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A B S T R A C T

Understanding the synergistic mechanical effects of heterostructured materials remains challenging due to the 
complexities in the underlying deformation mechanisms, which are usually diverse, activated at different length 
scales and possibly interacting. Here, we unravel a deformation fundamental for heterostructures: in addition to 
the direct contribution on strength, hetero-zone interaction and the development of long-range internal stress 
could assist in evoking extra plastic mechanisms that are difficult to activate in their homogeneous counterparts. 
Specifically, the deformation of a heterostructure in Al0.1CoCrFeNi alloy, featuring nanostructured hard lamellae 
embedded in fine-grained soft matrix, is taken as an example for study. Drawing from experimental insights, the 
long-range internal stress buildup at elastoplastic transition stage due to intense dislocation pile-ups against 
hetero-zone boundary, which increases yield strength significantly, is theoretically analyzed. At the plastic stage, 
the high internal stress helps to activate phase transformation in the fine-grained zones, and the inter-zone 
constraint leads to form dispersed stable strain bands in the nanostructured zones. These extra mechanisms, 
together with enhanced deformation twinning, facilitate work hardening and coordinate the strain partitioning 
between zones, imparting improved ductility at high flow stress. These findings indicate a principle for heter-
ostructural design: introducing strong hetero-zone interaction to enhance internal stress and thereby invoke new 
deformation mechanisms.

1. Introduction

Structural metallic materials used in safety-critical engineering are 
expected to be strong and ductile, as high strength contributes to energy 
efficiency and good ductility prevents catastrophic failure [1]. However, 
these two properties are rarely attainable at the same time [2]. For 
instance, high strength even over 1 GPa can be readily attained by 
refining grain size to nanoscale, but this is inevitably accompanied by 
the sacrifice of ductility [3]. The crux behind this tradeoff dilemma lies 
in the exhaustion of strain hardening capability when increasing 
strength. Plastic instability and damage localization initiate when the 
strain hardening rate can no longer keep up with flow stress [4]. In this 
regard, there are logically several potential routes towards 
strength-ductility synergy: (i) activate strong work hardening mecha-
nism into high-strength material without conceding too much strength, 
(ii) introduce extra strengthening mechanism for the one with moderate 

strength and sufficient work hardening room, and (iii) combine the first 
two routes. The realization of these routes poses a great challenge in 
innovating microstructure design.

Inspired by the heterostructure in tough biological systems, re-
searchers have recently tried to build heterogeneous microstructure in 
metals [5-7]. Improved strength and ductility, even superior to what is 
predicted by rule-of-mixtures, were indeed achieved in a variety of 
heterostructured metals [8-10]. For instance, heterostructured Cu and 
Ti, with micrometer-sized grains dispersed in nanostructure (NS) matrix, 
were found to possess comparable strength to freestanding NS while 
being as ductile as their coarse-grained (CG) counterparts [10,11]. Such 
extraordinary properties indicate a unique opportunity conferred by 
heterostructure design for overcoming the above challenge, which 
actually implements route (iii). Meanwhile, a fundamental distinguishes 
between successful heterostructure design and conventional composites 
is that, in addition to the inherent advantages of combining the 
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constituent regions, there should be extra strengthening and work 
hardening caused by the synergistic interaction between heterogeneous 
zones, which has been referred to as synergistic mechanical effects [6,
11,12].

Obviously, understanding the physical origins of the synergistic 
mechanical effects is essential to elucidating the design principle of 
advanced heterostructures. However, it remains challenging as well due 
to the complexities of synergistic deformation mechanisms. The defor-
mation incompatibility causes inter-zone interaction, which directly 
changes the zone-scale stress/strain status, especially in the regions near 
zone boundary, and thus affects local crystallographic mechanisms 
[13-15]. Specifically, the complexity of synergistic deformation mech-
anisms usually is manifested in the following aspects. First, they are 
usually diverse, depending on the material and deformation stage as 
these factors dictate the manner and intensity of inter-zone interaction 
[16,17]. For instance, multiple unusual mechanisms were found to be 
activated sequentially by hetero-zone interaction in a heterostructured 
CrCoNi [18]. Second, they may be activated at different length scale, 
such as that across zones or limited near zone boundary, since the 
short-/long-range internal stresses are affected simultaneously [19,20]. 
Third, the unusual deformation mechanisms may provide feedback to 
the development of internal stress, which makes it possible for them to 
influence each other even if they are active at different deformation 
stages. For example, the pileup of geometrically necessary dislocations 
(GNDs) and concomitant development of back stress at elastoplastic 
transition may promote the accumulation of forest dislocations [11,19,
21], facilitate mechanical twinning [17,22], or even affect the nucle-
ation of micro damages [6,23].

Despite the complexity, some significant advances have been made 
in understanding the synergistic deformation mechanisms. From the 
perspective of material physics, a widely recognized mechanism was 
proposed by Zhu and Wu et al. [6,24]. They suggested that the pileup of 
GNDs near zone boundary and the resulting long-range internal stress 
are primarily responsible for the extra strengthening and work hard-
ening. Within this framework, the hetero-zone boundary affected re-
gion, i.e., the GND building-up region, was found to be a primary 
microstructural factor controlling the extra mechanical responses [11,
25]. This mechanism addressed the roles of long-range internal stress 
and zone boundary. However, it ignores the effects of possible interac-
tion between long-range internal stress and other possible mechanisms, 
and there is no consideration on zone-scale strain accommodation. 
Coincidentally, some synergistic mechanisms exclusive to specific het-
erostructured materials were also observed, such as the formation of 
dislocation bundles in gradient nanotwined Cu and sequentially twin-
ning in heterostructured Fe20Co20Ni41Al19 alloy [8,17]. From the 
perspective of mechanics, the most significant synergistic behaviors at 
zone scale involves load/strain partitioning among zones [26,27], dy-
namic inter-zone constraint [16] and strain gradient development near 
hetero-zone boundary [13], which create inhomogeneous internal stress 
such as superimposing back stress and change the paths of strain/-
damage evolution [28,29]. Although many constitutive modeling has 
been conducted for the trans-scale mechanics [30,31], physics-based 
model providing simultaneous insights into the synergistic deforma-
tion mechanisms and their coupling is still largely lacking.

Despite previous efforts, the deformation fundamentals and the 
physics behind the extraordinary mechanical effects are not fully un-
derstood. The crux lies in the complexity of synergistic deformation 
mechanisms. Several further issues have emerged from recent advances: 
how does long-range internal stress interact with other potential or 
prevalent mechanisms? How does hetero-zone interaction affect strain 
accommodation? The second issue involves the coordination and par-
titioning of applied strain at micro scale, which is closely related to the 
nucleation and evolution of strain localization.

