: (d) Band contrast image, (e) IPF_Z map, and (f) phase map. (g–i) FG region: (g) Band contrast image, (h) IPF_Z map, and (i) phase map. 
Note: The phase map in FG region is inaccurate due to EBSD resolution; TEM analysis is employed later for precise quantitative assessment.
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(3) Substantial reduction in soft-zone size (from ~300 × 100 µm² to 
~20 × 8 µm²);

(4) Improved soft-zone uniformity (inter-soft-zone spacing reduced 
from ~100 µm to ~10 µm)

Among these, (3) and (4) represent the most challenging re
quirements in ideal HL structure design and are almost unattainable by 
conventional strategies. Therefore, these changes collectively demon
strate the effectiveness of our strategy in realizing the critical geometric 
and spatial attributes of the HL structure.

The core of our strategy lies in the deliberate control of the 
nucleation-site distribution mechanism. This mechanism determines the 

density of recrystallization nuclei and, consequently, dictates the for
mation and spatial arrangement of FG and CG regions. Areas with low 
nuclei density tend to develop into CG regions, whereas those with high 
nuclei density evolve into FG regions. Such distinction arises from the 
two-stage nature of grain growth [43–45]. In the first stage, nuclei 
expand rapidly into the deformed matrix to reduce stored energy, 
driving fast grain boundary migration. Upon encountering neighboring 
grains, growth transitions to a second stage dominated by interfacial 
energy minimization, drastically slowing the growth rate—by a factor of 
200–2000 [27]. Consequently, grains in high-nuclei-density regions 
quickly enter the slow-growth regime, producing FG regions, whereas 
those in low-nuclei-density regions experience extended growth, leading 

Fig. 5. (a and b) Low-magnification TEM images of (a) TMT-875 and (b) DS-TMT-875. (c) A dual-phase grain (FCC + κ) in the FG matrix of DS-TMT-875. (d) SADP 
obtained from the FCC/κ interface region highlighted in (c). (e) HR-TEM image of the FCC/κ phase interface. (f) Inverse fast Fourier transform (IFFT) image pattern 
derived from (e), highlighting the atomic stacking sequence and lattice coherency across the FCC/κ interface.
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Fig. 6. (a) True stress-true strain curves of VCoNi processed under different conditions using LUR tensile tests; (b) Magnified unloading-reloading hysteresis loops 
taken from (a); (c) HDI stress derived from the unloading-reloading hysteresis loops.

Fig. 7. Probing local evolution of HDI stress near different boundaries. (a) Band contrast image and (b) misorientation map of a grain in the CG region of TMT-875, 
illustrating how KAM line scans are conducted. (c–f) KAM profiles ahead of different boundaries: (c) TMT-875 after 3 % strain, (d) TMT-875 after 10 % strain, (e) DS- 
TMT-875 after 3 % strain, and (f) DS-TMT-875 after 10 % strain.
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Fig. 8. (a–c) TEM images of representative grains in different regions of the TMT-875 sample after 10 % strain: (a) CG band; (b) FG band (HZ1); (c) FG sub-band 
(HZ2). (d) Propagation of a slip band across ZB2.

Fig. 9. Schematic illustration of microstructural evolution during annealing in (a1–a5) TMT-875 and (b1–b5) DS-TMT-875 samples, viewed along the transverse 
direction with rolling direction horizontal. Note the difference in magnification levels indicated by the scale bars. (a1, b1) show the as-rolled microstructures. (a2, b2) 
depict the spatial distribution of recrystallization nuclei, which form preferentially along shear bands, high-stored-energy grains, and initial grain boundaries. (a3–a4, 
b3–b4) illustrate grain growth and the formation of FG and CG regions, governed by the transition from stored-energy-driven growth to interface-energy-driven 
growth. (a5, b5) show the final microstructures, where FG regions promote κ-phase precipitation due to higher boundary density. Region and boundary annota
tions are explained in the legend.
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to coarser grains. Therefore, by intentionally tailoring the distribution of 
nuclei, one can modulate the configuration of CG and FG regions.

