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ABSTRACT
Reflection of geometrically necessary dislocations (GNDs) has been reported effective in increasing
strength and ductility of dual-phase alloys. However, this mechanism is rarely observed in conven-
tional single-phase alloys. Here we report the activation of GND reflection by heterostructure in a
single-phase steel, which produces high hetero-deformation induced (HDI) stress. Additionally, it
promotes the formation of high-density immobile dislocation locks, which, together with HDI stress,
produces high strain hardening. It appears that the condition for GND reflection is low stacking fault
energy, high strength difference across hetero boundaries. These findings provide further guidance
for designing heterostructures to achieve superior strain hardening.
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Introduction

Metallic materials have played a pivotal role in the
progress of human civilization and technological advan-
cements since the Bronze Age. The pursuit of strong and
ductile metals remains a challenge, particularly in the
face of escalating energy and environmental concerns.
However, the inherent trade-off between strength and
ductility has long been a Gordian knot in metallic struc-
tural materials, posing a formidable challenge for achiev-
ing both high strength and ductility. The primary strat-
egy for improving the strength–ductility synergy is to
sustain high strain-hardening [1–3]. To date, numerous
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attempts have been made to enhance strain hardening
by tailoring composition and microstructure of metal-
lic materials [4–8]. Typically, alloy compositions of high
entropy alloys (HEAs) have been extensively explored to
enhance strain hardening abilities by introducing addi-
tional deformation mechanisms such as stress-induced
phase transformation and deformation twinning [9–11].
It is noted that the alloying strategy makes materi-
als development more resource-dependent and progres-
sively increases the overall production costs, having a
negative impact on the long-term sustainability of high-
performance metals [12]. Recently, the heterostructure
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architecture in metallic materials has garnered exten-
sive attention because it offers an effective and econom-
ical method to conquer the strength–ductility paradox
[13–16].

Heterostructured materials (HSMs) are a class of
materials that are composed of heterogeneous zones with
dramatically different (>100%) mechanical or physical
properties [17]. The interactive coupling between these
heterogeneous zones produces a synergistic effect to help
with obtaining mechanical properties superior to that
of their homogeneous counterparts. The superiority in
strength–ductility synergy of HSMs has been verified
in various conventional metals with diverse heterostruc-
ture categories, such as heterogeneous lamellar struc-
tured Ti [18,19], laminate structured Cu/Cu-Zn alloy
[20,21], harmonic structured Cu [22], gradient struc-
tured Al [23], etc. The outstanding mechanical proper-
ties of these HSMs originate from their heterostructure
nature, which produces extra strengthening and strain
hardening. Specifically, the HSMs strategy utilizes GNDs
to produce strain hardening by inducing significant het-
erogeneous plastic deformation between different zones.
Owing to the large difference in mechanical proper-
ties, large strain partitioning occurs between soft and
hard zones, which produces strain gradient near zone
boundaries. High-density GNDs are thereby generated
to accommodate strain gradients. The pile-ups of GNDs
produce long-range back stresses in soft zones and for-
ward stresses in hard zones, collectively creating hetero-
deformation induced (HDI) stress [24]. The kinematic
evolution of HDI stress creates additional HDI strain
hardening to increase the total strain hardening rate.
Consequently, GNDs play a critical role in enhancing
mechanical properties of HSMs.

The effect of GNDs primarily depends on their distri-
bution and interactions with boundaries, such as grain
boundaries and phase boundaries. When GNDs slip
towards a boundary within a soft zone, one of the fol-
lowing scenarios may occur [25–28]: (1) piling up in
front of the boundary, (2) being absorbed (pushed) into
the boundary, (3) transmitting across the boundary, (4)
being reflected from the boundary. The GND piling up
against zone boundaries is the most effective way to pro-
duce back stress in soft zones, subsequently resulting in
a high HDI stress [13]. However, the high stress concen-
tration at the front of pileups could trigger the nucleation
of cracks. In contrast, the GND absorption by or trans-
mission across the hetero boundary aids in alleviating
the local high stress, but negatively impacts the gener-
ation of back stress due to the saturation of GNDs in
the pileup [28]. The desired scenario involves all GNDs
emitted from Frank–Read dislocation source pile up to

produce the back stress without the limitation by bound-
ary failure. This can be realized by the GND reflection
mechanism. When GND reflection occurs in soft zones,
it not only mitigates stress concentration at the pileup
front but also creates new dislocation pileups to multiply
back stress [29]. In general, dual-phase structure facili-
tates the reflection of GNDs because of the difference in
crystal structure and strength across the phase bound-
aries, which makes it hard for the GNDs in the soft zones
to transmit. Conversely, dislocations tend to transmit
across grain boundaries in the conventional single-phase
metallic materials due to the same crystal structure and
close strength across grain boundaries.