It may be difficult to thoroughly address these issues in a single work, 
since the deformation mechanisms depend on the type of hetero-
structure and the material. Therefore, one of the most common 

heterostructures in an initially single-phase face-centered cubic (fcc) 
alloy was taken as an example to probe the key fundamental behind the 
issues. Specifically, partially recrystallized Al0.1CoCrFeNi alloy was 
synthesized to work with, by combining experimental observations in 
the synergistic mechanical responses and plastic mechanisms, theoret-
ical analyses in the development of internal stress and the activation 
condition of potential mechanisms. The results proved that hetero-zone 
interaction and long-range internal stress could also assist in evoking 
potential plastic mechanisms that are inaccessible to homogeneous 
structures.

2. Experiments

2.1. Preparation of heterostructure and the homogeneous counterparts

Al0.1CoCrFeNi high-entropy alloy was taken as an example to build 
heterostructure for the following reasons. First, it exhibits excellent 
mechanical properties over 77–298 K and the good metallurgical 
formability [32-35]. Second, the deformation mechanism of homoge-
neous counterparts is relatively simple and well known, usually 
involving only dislocations, twinning and stacking faults (SFs), even at 
cryogenic temperature [34,36,37]. Third, it has relatively low stacking 
fault energy, estimated to be ~18 mJ/m2 at 298 K and ~12 mJ/m2 at 77 
K by averaging literature records and considering the temperature 
dependence as suggested by Saeed-Akbari et al. [38-41], which confers 
the potential of evoking additional mechanisms, such as phase trans-
formation if encountered with exceptionally high stresses.

The raw material was prepared by suspension melting of elemental 
ingredients (purity >99.9 wt.%) in high-purity argon atmosphere. To 
ensure uniformity, the ingot was re-melted at least five times. Then, the 
as-cast ingot was homogenized at 1200 ◦C for 24 h followed by air 
cooling. Finally, a measured composition of 2.11Al-25.59Co-23.63Cr- 
25.43Fe-23.24Ni (at.%) was determined by energy disperse spectros-
copy. The heterostructure was produced by cold rolling and partial 
recrystallization. The as-homogenized material was rolled to 0.5 mm 
thick after 20 rolling passes with a thickness reduction of 90 %, using a 
customized machine with rolls fully immersed in liquid nitrogen, to 
obtain severely refined nanostructure with as high as possible stored 
energy. By trial and error, the annealing parameters for expected het-
erostructure, 550 ◦C for 1 hour followed by air cooling, were identified, 
by which the resulting microstructure of constituent zones conforms to 
the key design principles of strong-yet-tough material. To examine the 
mechanical effects caused by heterostructure, its performances are 
compared with those of the homogeneous structures with identical 
microstructure as the constituent zones in heterostructure. A set of ho-
mogeneous materials were thus screened from a wide range of annealing 
conditions.

2.2. Mechanical tests

Dog-bone-shaped tensile samples with gauge dimensions of 10 × 3 ×
0.5 mm3 (length × width × thickness) were machined from as-processed 
sheets, with the length aligned with the rolling direction. Uniaxial ten-
sion at a nominal strain rate of 1 × 10− 3 s− 1 were performed at 77 K, in 
order to amplify the synergistic mechanical effects by promoting GNDs 
piling-up. In the tests at 77 K, samples were immersed in liquid nitrogen 
throughout the whole process. Three samples were tested for each type 
of material to guarantee the reliability of results. Hardness measure-
ments for each sample were conducted with >60 indentations under a 
load of 50 g and a dwell time of 10 s. The sample for hardness test was 
electropolished and then subjected to metallographic corrosion so as to 
identify which type of constituent zone the indentation was located 
using an optical microscopy. The spacing of neighboring indentations 
was three times longer than impression diagonal.
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2.3. Microstructure and microscale strain characterizations

Microstructures before and after tensile tests were examined using 
field emission scanning electron microscope (FE-SEM, Quanta FEG 250) 
equipped with Oxford-electron backscatter diffraction (EBSD) system 
and transmission electron microscopies (TEM, both FEI Titan Cube 
80–300 and JEOL JEM-2100F), to analyze the microstructure 
heterogeneity-dictated deformation mechanisms. EBSD data was 
analyzed using the Oxford-HKL Channel 5 and OIM software, where 
grain detection tool can be used to evaluate the grain size and corre-
sponding area fractions. Twin boundaries in recrystallized grains were 
not counted as grain boundaries in grain size determination. TEM, high 
resolution-TEM (HR-TEM), and scanning TEM (STEM) observations 
were conducted at an accelerating voltage of 200 kV. TEM foils were 
first mechanically ground to a thickness of ~70 μm, followed by elec-
tropolishing with 90 % ethanol and 10 % perchloric acid at 25 V and 
− 25 ◦C. Samples for EBSD examinations were electropolished in an 
electrolyte composed of 90 % ethanol and 10 % perchloric acid for 
60–75 s at 20 V.

In the tension of heterostructure at 77 K, the test was interrupted as 
pre-specified strain stages and the sample was then carefully transferred 
into SEM to map the distribution of microscale strain in the same region 
of interest, using μ-DIC technique. Before the initial loading, the region 
of interest was marked using carbon deposition and the grain 
morphology was recorded using EBSD. High-quality speckles were then 
prepared through silver plating and NaCl solution immersion. The 
reference speckle pattern of the region of interest was captured in sec-
ondary electron mode. Subsequently, speckle image at different strain 
stages were captured under the same parameters.

3. Results

3.1. Heterogeneous microstructure

Fig. 1 shows the microstructural details of as-processed hetero-
structure. It has the typical characteristic of partial recrystallization: 
non-recrystallized lamella embedded in recrystallized matrix (Fig. 1a) 
with well-defined hetero-zone boundaries (HBs, Figs. 1b& c). Micro-
structural heterogeneities exist in the following aspects. (i) Recrystal-
lized matrix is characterized by equiaxed fine grains (FG) with an 
average size of ~2.4 μm (Figs. 1d& e), while NS remains in non- 
recrystallized lamella (Fig. 1c). (ii) The clean interior of recrystallized 

FGs is in sharp contrast to the latter which has extremely high disloca-
tion density (Figs. 1b& c). (iii) Recrystallized FGs have relatively random 
orientation, while non-recrystallized lamella is highly textured, with 
<101>//rolling direction (Figs. 1a& F). Statistics from a series of back- 
scattered electron images confirms a volume fraction of ~38 % for the 
non-recrystallized lamella.

Interestingly, these microstructure features are consistent with the 
key design principles of strong-yet-tough heterostructure. First, dra-
matic heterogeneities produce high mechanical incompatibility between 
zones, as verified by the large hardness difference (the red data in 
Fig. 2a), which helps to improve the intensity of hetero-zone interaction 
[14,42]. Second, the lamella morphology of non-recrystallized zone 
confers higher density of HBs, which is highly expected to promote GND 
piling-up and consequently the effect of hetero-zone boundary affected 
region [11,15]. Third, the grain size of recrystallized zone is close to the 
critical dimension delineated by strain energy density maximization 
principle, i.e., the optimum grain size for strength-ductility combination 
(doptimal ∼ 2 μm, Fig. 2b), which ensures excellent intrinsic properties for 
constituent zone and thus helps to improve global performances [43,
44]. Note that strain energy density maximization principle is a general 
mechanics principle that can guide microstructure regulation, such as 
grain size design, to unify the highest possible strain energy density limit 
and strength [44].