Fig. 9 illustrates details of how refining the initial grain size in
fluences the spatial distribution of recrystallization nuclei and the 
resulting heterostructure. In the TMT sample which has a coarse initial 
grain structure, cold rolling elongates these grains into bands tens to 
hundreds of microns thick (Fig. 9a1). Upon annealing, as shown in the 
magnified view in Fig. 9a2, recrystallization nuclei form preferentially 
in grains with high stored energy, along shear bands, and at initial grain 
boundaries, leading to regions with higher nucleation densities. In 
contrast, grains with lower stored energy generate significantly fewer 
nuclei. As annealing progresses (Figs. 9a3–4), new grains in high- 
nucleation-density regions rapidly encounter adjacent grains and re
sults in the formation of FG bands or FG sub-bands. Meanwhile, in re
gions with sparse nuclei, new grains can continue growing for a longer 
duration before encountering each other, forming CG regions (Fig. 9a4). 
During subsequent annealing (Fig. 9a5), κ-phase precipitates preferen
tially within FG regions due to their high grain boundary density, which 
provides abundant heterogeneous nucleation sites. In contrast, CG 
regions—with their lower interfacial area and reduced boundary den
sity—remain largely single-phased or contain only limited κ pre
cipitates. Due to the sparse network of initial grain boundaries in the 
TMT-875 sample (see red box in Fig. 9a5), their contribution to FG 
zone formation is limited. As a result, their overall impact on nucleation 
is minor compared to that of the abundant nuclei formed along shear 
bands and in grains with high stored energy.

In contrast, the DS-TMT sample has an initial grain size approxi
mately 1/28 that of the TMT sample. After cold rolling, the elongated 
grains in the DS-TMT sample are only 1–7 μm thick (Fig. 9b1). Conse
quently, their GBs form a network with an extremely high areal density, 
making them the dominant nucleation sites during annealing (Fig. 9b2). 
The small spacing between GBs ensures that most newly formed grains 
quickly encounter neighboring new grains and transition into the slow- 
growth stage, regardless of the stored energy of individual grains or the 
presence of shear bands (Fig. 9b3–b5). This results in the formation of an 
FG matrix in the DS-TMT sample (red box in Fig. 9b5). Only relatively 
large initial grains are capable of forming elongated grains with greater 
thickness, which provide more space for recrystallized grains to grow 
before encountering. These grains eventually develop into the CG 
lamellae (see Fig. 9b4). This formation mechanism inherently limits the 
size of the soft-zones and promotes their uniform distribution due to 
natural statistical variability in initial grain size—only a limited number 
of larger grains exist, and they tend to be evenly dispersed.

4.2. Origins of strength–ductility synergy in the ideal hetero-lamella 
structure

Refining the initial grain size with DS-TMT aligns the microstructure 
with the ideal HL structure design, achieving a superior 
strength–ductility synergy: a remarkable increase in strength while 
maintaining nearly the same elongation as that of the TMT sample. 
Specifically, the yield strength of DS-TMT-875 (1359 MPa) is 30 % 
higher than that of TMT-875 (1044 MPa), whereas their uniform elon
gations remain comparable (27 % vs. 31 %).

The higher yield strength of DS-TMT-875 can be understood by 
analyzing the strengthening mechanisms in these alloys. The total yield 
strength (σy) of a heterostructured alloy can be expressed as [4]: 

σy = σROM + σHS,

where σROM is the rule-of-mixtures (ROM) component, and σHS denotes 
the additional contribution arising from the heterostructure effect [5]. 
The ROM term can be written as: 

σROM = σSZ VSZ + σHZ VHZ,

where σSZ and σHZ are the strengths, and VSZ and VHZ are the corre

sponding volume fractions, of the soft- and hard-zones, respectively. The 
relative volume fractions VSZ and VHZ directly influence σROM via their 
weightings.

The soft-zone strength at yielding can be estimated as: 

σSZ = σ0 + σgb + σppt,

where σ0 is the friction stress, σgb is the Hall–Petch strengthening, and 
σppt is the precipitation strengthening. For VCoNi, σ0 = 383 MPa [32]. 
σgb can be estimated by σgb = kHP d − 1/2, where kHP is the Hall–Petch 
slope (864 MPa⋅μm1/2 for VCoNi [32]) and d is the average grain size in 
the soft-zone. Using the measured soft-zone grain sizes of 7.8 µm 
(TMT-875) and 2.7 µm (DS-TMT-875), their σgb are 309 MPa and 526 
MPa, respectively. Because κ precipitates occupy only ~5 % and ~2 % of 
the total volume in TMT-875 and DS-TMT-875, their effect on yielding is 
negligible. Therefore, the estimated σSZ values are 692 MPa for TMT-875 
and 909 MPa for DS-TMT-875.