Therefore, it is required to tailor the composition and
microstructure of single-phase metallic materials to acti-
vate GND reflection, thus enhancing strain hardening.
The dislocation glide modes are influenced by the stack-
ing fault energy (SFE). A Low SFE is helpful to promote
planar slip and GND pileup [30,31]. However, perfect
dislocations in metals with low SFEs tend to dissociate
into extended dislocations, making it difficult for a dis-
location to cross-slip [32]. Recent studies, particularly
those employing molecular dynamics (MD) simulations,
have extensively explored the cross-slip of extended dis-
locations, advancing our understanding of its mecha-
nisms and guiding efforts to tailor microstructures that
facilitate dislocation reflection [33–37]. The results reveal
that cross-slip is a thermally activated process, with its
rate determined by the activation barrier, which depends
on various conditions, including obstacles to dislocation
glide, and local stress around the dislocations [30,38].
Accordingly, the specific hetero boundaries and long-
range internal stress in HSMs provide opportunities
to motivate the cross-slip of extended dislocations. It
might be possible to promote GND pileups and reflec-
tions through heterostructure architecture in low SFE
materials.

Here we focus on a commercial 316L austenitic stain-
less steel with a low SFE of ∼26.5mJ/m2 whichwasmea-
sured by the regression formula proposed in Ref. [39].
A heterogeneous lamellar structure comprising ultrafine
grains (UFG) and coarse grains (CG) layers was pro-
duced by cold rolling and partially recrystallization. In-
situ transmission electron microscopy (TEM) straining
tests were conducted to investigate the dislocation behav-
ior during deformation. The detailed information on
materials and methods can be found in the Supplemen-
tary materials. Multiple reflections of extended GNDs
were observed near the hetero-boundaries between UFG
and CG, which is different from the dislocation trans-
mission commonly observed at conventional homoge-
nous CG-CG boundaries in 316L steel. Specifically, the
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Figure 1. Microstructure of the HS 316L stainless steel. (a) Band contrast map of the HS steel, (b) HAADF-STEM image showing the
distribution of CG and UFG lamella. (c) and (d) STEM images showing the ultrafine grains and nano twins in the UFG lamellae. (e) HRTEM
of the nano twin. (f ) Grain size distribution in the HS steel.

CG-UFG hetero-interfaces act as barriers and reflec-
tors for GNDs. The reflection was directly induced by
the cross-slip of extended dislocations. It appears that
the heterostructure architecture in the present study can
promote dislocation cross-slip, thus facilitating multi-
ple dislocation reflection. The underlying mechanisms
behind the multiple reflection of extended GNDs and
its effects on mechanical properties are explored in
detail.

Results and discussion

The inverse pole figure map of the as-received steel
(Figure S1a) reveals a random texture and coarse grain
(CG) structure, with an average grain size of ∼30 μm
(Figure S1b). Cold rolling results in the formation of a
refined lamellar structure (Figure S1c), accompanied by
a diffraction pattern inset indicating the occurrence of
stress-induced martensite transformation (SIMT). The
deformed structure is characterized by ultrafine-grained
lamellae and a high density of nano twins (Figure S1d
and e). To produce the heterostructured (HS) steel, the
cold-rolled sample was annealed at 760°C for 6min. XRD
analysis (Figure S2) confirms thatmost of the SIMT in the
cold-rolled steel reversed to austenite during annealing.