Three types of homogeneous materials were prepared. As shown in 
Figs. 3a1-a2, a homogeneous NS experienced recovery but almost no 
recrystallization, which closely resembles the non-recrystallized zone in 
heterostructure (Fig. 1c), was synthesized by annealing as-rolled sheets 
at 475 ◦C for 1 h Hardness examination confirms that it does have 
comparable hardness to the non-recrystallized zone in heterostructure 
(Fig. 2f). A fully recrystallized FG structure, whose grain morphology 
(Figs. 3b1-b2), average grain size (2.1 μm, Fig. 3d) and hardness 
(Fig. 2b) are consistent with those of the recrystallized matrix in the 
heterostructure, was produced by annealing at 600 ◦C for 1 h Since both 
the microstructure and hardness are in good agreement, the deformation 
responses of such homogeneous NS and FG samples can, respectively, 
represent the intrinsic properties of the non-recrystallized hard zone and 
recrystallized soft matrix, i.e., the properties of constituent zones when 
they are deformed independently. Moreover, a CG structure in average 
grain size of 8.5 μm was prepared as well (Figs. 3c& e).

Fig. 1. Heterostructure in Al0.1CoCrFeNi alloy, produced via cryogenic rolling followed by annealing at 550 ◦C for 1 h (a) EBSD inverse pole figure showing non- 
recrystallized lamella (the hard zone) embedded in recrystallized matrix (the soft zone). (b) Local kernel average misorientation map and (c) representative TEM 
image showing well-defined HBs and high contrast in dislocation density across them. (d) TEM image showing equiaxed FGs in recrystallized zone. (e) Grain size 
distribution of the FG zone. (f) Pole figures showing the texture heterogeneity between FG and NS zones.
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3.2. Synergistic mechanical effects dictated by microstructure 
heterogeneity

For the purpose of enhancing the synergistic deformation mecha-
nisms and their interaction, uniaxial tensions were performed at 77 K 

(Fig. 4a1), since reduced temperature usually suppresses cross slip and 
thus promotes planar piling-up of GNDs, which consequently improves 
long-range internal stress [22,50]. For comparison, tests at 298 K were 
performed (Fig. 4a2). The yield strength of heterostructure at 298 K 
(1015 ± 5 MPa) is measured to be close to the volume fraction-weighted 

Fig. 2. (a) Microhardness distribution in heterostructure (red) and the homogeneous counterparts, showing that the hardness of FG matrix and NS lamella are 
comparable to that of homogeneous FG and NS samples, respectively. In the test of heterostructure, the location of every impression in FG matrix or NS lamella was 
carefully confirmed, and if the one crosses HB it is deleted. (b) Strain energy density limit (∼ δu ∗

(
σy + σuts

)
/2), versus grain size d in Al0.1CoCrFeNi with homo-

geneous microstructure, showing the doptimum ∼ 2 μm for strength-ductility synergy [43,44]. δu, σy and σuts are the uniform elongation, yield strength and ultimate 
strength, respectively. Literature a1-a8 are [45,34,46,37,47,35,48] and [49], respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 3. Homogeneous microstructure of control samples. (a1, a2) EBSD band contrast map and representative TEM image showing recovered homogeneous NS 
obtained by annealing at 475 ◦C for 1 h (b1, b2) Band contrast map and TEM image showing fully recrystallized FG sample (by annealing at 600 ◦C for 1 h). (c) 
Homogeneous CG sample (1000 ◦C for 5 min). Statistical distribution of grain size for (d) homogeneous FG and (e) homogeneous CG samples.
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average (~1010 MPa) based on the properties of homogeneous NS and 
FG samples, i.e., the prediction by rule-of-mixtures [10]. Although in 
contrast to recent experimental advances in synergistic strengthening, 
this is actually not an anomaly and has also been observed in some 
multimodal and laminate heterostructures [51,52]. The possible reason 
is that an easily activated mechanism intrinsic to a constituent zone, 
such as shear localization in NS zone, dominates the deformation and 
releases internal stress, which shields or offsets the synergistic me-
chanical effects from hetero-zone interaction [53]. Since such effect is 
often material and microstructure dependent, it should also exist in the 
deformation at 77 K to some extent. Comparing the yield strength 
increment as temperature decrease (σ77K

y − σ298K
y ) between hetero-

structure and homogeneous samples, therefore, should be a more 
objective way to analyze synergistic strengthening at 77 K.

Fig. 4b1 presents a plot of σ77K
y − σ298K

y against grain size, where the 
equivalent grain size of heterostructure is calculated as the volume 
fraction-weighted average of the grain size of constituent zones. As 
shown, heterostructure has an unusually high σ77K

y − σ298K
y , deviating 

significantly from the evolution law of σ77K
y − σ298K

y with grain size 
change in homogeneous materials. Such deviation, indicated by σy,extra 

in Fig. 4b1, indicates a pronounced enhancement of the extra 
strengthening induced by microstructure heterogeneity at 77 K. Since 
the apparent synergistic strengthening at 298 K is negligible, the σy,extra 

actually can also be considered as a conservative evaluation of syner-
gistic strengthening at 77 K. The σy,extra accounts for ~9 % of global yield 
strength (1242 ± 10 MPa), making it much higher than the prediction by 
rule-of-mixtures (~1140 MPa). Note that such enhanced synergistic 
strengthening at cryogenic temperature is also found in heterostructured 
CrCoNi and FeMnCrCoNi alloys (Fig. 4b2), implying that it may be a 
general behavior in heterostructured fcc materials.

The uniform elongation of heterostructure is as high as 32.2 %±3.4 

%, increased by ~167 % as compared to the performance at 298 K, 
which is much higher than the increase of homogeneous NS (~10 %) 
and FG (~80 %) samples (Figs. 4a1 & a2). This could be partially 
attributed to the extraordinary work hardening of heterostructure, 
which far exceeds the prediction by rule-of-mixtures (shaded region in 
Fig. 4c). Importantly, this suggests again that synergistic deformation 
mechanisms are largely enhanced at 77 K, which helps to suppress the 
quick instability that may prevalent in a freestanding NS counterpart or 
in the deformation of heterostructure at 298 K.

3.3. Synergistic deformation mechanisms dictated by microstructure 
heterogeneity

Such largely enhanced synergistic strengthening, work hardening 
and ductility implies extensive activation of synergistic deformation 
mechanisms, which provides a unique opportunity to probing their 
interaction. The cross-HBs crystallographic and/or micro-mechanical 
behaviors at different tensile strains under 77 K are therefore examined.