The hard-zone strength is estimated using a similar relation: 

σHZ = σ0 + σgb + σppt,

However, the latter two terms should be treated jointly because the κ 
precipitates in the FG regions effectively act as grain refiners rather than 
conventional precipitation-strengthening agents. In both samples, the κ 
phase forms plate-like precipitates that penetrate through the FCC 
grains, creating dual-phase grains. Their large thickness (~200 nm) 
makes them non-shearable at yielding [35]. Moreover, the edges of these 
plates are directly connected to grain boundaries, leaving no free space 
for dislocations to bypass via the Orowan looping mechanism. Conse
quently, the strengthening contribution arises primarily from the sub
division of FCC grains into smaller domains, which can be represented 
by an effective grain size (deff) that accounts for both the true grain size 
and the subdividing effect of the κ plates. Using deff = 0.754 µm for 
TMT-875 and 0.937 µm for DS-TMT-875, the corresponding σgb, eff 

values are estimated to be 995 MPa and 893 MPa, respectively. There
fore, the estimated σHZ values are 1378 MPa for TMT-875 and 1276 MPa 
for DS-TMT-875.

Based on the above analysis, the evidently higher strength of DS- 
TMT-875 can be attributed to two primary factors: (1) the increased 
hard-zone fraction (from 35 % to 65 %), which elevates the weighting of 
σHZ in σROM; and (2) the pronounced increase in soft-zone strength 
(~200 MPa) through grain refinement, reflected by a larger σgb in σSZ. In 
addition, there exists an apparent discrepancy of approximately 
100–200 MPa between the calculated σROM (932 MPa for TMT-875 and 
1147 MPa for DS-TMT-875) and the experimental σy (1044 MPa and 
1359 MPa, respectively). This difference is reasonably attributed to σHS, 
which arises from heterostructure-induced long range back stress and 
the accumulation of additional GNDs near hetero-zone boundaries [4]. It 
should be noted that recent studies have shown that directly adding the 
HDI stress measured from LUR tests to the yield strength can lead to 
significant overestimation [46]. This is because σHDI comprises two 
components, of which only the Type II back stress—generated exclu
sively by heterostructure effects (i.e., σHS)—is applicable to the yield 
strength. Unfortunately, direct estimation of the Type II back stress is 
nearly impossible for HSMs prepared by the R–R process used in this 
study.

Let us now turn to the discussion of ductility. In the present alloys, 
the CG regions are expected to exhibit a higher strain-hardening ca
pacity than the FG regions, because the latter contain a relatively large κ 
fraction (29–36 %, Table 2) that is not readily hardenable. Thus, if only 
the volume-fraction effect is considered, the higher hard-zone (FG) 
fraction in DS-TMT-875 (~65 % FG) should enhance strength but reduce 
elongation compared with TMT-875 (~35 % FG). However, both sam
ples show nearly identical strain-hardening behavior (Fig. 2c), sug
gesting that an additional hardening mechanism compensates for the 
reduced CG fraction. This compensation most likely originates from the 
refinement of the soft zones in DS-TMT-875. The smaller soft zones 
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produce a higher density of zone boundaries per unit volume. As shown 
in Table 3, the boundary density in DS-TMT-875 (8.8 × 10⁻² µm⁻²) is 
approximately 28 % higher than that in TMT-875 (6.9 × 10⁻² µm⁻²), 
owing to the reduced dimensions of the soft zones. These hetero- 
interfaces create localized strain gradients due to the mismatches in 
strength and deformability between adjacent zones. To accommodate 
such gradients, large populations of GNDs accumulate near the in
terfaces, giving rise to additional strain-hardening through HDI effects 
[2,5].