Figure 1a shows the cross-sectional band contrast map
of the HS steel, illustrating grain boundaries, including
low-angle grain boundaries (LAGBs), high-angle grain
boundaries (HAGBs), and �3 twin boundaries (TBs),
typical of a heterogeneous lamellar structure composed
of alternating CG and UFG lamellae induced by par-
tial recrystallization [40,41]. TEM further reveals the
substructures of the HS steel. Figure 1b shows that the
CG lamellae consist of recrystallized grains with a low
dislocation density, while the UFG lamellae are pre-
dominantly composed of equiaxed and lamellar grains
(Figure 1c and d). There are some fine particles inside the
coarse grains after annealing. The energy dispersive spec-
troscopy (EDS) results in Figure S3 indicate that these
intragranular particles are rich in Cr and Mo, which are
formed due to the local chemical segregation [42]. More-
over, nano-twins with a thickness of ∼5 nm (Figure 1e)
remain in the UFG lamella after annealing, due to their
exceptional thermal stability [43]. The grain size distri-
bution, shown in Figure 1f, reveals a bimodal pattern,
with UFGs and CGs having average sizes of 108 nm
and 1.01 μm, respectively. This bimodal distribution,
along with variations in dislocation density, highlights
the microstructural heterogeneity between the UFG and
CG lamellae.
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Figure 2. Multiple reflection of extendedGNDs in the HS steel. (a)–(d) Snapshots from the SupplementaryMovie 2 showing themultiple
reflection of extended dislocations in the heterostructured steel. (e) Schematic illustrations showing the dislocation interactions due to
multiple reflection. (f ) Formation of high-density straight dislocations at the intersections induced by themultiple reflections. (g) HTERM
image of the L–C lock overlapped with GPA map.

In-situ TEM straining tests provide valuable insights
into the dynamic interactions between dislocations and
grain boundaries [44,45]. The initial observations were
performed on the homogeneous CG sample. Figure S4a-
c, which are snapshots from Supplementary Movie 1,
illustrate the dislocation motions in a 3-μm CG sample.
Upon straining, dislocations are emitted from the grain
boundary into grain interior, as indicated by the green
arrow in Figure S4a. These dislocations are absorbed
upon reaching the opposing grain boundary, leading to
local stress concentrations. This stress is readily trans-
mitted across the grain boundary, facilitating disloca-
tion transmission [44]. Consequently, dislocations are
pushed into and transmitted across the boundaries in the
uniform CG sample, as marked by the blue arrows in
Figure S4e.

In contrast, Figure 2a–d show close-up snapshots from
the in-situ TEM video (Supplementary Movie 2), captur-
ing the different dynamic interactions between disloca-
tions and CG-UFG hetero boundaries in the HS steel.
A Frank–Read (F–R) dislocation source within the CG
emits GNDs along slip paths, highlighted in green and
yellow. Upon encountering the hetero boundary at Posi-
tion ’I’, the dislocation array reflects into an intercepting
slip plane, altering its pathway. As plastic deformation

continues, additional reflections occur at Positions ’II’
and ’III’ (Figure 2b). With further straining, further
reflections are observed at Positions ’IV’ to ’VI’, result-
ing in intersected zig-zag slip paths within the CG zone
(Figure 2c and d).

The multiple reflections of dislocation arrays are thus
facilitated in the soft zone of single-phase HS steel. It is
noteworthy that reflection sites are not confined to het-
ero boundaries; they also occur at strong obstacles within
the grain interior, such as at Position ’V’. In contrast to
the relatively straightforward slip propagation within CG
samples, where dislocation interactions are minimal at
low strains, the zigzag pathways inHS steel promote com-
plex interactions between dislocations from different slip
planes, as shown in Figure 2e. High-density straight dis-
locations, marked by the dashed lines, are formed at the
intersections induced by the multiple reflections of dis-
location arrays (Figure 2f). The leading partial disloca-
tions from two slip planes can interact to form immobile
Lomer–Cottrell (L–C) locks [46,47]. When the observed
direction is tilted from [112] to [110] zone axes, the
HRTEM and corresponding GPA analysis (Figure 2g)
were performed with the normal directions of (002̄)
and (2̄20) planes being defined as x and y axes, respec-
tively, as shown in Figure S5. It reveals the associated
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Figure 3. Cross-slip of extended dislocations in the HS steel. (a) Planar slip of extended dislocations in the CG zone. (b) and (c) Evolution
ofWSF along the dislocation arrays when they free slip and pileup near obstacles (HB: hetero boundary). (d) Snapshots from the Supple-
mentary Movie 3 showing the cross-slip near the CG-UFG hetero boundary. (e) Snapshots from the Supplementary Movie 4 showing the
cross-slip inside the grain. (f ) Dislocation reactions following FE cross-slip model.

lattice strain at the L–C lock, which impedes dislocation
motion, thereby enhancing the mechanical properties of
the HS steel.