3.3.1. Deformation of recrystallized FG zone in heterostructure
Figs. 5a1-a2 are TEM images obtained at the stress level of ~1000 

MPa, at which most of the recrystallized FG should have yielded while 
the NS zone remain elastic due to stress partitioning [26,65]. 
Low-density planar dislocations traces (Fig. 5a1) and early pile-ups 
(Fig. 5a2) appear in the FGs side of HBs. Fig. 5b shows the typical 
microstructure soon after global yielding (~1.5 % tensile strain). Strong 
pile-ups in the length scale of a few micrometers against the HBs are 
observed, suggesting a quick piling up process of GNDs in the yielding 
procedure. The interior of FGs away from HBs remains relatively clean at 
this stage, even when the global applied strain increases to ~3 % 
(Fig. 6a). As plastic deformation proceeds and applied stress increases, 
more dislocations aligned in the pile-up, exerting higher stress 

Fig. 4. Synergistic mechanical effects. Engineering (Eng) stress-strain curves of heterostructure and homogeneous samples at (a1) 77 K and (a2) 298 K. (b1) σy 

increment as decreasing temperature (σ77K
y − σ298K

y ) plotted as a function of grain size, where the unusually high σ77K
y − σ298K

y of heterostructure suggests an extra 
strengthening (σy,extra). (b2) Similar extra strengthening in heterostructured CrCoNi and FeMnCrCoNi alloys. (c) Strain hardening rate Θ at 77 K, showing pronounced 
extra strain hardening displayed by heterostructure. Notes for understanding the above figures are listed. First, the data in (b2) are experimental records (a1-a8: [50,
54-58], b1-b6: [22,59-64]); Second, in (b1) and (b2), the abscissa of the heterostructured sample, namely the equivalent grain size of heterostructure, is estimated as 
the volume fraction-weighted average of the grain size of constituent zones. Third, the rule-of-mixtures prediction in (c) is calculated as VFGΘFG + VNSΘNS.
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concentration on the HB and the dislocations near pile-up head. The 
latter will be overwhelmed first and thus cross slip to an intercepting 
{111} plane if the HB has not yielded [66]. Such behavior is observed at 
a tensile strain of ~3 % (Fig. 6a).

These HB-dependent deformation behaviors at low-strain stages are 
in sharp contrast to that in homogeneous structure as presented later, 
implying some crucial micro-mechanics. First, the HBs are effective 
obstacle for gliding dislocations. Under a resolved stress of τa, the 
gradient alignment of n dislocations on a slip plane could yield a stress 
concentration high up to nτa~ πnτa/4 at head [67]. The strong pile-up 
(Fig. 5b) and the cross slip of dislocations near pile-up head (Fig. 6a) 
indicate a high strength of HBs. Note that although pile-ups can also 
form against grain or twin boundaries, they generally have no oppor-
tunity to withstand such high stress concentration, as the relatively low 
boundary strength or small cross-boundary strength difference facili-
tates dislocation absorption and slip transmission [68,69]. In other 
word, high-strength HB or relatively large strength difference across it is 
actually a prerequisite for the formation of strong GND pile-ups and 
consequently the development of high long-range internal stress. Sec-
ond, the clean interior of FGs indicates that it is largely strengthened by 
the long-range back stress induced by GND pile-ups [24].

Surprisingly, closer examination of FG zone at ~3 % applied strain 
unveils the occurrence of new structure near the tail of pile-ups (Figs. 6a-
c). Figs. 6b-c show the high-resolution TEM images and the corre-
sponding FFT patterns of such new structure. The pattern indicates a 9R 

phase in [011] zone axis. This structure can be regarded as a modified 
fcc structure, characterized by one stacking fault in every three {111} 
plane [70,71], as evidenced by the high-resolution TEM image (the 
lower left insert in Fig. 6b). Through the geometric phase analysis of the 
region of interest (Fig. 6b) [72], it can be seen that the 9R phase ac-
commodates a portion of the applied strain, with a strain fluctuation 
range approximately 10 %. 9R phase is hardly formed by accidental 
growth, which is considered to be driven in the high stress region except 
for the low stacking fault energy [73,74].

As deformation progresses, grain boundaries, phase interfaces and 
other existing defects act as obstacles for mobile defects, resulting in 
quick multiplication of defects and continuous increase of internal stress 
(Fig. 4a1). The increased internal stress is conducive to the activation 
and slip of Schockley partials that constitute the 9R structure. When the 
applied strain is increased to ~20 %, 9R phases can be frequently found 
(Fig. 7a1). Figs. 7a2-a3 show the high-resolution TEM image of 9R/fcc 
boundary and corresponding IFFT pattern, from which multiple partial 
dislocations (marked by ‘T’) can be observed. The partial dislocations 
act as barriers to block the movement of dislocations at the phase in-
terfaces, thereby enhancing the stability of the 9R phase [75].

Interestingly, at such large-strain stage, transformation to nano-
layered hexagonal close-packed (hcp) phase was also evoked in the FG 
side of HB, as shown in Figs. 7b1-b2 and magnified in Fig. 7b3. More-
over, hcp laths, which adheres to the twinning lamella, are observed in 
heterostructure as well, as confirmed by the SAED pattern of bright-field 

Fig. 5. Representative TEM and STEM images showing the deformation of FG zone in heterostructure near global yielding at 77 K: (a1-a2) interrupted at the stress 
level of ~1000 MPa, TEM images showing the earliest dislocations traces near HB and early pile-ups against HB, (b) bright-field STEM image of the developed pile- 
ups in the scale of a few micrometers at a tensile strain of ~1.5 %.

Fig. 6. Deformation behaviors in the FG zone of heterostructure at a tensile strain of ~3 % at 77 K. (a) Dislocations piled up and reflection against HB. (b, c) High- 
resolution TEM images taken near the head of pile-up along [011] zone axis, showing the formation of 9R phase. The insert in (b) shows the horizontal lattice strain εx 
map. The fast Fourier transformed (FFT) patterns in (c) confirm the coexistence of fcc and 9R phases.
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image (Fig. 7c2) and corresponding dark-field image (Fig. 7c3). Such 
coexistence of twins and hcp is rarely detected in deformation and/or 
plastic processing of Al0.1CoCrFeNi alloy, even in the deformation of 
optimized heterostructure at room temperature [33], severe plastic 
deformation generated by surface nanocrystallization [37], and cryo-
genic deformation of homogeneous FGs (Section 3.4). These indicate 
that, extremely high internal stress, which is unattainable in homoge-
neous structures, can be generated in the deformation of heterostructure 
at 77 K to drive fcc→hcp transformation [76,77].