Furthermore, the improved soft-zone uniformity in DS-TMT-875 is 
expected to suppress strain localization and thereby preserve high 
ductility. In the TMT-875 sample, the soft-zones are often separated by 
huge areas of hard-zones, and the distance between adjacent soft-zones 
is typically nearly 100 µm wide. By contrast, in the DS-TMT sample, 
refined initial grain size leads to the formation of fine and uniformly 
distributed soft lamellae, with an average spacing of only ~10 µm. This 
difference results from the refined initial grain structure and leads to a 
more homogeneous dispersion of deformable soft-zones. Embedding 
dispersed soft regions within a stronger or more brittle matrix is a long- 
standing strategy to improve ductility and damage tolerance, predating 
the development of HSMs [47–51]. This principle is well exemplified in 
bulk metallic glasses (BMGs), where introducing ductile BCC dendrites 
into Zr–Ti–Cu–Ni–Be glass matrix significantly enhances plasticity [47]. 
These ductile regions act as barriers to shear band propagation, pro
moting the activation of multiple, intersecting shear bands and reducing 
strain localization. A similar mechanism operates in HSMs, albeit with 
less abrupt strength gradients between soft- and hard-zones. Nonethe
less, a more uniform distribution of soft-zones helps stabilize the local 
strain field, suppressing the development of dominant shear paths and 
instead encouraging multi-directional, dispersed shear band develop
ment [10,52]. For example, in partially recrystallized heterostructured 
Cu, microscale digital image correlation observations revealed that 
shear bands were frequently blocked near zone boundaries [10]. Even 
when shear bands penetrate into coarse-grained regions, their strain 
intensity is attenuated, suggesting that coarse grains help dissipate stress 
concentrations and regulate deformation behavior. Analogously, the 
uniformly distributed soft lamellae in DS-TMT-875 are expected to 
promote distributed plasticity and enhance strain stability, which in turn 
improves ductility.

4.3. Unequal efficacy of hetero-zone boundaries: The critical role of hard- 
zone thickness

An intriguing finding in this study is that not all hetero-zone 
boundaries contribute equally to HDI strengthening, particularly as 
deformation progresses (see Sec. 3.5). In the TMT-875 sample, two types 
of zone boundaries are present: ZB1, located between the soft-zone and 
the FG band (HZ1), and ZB2, located between the soft-zone and the FG 
sub-band (HZ2). At 3 % strain, KAM profiles reveal elevated GND den
sities near both ZB1 and ZB2 compared to regular GBs, confirming active 
HDI effects at these interfaces (Fig. 7). However, at 10 % strain, their 
behaviors diverge. The KAM level near ZB1 continues to rise, indicating 
a sustained HDI effect, whereas the KAM level near ZB2 saturates and 
becomes indistinguishable from that of ordinary GBs. This suggests that 
ZB2 loses its capacity to sustain strain incompatibility, resulting in the 
degradation of the HDI effect.

This degradation is closely associated with the pronounced 

deformation of HZ2 at higher strains. As shown in Fig. 8, when the 
global strain reaches 10 %, HZ1 and HZ2 exhibit markedly different 
internal strain states. While HZ1 maintains its hard-zone character with 
lower dislocation activity, HZ2 displays intense planar slip and a high 
density of slip bands, resembling the deformation microstructure of the 
surrounding soft matrix. As HZ2 increasingly accommodates strain, the 
mismatch in plastic deformation between HZ2 and the adjacent soft- 
zone diminishes. Consequently, the strain incompatibility across ZB2 
decreases, leading to reduced GND accumulation and a decline in HDI 
hardening. Ultimately, the increased deformation at higher strain ren
ders ZB2 equivalent to a regular GB, resulting in the loss of HDI effects.

The more pronounced deformation of HZ2 compared to HZ1 at 
higher global strain reveals an unanticipated yet important finding, 
which establishes a new geometrical constraint in HL structure design: 
hard‑zones should maintain sufficient thickness to preserve HDI efficacy 
under high strain. This behavior can be rationalized from multiple 
perspectives. At the microscopic level, it is well established that forward 
stress develops at the heteto-interface on the hard-zone side, super
imposing on the externally applied stress and promoting localized 
deformation within the hard-zone [3,5]. In relatively thin hard-zones 
such as HZ2, this HBAR occupies a larger fraction the zone’s volume, 
thereby increasing the likelihood of plastic deformation. This interpre
tation is supported by TEM observations, where slip band propagation 
across ZB2 is visible in multiple locations (Fig. 8d shows one example). 
This suggests that the dislocation pile-up from adjacent soft-zone has 
induced dislocation activity within the hard-zone. In other words, the 
mechanical barrier function of ZB2 has degraded, allowing interfacial 
slip transmission to occur.