The reflection of extended dislocation arrays is facil-
itated by cross-slip. Figure 3a shows planar slip of
extended dislocations in the CG zone, where a low SFE
promotes the dissociation of perfect dislocations into
partials, which are separated by SF regions. The equilib-
rium width of the SF (WSF) stabilizes at ∼30 nm under
free slip conditions, as shown in Figure 3b. However,WSF
dynamically evolves when extended dislocations accu-
mulate near obstacles, such as hetero boundaries and
intragranular particles. This results in a gradient distance
along B-B’ and C-C’, narrowing to 4 and 24 nm near the
hetero boundary and particles, respectively (Figure 3c),
due to significant repulsive forces.

Although planar slip dominates due to the presence of
SF regions, cross-slip can occur when the partial dislo-
cations recombine into perfect dislocations by reducing

WSF . Sequential snapshots from Supplementary Movie 3
(Figure 3d) show the cross-slip near the CG-UFG hetero
boundary. Five extended dislocation pairs encountering
the CG-UFG boundary exhibit significant constriction of
WSF . Under strain, the second dislocation pair (DII-1 and
DII-2) disappears from the original slip plane, while reap-
pear as a new dislocation pair (DII-1’ and DII-2’) on the
conjugate slip plane. Similarly, Supplementary Movie 4
(Figure 3e) captures cross-slip within the grain, where
particle-induced repulsion compresses WSF . With fur-
ther straining, the third dislocation pair (D3-1 and D3-2)
switches slip planes, with newly formed partial disloca-
tions (D3-1’ and D3-2’) arriving at a grain boundary.
These observations confirm that cross-slip involves both
leading and trailing partials crossing to the conjugate slip
plane via the Friedel-Escaig (FE) mechanism [38]. As
illustrated in the Thompson tetrahedron (Figure 3f), the
FE cross-slip process involves in the following two dislo-
cation reactions: first, two partials (Aγ and γB) converge
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Figure 4. Strain hardening of the HS steel. (a) True stress–strain and strain hardening rate curves. (b) TEMmicrographs of the deformed
HS steel at strains of 5% and 18%. (c) σHDI and σEff varying with applied strain. (d) Evolution of�HDI and�Eff .

into a screw dislocation AB (equation (1)), which then
cross slips and dissociates into two new partials (Aδ and
δB) in the conjugate plane (equation (2)).

a
6
[1̄21̄](Aγ ) +

a
6
[2̄11](γB) = a

2
[1̄10](AB) (1)

a
2
[1̄10](AB) =

a
6
[1̄21̄](Aδ) + a

6
[2̄11](δB) (2)

Figure 4a shows the true stress and strain harden-
ing rate (�Total = dσ/dε) versus true strain curves of
the HS steel, exhibiting a multi-stage strain harden-
ing behavior. Initially, �Total decreases before the strain
of 2%, followed by a notable increase until the strain
reaches 5%. Subsequently, �Total decreases smoothly.
In contrast, the strain hardening rate of the homoge-
neous CG sample monotonously decreases with strain,
as shown in the inset. The upturn of strain harden-
ing rate helps with postponing necking and improv-
ing ductility. This phenomenon is believed to be closely
related to the microstructural evolution during defor-
mation. The transformation induced plasticity (TRIP)
and twinning induced plasticity (TWIP) effects typi-
cally contribute to the upturn of strain hardening rate
in metastable austenitic steels and medium/high entropy
alloys [48–50]. In the present study, additional inter-
rupted tensile tests were carried out at strains of 5%
and 18% to investigate the deformed microstructure.
The EBSD phase maps at different strains are shown in

Figure S6a to c. Themartensitic content is rarely changed
with tensile strain. In addition, themartensite distributed
in the UFG zones is induced by the SIMT during cold
rolling, rather than tensile deformation. TEM micro-
graphs of the deformed samples are shown in Figure 4b.
Notable planar slip and L–C locks are observed at the
strain of 5%. At the strain of 18%, dislocation accumu-
lations evolve into dense dislocation cells, along with the
formation of higher density of L–C locks. No signifi-
cant martensitic transformation and deformation twins
are observed before the strain of 5%. Consequently, the
upturn of strain hardening rate is primarily attributed to
the heterostructure architecture.