On the other hand, the increased internal stress facilitates the 
attainment of the critical twinning stress, τTWIP, which is estimated to be 
~320 MPa assuming that it is roughly independent of temperature [78,
79]. As the bright-field TEM images and corresponding diffraction pat-
terns shown in Figs. 8a-b, high-density nanotwins with a spacing of only 
a few nanometers spread throughout the whole FG zone, which suggests 
a critical dynamic Hall-Petch effect displayed by deformation twinning 
at the large-strain stage. Importantly, a statistical comparison unveils 
that the average nanotwin spacing of FG zone in heterostructure is much 
smaller than that of homogeneous FG structure (Figs. 8c1 & c2). This 
confirms that deformation twinning is enhanced as well by the syner-
gistic deformation of heterogeneous microstructure.

3.3.2. Deformation of non-recrystallized NS zone in heterostructure
A long-standing doubt arising from the large hardness/strength dif-

ference between NS islands and CG matrix (Fig. 2a) is whether and how 
the former accommodates applied strain. This may be the key to the 
second issue discussed above. Fig. 9a presents the cross-HB kernel 
average misorientation (KAM) maps at ~5 % and ~15 % tensile strain. 
Statistics reveals that in this strain interval, the average KAM of NS zone 
increased by ~0.55, which is almost high up to three-quarters of that of 
FG zone (~0.74, Fig. 9b). This indicates that pronounced plastic strain is 
partitioned into the hard NS zone, and the quick catastrophic instability 
that occurred in a freestanding NS counterpart (Fig. 4a1) is effectively 
avoided here [15,80]. In other words, the synergistic constraint from the 
soft FG zones makes the NS zones ductile to some extent, and there 
should be unique plastic mechanisms being activated [81].

Fig. 10 presents the evolution of tensile strain across an HB, 
providing zone-scale insight into the strain accommodation mechanism 
of NS zone. Surprisingly, in sharp contrast to the quick coalescence of 
catastrophic strain localization in a freestanding NS counterpart [3,82,
83], high-density of strain bands (SBs) are dispersively developed over 
the NS zone, as indicated by white arrows. These SBs undertake most of 
the strain partitioned into NS zone, with none of them preferentially 
carrying excessive strain concentration to dominate geometrical soft-
ening. In other words, such SBs are plastically stable, i.e., dispersed 
stable SBs, resulting in delocalized strain accommodation in the NS zone 
[28,81]. It is also observed that the closer to the HB, the weaker the SBs. 
These observations confirm several curiosities: (i) the mechanism by 
which the NS zone accommodate large applied strain is forming 
dispersed stable SBs, (ii) SBs mainly nucleate from the interior of NS 
zone, (iii) HBs play a role in impeding SBs propagation, and (iv) the 
activation of this mechanism depends largely on the microstructure 
heterogeneity and hetero-zone interaction, since there is no such op-
portunity for its freestanding NS counterpart [82,83].

As strain partitioning progresses, SBs partially propagate into the FG 
zone with obvious intensity attenuation. This helps to coordinate the 
deformation incompatibility and alleviate possible mechanical singu-
larity near HB [84]. The initial microstructure of NS zone is mainly 
characterized by dislocation cells with an average size of ~210 nm with 
small orientation difference between them, as indicated by the TEM 
images and SAED pattern (Figs. 11a& b) as well as the misorientation 
map (Fig. 1a). The most significant microstructure change after tension 
is the formation of SFs and deformation nanotwins (Figs. 11c& d). 
Nevertheless, similar to the deformation of NS bronze layer in a laminate 
[81], the density of SFs and deformation twins is not yet very high. This 
implies that the deformation of strain banding region may be partially 

dependent on dislocation and grain boundary activities [28].

3.4. Deformation mechanism of homogeneous FG and NS

In homogeneous FG structure, the initial deformation also features 
planar dislocation slip (Fig. 12a). At a tensile strain of ~3 %, disordered 
entanglements around grain boundary and random dislocation distri-
bution in grain interior are observed (Figs. 12b), while strong pile-ups, 
nanoscale phase transformation and relative clean grain interior that 
is typically in the FG zone of heterostructure (Figs. 5c& 6) do not appear 
at all. At large-strain stage (Fig. 12c), dislocation density increases 
significantly and deformation twinning is activated, leading to steady 
strain hardening (the blue data in Fig. 4c). However, nanotwin density is 
obviously lower than that in the FG zone of heterostructure (Fig. 8c, 
Figs. 8a-b versus Fig. 12c). Great efforts have also made to search for 9R 
structure and hcp phase near deformation twins at the large-strain stage, 
but there is no significant phase transformation except for occasional 
appearance of little hint near triple junctions (Figs. 12c-d). This in-
dicates that the internal stress is not high enough to activate phase 
transformation.

A freestanding NS material is susceptible to local plastic instability 
even if it occurs at microscale [83,85]. It has been observed that multiple 
SBs embryos can nucleate soon after yielding in a homogeneous NS 
counterpart under tension [28]. However, such embryos are mechani-
cally unstable because work hardening cannot offset the geometrically 
softening. As a result, individual thriving embryos can readily reap the 
priority to coalesce and then propagate through the cross-section, 
thereby dominating global necking instability [3]. Such a strain path 
is completely supplanted by dispersive stable strain banding in the NS 
zone of heterostructure (Fig. 10).

4. Discussion

The above comparisons in deformed microstructure reveal the po-
tential deformation mechanisms evoked by hetero-zone interaction, 
including the intensive pile-ups against HBs, strengthened grain interior, 
9R phase transformation near pile-ups, twin/hcp lamella structure and 
enhanced deformation twinning in FG zone and the dispersed stable SBs 
in NS zone. Undoubtedly, the high internal stress produced by pile-ups 
and strengthened FG interior are responsible for the extra yield 
strength, while the potential phase transformation in FG zone and 
enhanced twinning in both FG and NG zones are associated with the 
extra strain hardening (Figs. 4a1, b1 & c). Meanwhile, dispersed SBs 
enable the heterogeneous microstructure to achieve delocalized strain 
accommodation at zone scale, which represents another indispensable 
physics behind the delayed instability of heterostructure. These obser-
vations suggest that high long-range internal stress mechanism alone, i. 
e., high hetero-deformation induced stress [6,86], cannot fully explain 
the exceptional strength-ductility synergy, particularly as considering 
the extraordinary work hardening and ductility. While, as discussed 
next, the high long-range internal stress serves as a necessary or influ-
encing factor for the activation of other potential mechanisms.