From a mesoscopic standpoint, during deformation the soft-zones 
undergo much larger plastic deformation than the hard-zones, result
ing in non-uniform strain distributions surrounding the latter [12,53]. 
These strain fields impose additional mechanical loading on the 
hard-zones. However, owing to its larger cross-sectional area, the 
thicker HZ1 can more effectively distribute these forces, resulting in 
lower stress per unit area and delayed yielding. Conversely, the thinner 
HZ2, with its smaller load-bearing area, experiences higher local 
stresses, leading to earlier yielding and greater deformation. From a 
macroscopic perspective, the hard-zone can be viewed as a structural 
element whose resistance to bending or deformation is governed by its 
structural stiffness, defined as EI, where E is Young’s modulus and I is the 
area moment of inertia [54]. For a rectangular cross-section, I is pro
portional to the cube of the thickness (I ∝ h³), meaning even modest 
increases in thickness result in a significant enhancement of structural 
stiffness. Therefore, HZ1, being considerably thicker than HZ2, pos
sesses much greater resistance to bending deformation, further 
explaining its lower strain accumulation under applied load.

Traditionally, heterostructure design has placed greater emphasis on 
tailoring the soft-zones—such as their size, geometry and distribution 
[4,6]. In contrast, hard-zones has received far less attention. The present 
findings reveal the key role of hard-zone geometry in sustaining HDI 
effects under large strains. It is worth noting that such thin, elongated 
hard-zones are not unique to VCoNi [55], but is commonly reported in 
R–R processed alloys, such as Mg alloys [56–58] and Fe alloys [59–62]. 
This suggests that the mechanical degradation of ZB2 and the critical 
role of hard-zone thickness are not isolated phenomena, but may be 
broadly relevant across different classes of HSMs.

5. Conclusions

This study establishes initial grain size engineering as an effective 
strategy for realizing hetero‑lamella structure and exceptional 
strength–ductility synergy in HSMs fabricated by the R–R process. The 
effectiveness of the strategy is demonstrated in a VCoNi medium‑en
tropy alloy, where the initial grain size is deliberately refined through a 
dual-stage thermomechanical treatment. The major findings are sum
marized as follows: 

Table 3 
Densities of each zone boundary types in TMT-875 and DS-TMT-875 samples.

Sample Zone boundary type Density (μm-2)

TMT-875 ZB1 0.038 ± 0.011
ZB2 0.031 ± 0.008

ZB1+ZB2 0.069 ± 0.016
DS-TMT-875 ZB3 0.088 ± 0.021
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1. Initial grain size refinement transforms a coarse, irregular banded 
heterostructure into a near-ideal HL structure, featuring lamella- 
shaped soft-zones uniformly embedded in a hard-zone matrix. This 
results in four key microstructural improvements: increased hard- 
zone fraction, refined grain size, substantial reduction in soft-zone 
size, and improved soft-zone spatial uniformity.

2. Refinement of initial grain size increases grain boundary spatial 
density by several hundreds of times and shifts the dominant 
nucleation-site distribution mechanism to be near exclusively grain- 
boundary-controlled. This new recrystallization pathway promotes 
dense, uniformly distributed nucleation, leading to a fine-grained 
matrix. It also inherently limits soft-zone dimensions and enhances 
soft-zone spatial uniformity.

3. The resulting hetero-lamella structure in DS-TMT-875 achieves a 
yield strength of 1.36 GPa, an ultimate tensile strength of 1.61 GPa, 
and a uniform elongation of 27 %, representing a 315 MPa gain in 
strength with only a 4 % loss in uniform elongation compared to 
TMT-875. This demonstrates a remarkable strength–ductility syn
ergy, far superior to that attainable from a coarse-grained initial 
material.

4. The improved mechanical properties stem from multiple synergistic 
mechanisms. The increased hard-zone volume fraction and refined 
grain size raise strength, while the reduced size and uniform distri
bution of soft-zones enhance HDI strain hardening and deformation 
stability, preserving ductility.

5. Localized KAM and TEM analyses reveal for the first time that het
ero‑zone boundary efficacy depends strongly on hard‑zone thick
ness. Boundaries adjacent to thin hard‑zones lose strain 
incompatibility at high strain, losing their contributions to HDI ef
fects. This finding identifies hard‑zone thickness as a previously 
overlooked but critical geometric parameter in heterostructure 
design, essential for sustaining HDI effects under large strains.

6. Finally, this study identifies initial grain size engineering as a critical 
new dimension to optimize the hetero-architecture in the R–R pro
cess. It enables direct control over soft-zone dimension and unifor
mity, which is almost unattainable in traditional approaches that rely 
solely on thermal or mechanical tuning. This insight opens new op
portunities for the development of next-generation heterostructured 
alloys with unprecedented combinations of strength and ductility.
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