HDI stress and hardening have been proved to pro-
mote an increase in the total strain hardening rate,
which can be examined by cyclic loading-unloading-
reloading tests [51–53]. The evolution of measured HDI
stress (σHDI) and effective stress (σEff ) is shown in
Figure 4c. Both the HDI and effective stresses increase
with tensile strain. The magnitude of HDI hardening
rate (�HDI = dσHDI/dε) and forest strain hardening rate
(�Eff = dσEff /dε) are deduced from the HDI and effec-
tive stress–strain curves [54]. As shown in Figure 4d,
�HDI increases first before the strain of 6% and then
decreases, while �Eff drops monotonously. It is noted
that the increased �HDI at the early deformation stage
contributes to the upturn of �Total, which has also been
found in the heterogeneous lamellar structured Ti [18],
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heterogeneous grain structured CrCoNi alloy [55], and
gradient structured Cu-Al alloy [56].

In-situ TEM straining tests reveal the prevalent reflec-
tion of extended GNDs in the single-phase heterostruc-
tured 316L stainless steel, a phenomenon rarely observed
in homogeneous materials. In homogeneous CG steel,
dislocation absorption and transmission primarily occur
at grain boundaries. However, inHS steel, extendedGND
arrays undergo multiple reflections within the soft zone
near hetero boundaries, a behavior driven by cross-slip.
While cross-slip of dissociated Shockley partials is gener-
ally constrained in low SFE materials, frequent cross-slip
is observed in the studied heterostructured steel, gov-
erned by the FE model. It is of great significance to eluci-
date the cross-slip mechanisms in HS steel. The FE cross-
slip process involves the constriction of Shockley partials
followed by their re-dissociation. Overcoming the energy
barrier for dislocation reactions needs a sufficient driv-
ing force [57]. Molecular dynamics and atomic calcula-
tions have predicted that cross-slip process is dependent
on the applied shear stress [35,37,38,58]. The FE cross-
slip requires sufficient Escaig stress acting on the edge
component of the Shockley partial dislocations, which
controls the distance between them [34,38]. Therefore,
the prerequisite for cross-slip of extended dislocations is
the driving force necessary for recombining the partial
dislocations.

In the present study, the development of long-range
internal stress within the heterostructure plays a pivotal
role in enabling cross-slip. As illustrated in Figure 5a
and b, dislocation sources within soft zones are acti-
vated under an applied resolved shear stress, emitting
several GND pairs that pile up against the CG-UFG het-
ero boundary, which has an angle of (α) with the Burgers
vector (�b) along [1̄10]. The pile-up produces a stress con-
centration at the pile-up head, resulting in a gradient
distribution of back stress (σback) within the soft zone,
with the local stress near hetero boundaries exceeding
that in grain interior. The σback near boundaries increases
until stress relaxation happens through the plastic defor-
mation of adjacent hard zones [59]. The σback con-
tributes to sufficient Escaig stress required to narrow the
width of SF, thereby enabling the constriction of partial
dislocation.