4.1. Hetero-zone interaction induced high long-range internal stress

Microstructure heterogeneities result in dramatic difference in the 
elastic limit between recrystallized FG zone and retained NS zone 
(Figs. 2a& 4a1). In the elastic-plastic transition stage of tension, micro 
yielding starts first in the near-HB region of FG zone, since the triaxial 
stress state resulted from elastic/plastic interaction between zones helps 
to activate slips near HB [87-89]. At this stage, HBs act as elastic/plastic 
boundaries, which are impenetrable for gliding dislocations [90], 
leading to the formation of dislocation pile-ups against them to 
accommodate the plastic strain difference between zones. Dislocations 
in pile-up accumulate progressively with applied stress, until the stress 
concentration at the head is high enough to yield the boundary, i.e., 
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attaining the critical state enabling slip transfer or activating sources in 
the NS side. The limit of pile-up length is thus governed primarily by 
boundary strength. In a mean-field sense, hetero-zone boundary, such as 
phase boundary, is generally much stronger than grain boundary in 
terms of dislocation-dominated yielding [66,91]. Therefore, much 
stronger pile-ups are expected at HBs (Figs. 5& 6a).

The length of pile-ups against a HB (lpileup) physically represents the 
effective range of its affected region (lHbar). Considering the yielding 
scenario of the hard zone on another side of HB, Chou et al. derived it as 
a function of the yield strength of constituent zones lpileup 

=

[

1 −

(
σy,soft
σy,hard

)2]

dsoft [92]. σy,soft , σy,hard and dsoft are the yield strength of 

soft zone, the yield strength of hard zone and the grain size of soft zone, 
respectively. Employing the kHP in classical Hall-Patch relation as a 
parameter scaling boundary strength, and concurrently taking into ac-
count the stress concentration effect of a pile-up acting on boundary and 
the back stress acting on Frank-Read source, Wang et al. derived an 
expression as lpileup ≈ kHPR3/2

̅̅
2

√
Mμb [43]. μ, b, M, R represent shear modulus, the 

magnitude of burgers vector, Taylor factor, and length of the pinning 
points of source, respectively. Both expressions predict that larger lpileup 

is associated with stronger HB and higher mechanical incompatibility 
across HB, and it is on the order of a few micrometers or 
sub-micrometers for most common HBs. Since the derivation of these 
expressions incorporates numerous assumptions, here the average 
length of pile-ups observed experimentally in the strain stage of ~1.5 
%− 3 %, lpileup ≈ 0.72 μm, is taken to represent the lHbar of current HBs.

Given that the spacing of HBs is generally several to tens of times 
greater than lpileup, the pile-up against an HB is considered to be single- 
ended. As illustrated in Fig. 13a, in the slip plane forming a mature 
pile-up from an intragranular Frank-Read source, the accumulated shear 
plastic strain decreases gradually from γp

0 at the source to 0 at pile-up tip, 
and γp

0 can be calculated based on the continuum dislocation pile-up 
theory as [67,93] 

γp
0 =

∫lpileup

0

b
(
lpileup − x

)
f(x)dx =

3π(1 − v)τr,FGl
2
pileup

4μ , (1) 

where f(x) =
2(1− v)τr,FG

μb

(
lpileup − x

x

)1/2

, τr,FG is the applied stress resolved on 

the slip plane. This indicates that a pile-up is capable of accommodating 
a plastic strain difference of magnitude γp

0 across the HB. Importantly, 
the yielding of local HB driven by dislocation pile-up also signifies the 
end of the elastic deformation of NS zone on another side. At this critical 
state, the total plastic strain difference γp

total across the HB is 

γp
total =

τy,NS − τy,FG

μ , (2) 

where τy,NS and τy,FG represent the yield strength of NS zone and FG zone, 
respectively. Therefore, the density of pile-ups needed to accommodate 
the deformation incompatibility at the end of elastic-plastic transition is 

ρpileup =
γp

total

γp
0

=
4
(
τy,NS − τy,FG

)

3π(1 − v)τr,FGl
2
pileup

. (3) 

The τr,FG can be approximated by τr,FG ≈ τy,FG − τ0, where τ0 is the 
friction stress, if one ignores the work hardening of FG zone in this short 
period. Thus, one obtains 

ρpileup ≈
4
(
τy,NS − τy,FG

)

3π(1 − v)
(
τy,FG − τ0

)
l
2
pileup

. (4) 

The τ0 of Al0.1CoCrFeNi alloy at 77 K obtained by fitting the Hall- 
Patch relationship is ~60 MPa. Substituting the experimentally 

measured yield strengths into Eq. (4), the density of pile-ups against the 
HBs in current heterostructure near global yielding state is estimated to 
be ρpileup~0.8 μm− 1. This indicates that in a 1D simplified configuration 
along the HB, on average a GND pile-up is needed every 1.25 μm to 
accommodate the plastic strain discrepancy between zones. It should be 
noted that the dimension of Eq. (1) appears inconsistent with strain, and 
that of Eqs. (3-4) appears not μm− 1. Such phenomenological discrepancy 
arises because the integrand in Eq. (1) omits a denominator that should 
be 1 × 1 μm2 [93,94].

Considering a practical HB at the end of elastic-plastic transition, 
therefore, there should be multiple pile-ups in an average spacing of 1/ 
ρpileup and an average length of lpileup. Assuming a simplified 2D scenario 
with the favored slip planes being perpendicular to the HB (b//x) and 
the dislocations in different slip planes cannot affect the equilibrium 
position of each other, the pile-ups is illustrated in Fig. 13a. Note that 
non-uniform pile-up length is caused by local strength variation of HB. 
The distribution of long-range internal stress τlong− range thus can be ob-
tained by integrating the interaction of all piling-up dislocations [95] 

τlong− range(x, y) =
∑npileup

j=1

∑ndis

i=1
τxy

(
xi − x, yj − y

)
, (5) 

where npileup and ndis are the number of pile-ups and the number of 
dislocations in the jth pile-up, respectively. τxy(x, y) represents the in-
ternal stress acting at (x,y) of a dislocation located at (0,0), which is 
given by [96] 

τxy(x, y) =
μb

2π(1 − v)
x(x2 − y2)

(x2 + y2)
2 (6) 

if one assumes that only the shear stress component acting on the slip 
plane could effectively interact with mobile dislocations [97]. Fig. 13b
shows the distribution of τlong− range in the FG zone. Obviously, except for 
the oblique sections adjacent to pile-up tip, the direction of τlong− range 

acting on the majority of FG zone is opposite to that of the applied stress 
τr,FG, thereby serving as back stress for strengthening. Attention must be 
given to the fact that on the slip plane, the τlong− range within the piling-up 
region necessarily balances the τr,FG, i.e., τlong− range = − τr,FG, so as to 
maintain the equilibrium of dislocations [67]. The τlong− range acting on 
the slip planes as a function of distance from HB is plotted in Fig. 13c. 
Intriguingly, although the τlong− range/

⃒
⃒τr,FG

⃒
⃒ decreases from 1 to ~0.2 

within (0, 2lpileup), the attenuation becomes extremely gradual with 
further increase the distance from HB. For instance, at a distance of 
10lpileup from the HB, the τlong− range/

⃒
⃒τr,FG

⃒
⃒ remains as high as ~0.2. These 

establish that, at the critical state of global yielding of heterostructure, 
the flow stress of FG zone is enhanced by ~20 %, at least within regions 
<10lpileup from the HB. This micro-mechanics is responsible for the 
relatively clean interior of FGs near HB at the low strain stage (Figs. 5& 
6a).