The magnitude of long-range σback thereby plays a
critical role in activating themultiple cross-slips. It corre-
lates with the density of GND pile-ups (σback ∝ ρpileup).
ρpileup is significantly influenced by the strength con-
trast between the heterogeneous zones, which can be
approximatively expressed as [60]:

ρpileup ≈ 4(τy,hard − τy,soft)

3π(1 − ν)(τy,soft − τ0)l2pileup
(3)

lpileup ≈ kHPR3/2√
2MGb

(4)

where τy,hard and τy,soft are the yield stress of hard and
soft zones, τ0 is the friction stress, lpileup is the length of
pile-ups against a hetero boundary, kHP is the Hall–Petch
constant, ν, R, M, G, b are Poisson’s ratio, length of the
pinning points of source, Taylor factor, shear modulus,
and magnitude of burgers vector, respectively. In order
to determine the kHP, the homogenous samples with dif-
ferent grain sizes were obtained through annealing at
760°C with different times. Figure S7a shows the ten-
sile curves of the homogeneous UFG and CG samples
with average grain sizes of 120 nm and 1.15 μm, respec-
tively, which are close to that of the hard and soft zones
in the HS steel. As shown in Figure S7b, the grain size
and yield strength of 316L stainless steel show a typi-
cal Hall–Petch relationship (τy = kHPd−1/2+τ0), where
the kHP and τ0 are calculated as 327MPa·μm−1/2, and
147 MPa, respectively. When describing τy,soft andτy,hard
through the obtained Hall–Petch relationship, equation
(3) can be deduced as following:

ρpileup ≈
4(d−1/2

hard − d−1/2
soft )

3π(1 − ν)(d−1/2
soft )l2pileup

(5)

Therefore, the ρpileup is determined by the average
grain sizes of soft and hard zones (dsoft and dhard) in the
single-phase HS steel. Figure 5f shows the distribution
map of the GND pile-up density (ρpileup) within the hard
and soft zones ranging from 0.01 to 1μm, and from0.1 to
2 μm, respectively. Low ρpileup is required for the homo-
geneous structured steels during deformation. In con-
trast, large difference in dhard and dsoft in HS sample leads
to a larger strength contrast across the heterogeneous
zones, necessitating more GND pileups to accommodate
strain gradient near hetero boundaries. For example, in
the HS1 steel (with dhard = 0.1 μm and dsoft = 1.0 μm),
ρpileup increases substantially to 0.68 μm−1. As σback is
proportional to ρpileup, this increase promotes the gener-
ation of back stress, thereby enhancing the driving force
for the cross-slip of extended dislocations.

Cross-slip of extended dislocations predominately
occur slightly away from the CG-UFG hetero boundaries
or intragranular particles, rather than at sites of maxi-
mum local stress. This interesting phenomenon is related
to dislocation configuration near obstacles, as schemat-
ically illustrated in Figure 5c and d. Upon piling up at
the boundary, the leading GND (DI) aligns its disloca-
tion line with the boundary. Under the elevated back
stress near the boundary, DI recombines into a perfect
dislocation. The recombined dislocation remains mixed-
edged and screw character due to the angle of βI ≈α
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Figure 5. Cross-slip mechanism of extended dislocations in the HS steel. (a)–(e) Schematic illustration showing the cross-slip process of
extended dislocations near hetero boundary. (f ) ρpileup distribution map showing heterostructure promotes generation of high σback for
recombining partials.

between the Burgers vector and the boundary, thus pre-
venting cross-slip. This behavior is verified in Figure S8,
where constricted dislocations remain on their original
slip plane. For perfect dislocations to undergo cross-slip,
their dislocation lines must align parallel to their Burg-
ers vector. The leading GNDs in the pile-up (DI and
DII) exert an expelling force on the incoming dislocation
(DIII), acting as a cushion to gradually align its segments
(Figure 5d). As a result, the angles between dislocation
lines and �b reduce fromβI toβII andβIII. OnceDIII aligns
with its dislocation segment parallel to �b (βIII = 0), it
can cross-slip after recombined into a perfect screw dis-
location. This screw dislocation subsequently dissociates
into two new Shockley partials (DIII’) in the cross-slip
plane (Figure 5e). Therefore, the essential conditions for
cross-slip of extended dislocations involve the genera-
tion of substantial long-range internal stress to constrict
the stacking fault and the alignment of dislocation lines
near obstacles, ensuring local recombination and enable
efficient cross-slip.