Conjugate to the back stress in the FG zone, pile-ups also causes 
forward stress in the NS zone, which facilitates local yielding. However, 
the coupling of back stress and forward stress is not a zero-sum game [6,
86]; for integrated heterostructure, the ‘weakening effect’ of forward 
stress cannot completely offsets the strengthening effect of back stress 
[14,15]. These are the primary physics why the experimentally observed 
extra strengthening of global heterostructure (σy,extra accounting for ~9 
% of total yield strength, Figs. 4a1 & b1) is lower than the strengthening 
magnitude of its FG zone (~20 %). Note that pile-ups also contribute to 
Tylor strengthening, but here this effect is believed to be insignificant 
since dislocation density is not very high at the yielding stage.

4.2. Unusual phase transformation evoked by long-range internal stress

When the stress exceeds the threshold, the 9R structure and the 
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severely deformed fcc matrix can transform, via slipping through two 
atomic layers of adjacent SFs under stress, to hcp phase [98,99]. In other 
words, the martensitic transformation may proceed via either 
fcc→9R→hcp path or fcc→hcp path, or both paths simultaneously [70,
100]. For the current heterostructure, the detection of 9R at early plastic 
stage (Fig. 6) and the coexistence of 9R and hcp phase at the large strain 
stage (Fig. 7) imply that all these paths are possible. For any possible 
case, the stress initiating phase transformation (τTRIP) can be represented 
by the critical stress for the growth of hcp nucleus. Therefore, following 
the nucleation model of hcp-martensite primarily proposed by Mahajan 
et al. [101], which involves the activity of Shockley partials on every 
second {111} plane, the τTRIP of FG zone can be conservatively estimated 
by [102,103] 

τTRIP =
2Efcc/hcp

3bp
+

3μbp

Ltr
+

hΔGfcc→hcp

3bp
, (8) 

if ignoring the dependence on grain size so as to avoid the difficulties 
posed by uncertain empirical parameters. bp (~0.144 nm) is the 
magnitude of the burgers vector of Shockley partial [38]. Ltr represents 
the length of the sessile partials forming a hcp nucleus, which logically 
must not exceed the characteristic length of the early martensite em-
bryo, estimated at an average value of ~80 nm based on experimental 
observations such as that in Fig. 6a [102]. h (~5a/

̅̅̅
3

√
≈1.02 nm) is the 

thickness of hcp nucleus [101]. ΔGfcc→hcp is the change in Gibbs free 
energy per unit volume occurring fcc→hcp transformation, approxi-
mated here as about − 30 mJ/mm3 based on the calculation for 

Al0.3CoCrFeNi using density functional perturbation theory, corre-
sponding to about − 200 J/mol [36]. Efcc/hcp denotes the fcc/hcp inter-
face energy per unit area, which is thermodynamically associated with 
stacking fault energy Γsf as Γsf = 2Efcc/hcp + 2ρΔGfcc→hcp, where ρ =

3.06 × 10− 11 mol⋅mm− 2 represents the molar surface density along 
{111} plane [104]. Efcc/hcp is thereof calculated to be 13.2 mJ/m2.

Substituting the parameters into Eq. (8) yields τTRIP ≈ 460 MPa. It is 
much higher than the applied stress in a homogeneous FG counterpart 
near yielding (τr,FG ≈ 250 MPa). Interestingly, soon after yielding, this 
critical stress is attainable in the near-HB region of FG zone in a heter-
ostructure, where local resolved internal stress τr,local is increased by 
back stress to τr, local = τr,FG +

⃒
⃒τlong− range

⃒
⃒. Adjacent to the tail of dislo-

cation pile-ups, τr,local approaches 2τr,FG (~500 MPa, Fig. 13c), yet with a 
low density of mobile defects (Figs. 5& 6a), phase transformation is 
thereby evoked. These findings demonstrate a deformation fundamental 
of heterostructure: in addition to directly increasing strength, the long- 
range internal stress induced by dislocation pile-ups can assist in 
invoking hard plastic mechanisms that are difficult to activate in a 
freestanding constituent, such as fcc→hcp phase transformation.

Similar to the effect on phase transition, the high internal stress 
caused by back stress can also facilitate twinning (Fig. 8c). Enhanced 
transformation and twinning accommodate the applied strain, and at the 
same time serve as additional obstacles or sources for dislocation slip, 
leading to extra work hardening (Fig. 4c).

Fig. 7. Representative TEM images showing (a) extensive 9R phase formation and (b, c) well-developed nano-layer hcp phases in the FG zone at ~20 % tensile strain 
at 77 K. (a2) Magnified image of the interface between 9R and fcc phases; (a3) inverse-FFT (IFFT) pattern of the 9R/fcc interface region. (b1) Bright-field TEM image 
showing the hcp phase in the vicinity of HB. The corresponding selected area electron diffraction (SAED) pattern and lattice images are given in (b2, b3). (c2) The 
SAED pattern in (c1) confirm the coexistence of fcc matrix, twins and hcp phases. (c3) Dark-field TEM image obtained using the {0001} diffraction plane to highlight 
the thin hcp laths.
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4.3. Formation of dispersed stable SBs evoked by hetero-zone interaction

Upon entering the yielding stage, strain incompatibility-induced 

inter-zone constraint transfers load from FG matrix to NS lamella, as 
resolved by the shear-lag model [105,106]. Meanwhile, dislocation 
pile-ups in the FG side enhances the internal stress of NS zone, especially 

Fig. 8. Enhanced deformation twinning in the FG zone of heterostructure at the large-strain stage (~32 % tensile strain) at 77 K. (a, b) Bright-field TEM images 
showing high-density deformation twins in thickness of a few nanometers. (b1) and (b2) Dark-field TEM images obtained using the {111} diffraction plane to 
highlight the nanotwins with different orientations. Statistical distribution of nanotwins spacing compared between (c1) the FG zone in heterostructure and (c2) 
homogeneous FG with comparable applied strain.

Fig. 9. Deformation of the NS zone in heterostructure at 77 K. The (a) map and (b) statistical distribution of kernel average misorientation (KAM) across HB with 
increasing strain. The decent increase of KAM in NS zone proves that it becomes ductile under the constraint from FG neighbors.
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in the vicinity of HB [95]. Once the applied stress in NS zone attains the 
yield strength, micro plastic instability can be readily activated from the 
sites with higher distortion energy to alleviate local stress concentration, 
leading to the nucleation of early SB embryos [28]. This occurs because 
the limited work hardening of NS zone cannot offset local geometrical 
softening under mechanical perturbation [107,108]. As the early SBs 
propagate to approach an HB, increased dislocation activity and 
constraint from FG neighbor play roles in relieving stresses at their tips 
[109], thereby arresting the propagating SBs (Fig. 10). The lamella 
configuration of NS zone (Fig. 1a) can significantly enhance such 
arresting effect, since it imparts high-density HBs to confine the free 
propagation path, particularly in the direction of zone thickness. 
Arrested early SBs enables the formation of new stress concentration 
sites in the virginal region, providing the opportunity to nucleate more 
SBs until they dispersed over the whole NS zone (Fig. 10). This is the 
formation physics of dispersed SBs.