The multiple reflection has significant influences
on accommodating plastic deformation and improving
mechanical properties of HS steel. First, this strategy is
effective in suppressing strain localization. The cross-slip
process transfers dislocations from a single slip plane
to multiple ones, allowing stress concentrations to be
redistributed and create evenly distributed dislocation
within grains [61]. The frequent cross-slip in the HS steel
enhances the efficiency of slip transmissibility, thus pro-
moting stress transfer so as to suppress strain localization
[6,62]. It is evidenced that strain delocalization in the
heterostructured materials help with stabilizing plastic
deformation and improving ductility [63]. Second, the

multiple cross-slip occurred in the HS steel enhances
strain hardening rate. Generally, cross-slip plays a dual
role in strain hardening. It reduces the strain harden-
ing rate at the large-strain stage because it results in
dynamic recovery by enabling the mutual annihilation
of dislocations and allowing them to escape from pile-
ups [64]. Conversely, it can promote work hardening by
forming stable dislocation structures in the low-strain
stage [65,66]. In this work, the multiple cross-slip in this
HS steel help with improving strain hardening from the
following two aspects. On one hand, dislocation reflec-
tion prevents the absorption of GNDs by boundaries and
multiply the GND pile-ups, thus enhancing HDI stress
and hardening [28]. According to the calculation using
equation (5), the ρpileup should be 0.68 μm−1 in the HS
steel. It indicates that in a one-dimension simplified con-
figuration, on average a GND pile-up is needed every
1.5μm to accommodate the heterogeneous deformation.
Actually, the ρpileup estimated from the in-situ staining
tests (Figure 2) can reach up to ∼3.5 μm−1, which is
induced by the multiple reflection of GND arrays. As
evidenced in Figure 4c and d, HDI stress and �HDI
increase faster before the strain of 6%, which is primar-
ily attributed to the prevailing GND pileups. On the
other hand, multiple cross-slip fabricates stable disloca-
tion structures, i.e. L–C locks, which effectively hinder
dislocation motion to enhance the strain hardening rate.

Since the multiple reflections of extended dislocations
can enhance the strain hardening ability of the HS steel.
It is desired to take full advantage of this mechanism via
alloy composition design and microstructure architec-
ture. First, low SFE is required to realize the planar slip
of extended dislocations, thus producing effective pileups
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[67,68]. Second, in order to activate multiple cross-slip of
extended dislocations, high local stress around disloca-
tions is required. Therefore, it is expected to introduce
sufficient stable obstructions to dislocation glide. In this
work, the hetero boundary (CG-UFG boundary) was
employed. Note that a large strength contrast between
the soft zones and hard zones is demanded to reinforce
the effectiveness of hetero boundaries. For instance, the
YS of hard zones in the HS steel is about triple that of
soft zones. As the soft zones begins to deformation plas-
tically, the neighboring hard zones retain elastic state.
This notable mechanical incompatibility enhances local
internal stress in the embedded soft zone to a high level,
enabling the occurrence of cross-slip. Besides of the het-
ero boundaries in this study, the stable structures, such
as dislocation locks, dislocation jogs, precipitations are
also effective in hindering dislocation motion to facili-
tate cross-slip [69–71]. Third, the soft zones are proposed
to be surrounded by hard zones, providing sufficient het-
ero boundaries for reflection. If a large number of soft
zones is connected by CG-CG boundaries, the stress is
proponed to be relaxed by the propagating plastic flow
across the boundaries and the dislocation reflections will
be suppressed.

Summary

In conclusion, multiple reflection of extended GNDs
in the soft zone is implemented in a single-phase het-
erostructured 316L stainless steel, which is induced by
the boosted cross-slip of extended dislocations follow-
ing the Friedel-Escaig model. In order to achieve this,
large long-range internal stress is required to realize the
local constriction of SFs within extended dislocations.
Additionally, the cushioning dislocations near the obsta-
cles are necessary to help with aligning the incoming
dislocation lines for completing cross-slip. The multiple
reflection of dislocations has positive influences on the
strain hardening and mechanical properties of metallic
materials. First, it is capable to inhibit strain localiza-
tion through effective slip and stress transfer. Second, the
multiple reflection of dislocations emitted from one dis-
location source produce effective HDI hardening. Third,
themultiple reflection of extended dislocations promotes
the formation of high-density L–C locks, significantly
enhancing the strain hardening rate of the HS steel.
These findings highlight the potential of heterostruc-
tures to overcome the traditional strength–ductility
trade-off.
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