In the stable plastic flow stage, the strain concentration intensity (I) 
of SBs gradually increases, while their characteristic width (W) remains 
nearly unchanged (Fig. 14a). Although there are indeed some intensity 
variations among SBs, they develop side by side, with the advanced ones 
wait for the lagging ones and no unstable coalescence (Fig. 14b). In 
addition to the arresting effect from FG neighbor, work hardening by 
twinning and dislocations activity (Fig. 11) in SBs should also contribute 
to their stable evolution. Stabilized SBs ensure the entire NS zone 
maintains high stress, which not only endows the NS zone with persis-
tent load-bearing capability but also allows the non-strain banding re-
gion to share a portion of applied strain (Fig. 14a) [28,81].

In other words, limited strain hardening capability, microstructure 
heterogeneity and the resulting inter-zone constraint are the two 
necessary conditions for activating dispersed stable SBs in NS zone. The 
former renders the nucleation of SBs by local plastic instability, which is 
generally intrinsic to a NS zone. The latter plays the key role in stabi-
lizing SBs and thus ensuring dispersed nucleation. Dispersed SBs and 
their stable evolution endow exceptional trans-scale mechanical effects. 
First, the NS zone itself exhibits notable strain accommodation capa-
bility, and its strain path and stress-strain response are thus dramatically 
altered compared to those of the freestanding counterpart [81]. Second, 
at the zone scale, the inter-zone deformation compatibility is signifi-
cantly enhanced, with the strain partitioned into NS zone exceeding 85 
% of that in FG zone (Fig. 14c). Moreover, these leads to the integrated 
heterostructure displaying improved uniform elongation under high 
flow stress.

The above discussions highlighted the mechanical principle of the 
formation of dispersed SBs. Estrin et al. suggested that the crystallo-
graphic mechanism, which may be related to the dislocation pile-up 
induced forward stress, is critical as well [110]. However, Ma et al. 
asserted that the long-range internal stress is not the primary cause 
because the feature size of SBs in layered/gradient heterostructure are 

commensurate with the macroscopic sample size [107]. This assertion 
clearly overlooks the fact that in many heterostructures, such as the 
current lamella structure (Fig. 10), heterogeneous laminates [81], 
bimodal structure [111] and conventional dual steels [112], the char-
acteristic width of SBs is either smaller than zone dimension or exactly 
on the same order. These deserves more systematic investigation.

5. Summary

In summary, with the challenges in understanding the synergistic 
mechanical effects and underlying mechanisms of heterostructured 
materials, here we particularly focused on how long-range internal 
stress interact with other mechanisms and how hetero-zone interaction 
affect strain accommodation. The deformation responses and trans-scale 
mechanisms of a heterostructure in Al0.1CoCrFeNi alloy, composed of NS 
lamella embedded in FG matrix with dense HBs, is studied, by 
combining experimental observations and theoretical analyses. Specif-
ically, the main findings are: 

Fig. 10. Abnormal strain accommodation mechanism of the non-recrystallized NS zone, by forming dispersed stable strain bands, unveiled by the micro strain 
mapping (the strain component along tension direction) across HB at 77 K. The number above each subgraph represents the applied strain.

Fig. 11. Representative TEM images comparing the microstructure of the non- 
recrystallized NS zone (a, b) before and (c, d) after tension at 77 K. The for-
mation of (c) SFs and (d) deformation twins are observed in the NS zone after 
~5 % and ~15.5 % tensile strain, respectively, proved by SAED patterns.
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Fig. 12. Deformation of homogeneous FG at 77 K. (a) TEM image showing the planar dislocation activity at ~1 % tensile strain. (b) TEM image showing the 
dislocation tangles near grain boundaries and random dislocation activity in grain interior, at ~3 % tensile strain. (c) Bright-field STEM image of the typical 
deformation nanotwins with tangled dislocations at ~32 % tensile strain. (d) Representative high-resolution TEM image and FFT pattern in the region with relatively 
complex deformation.

Fig. 13. (a) Schematic diagram of dislocation pile-ups against an HB to accommodate the plastic strain gradient in FG zone, at the end of elastic-plastic transition. (b) 
The map of long-range internal stress induced by the pile-ups (back stress in the FG side, τlong− range/

⃒
⃒τr,FG

⃒
⃒). (c) Linear distribution of long-range internal stress on the 

slip planes, plotted as a function of distance from HB.

Fig. 14. Evolution and the strain accommodation effects of dispersed SBs in the NS zone of heterostructure. (a) Statistically averaged distribution of tensile strain 
cross SBs, illustrating the definition of the strain concentration intensity (I) and characteristic width (W) of SBs. (b) Evolution of I in three typical SBs with different 
development rate (indicated by white arrows in Fig. 10). (c) Strain partitioning indexed by the ratio εNS/εFG as a function of applied strain, where εNS and εFG 

represent the average strain of NS zone and FG zone, respectively.
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(i) At the yielding stage, elastoplastic interaction between zones 
renders the accumulation of strong dislocation pile-ups against 
HBs, with an average length (lpileup) of up to ~0.72 μm and a 
density of ~0.8 μm− 1. This generates high back stress in FG zone, 
nearly doubling the internal stress of dislocation piling region, 
and increasing the internal stress by ~20 % in the region even 
10lpileup away from the HB. Such strengthening effect is partially 
offset by the forward stress, yielding an extra strengthening ac-
counting for ~9 % of the yield strength.

(ii) Benefiting from the high long-range internal stress, the critical 
phase transformation stress of FG zone is attainable, leading to 
the activation of 9R transformation initially in the vicinity of pile- 
up tail soon after yielding and nanolayered hcp transformation at 
the large-strain stage. Meanwhile, improved internal stress also 
enhances twinning. These mechanisms result in extra work 
hardening.

(iii) Hetero-zone interaction activates dispersed stable SBs in the NS 
zone, which promotes delocalized strain partitioning between 
zones and thus improves uniform elongation. Limited strain 
hardening capability renders SBs nucleation, while inter-zone 
constraint plays the key role in stabilizing SBs and thus 
ensuring dispersed nucleation.

(iv) Phase transformation and dispersed stable SBs cannot be acti-
vated in homogeneous materials. A deformation fundamental for 
heterostructure is thus elucidated: beyond directly contributing 
to strength, hetero-zone interaction and the development of long- 
range internal stress could assist in invoking extra hard plastic 
mechanisms otherwise inaccessible to the homogeneous 
counterparts.
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