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A B S T R A C T

Gradient nanotwinned (GNT) structures are a representative class of heterogeneous architectures that enhance 
the strength of metallic materials by introducing structural gradients. In this study, we show that both extra 
strengthening and work hardening in GNT Cu can be further improved by increasing the work hardening ca
pacity of individual units, even with a constant structural gradient. Higher unit-level work hardening suppresses 
strain localization, facilitates more uniform gradient plastic deformation, and promotes the additional storage of 
geometrically necessary dislocations (GNDs) in formation of bundles of concentrated dislocations. These GNDs 
contribute significantly to the enhanced strengthening and hardening behavior of GNT Cu.

Gradient nanostructures (GNS) have emerged as a promising strategy 
for enhancing the mechanical performance of metallic materials, 
enabling the simultaneous improvement of strength, ductility, fatigue 
resistance and fracture toughness [1,2]. There have been extensive re
ports demonstrating that the gradient architectures incorporating with 
nanostructured units can overcome the conventional strength-ductility 
trade-off commonly observed in conventional homogeneous materials 
[3–7]. The superior performance of GNS metals is primarily attributed to 
gradient plastic deformation, which induces the storage of geometrically 
necessary dislocations (GNDs) [8–12]. These GNDs contribute to both 
strengthening and work hardening via kinematic and/or isotropic 
hardening mechanisms [13–15]. The extent of this strength
ening/hardening effect is highly sensitive to the architectural parame
ters of the gradient structure.

Among various GNS architectures, gradient nanotwinned (GNT) 
structures offer a unique model system due to their precisely control
lable gradients, as well as their well-characterized dislocation mecha
nisms in nanotwinned domains [10,16,17]. The individual unit of GNT 
structure consists of a uniform nanotwinned region with columnar 
grains containing preferentially (111)-oriented nanotwin lamellae. The 
characteristic size of a unit is defined by its thickness or volume fraction 
within a gradient period, while its key microstructural features are grain 
size and twin lamellae thickness. As the structural gradient defined as 
the slope of hardness along depth increases, gradient deformation be
comes more heterogeneous, with GNDs increasingly forming as bundles 

of concentrated dislocations (BCDs) along the gradient [10,16]. These 
GNDs or BCDs generate substantial back stress, further enhancing both 
strength and work hardening. Strengthening is also amplified by opti
mizing gradient configurations, such as positioning hard layers at the 
surface and soft layers at the core, or by increasing the volume fraction 
of the transition region to broaden the GND-affected zone [17–19].

In addition to gradient design, the intrinsic work hardening capa
bility of individual units is a critical factor in governing the mechanical 
response of GNS metallic material. Generally, high work hardening 
improves deformation stability and suppresses strain localization by 
promoting strong dislocation interactions [20]. Our previous work 
revealed that greater differences in work hardening between units 
enhance incompatibility at interfaces, thereby increasing GND accu
mulation and further improving strengthening [21].

In this study, we investigate the role of overall work hardening of 
units in governing the strengthening and deformation behavior of GNT 
Cu. To isolate this effect, three GNT Cu samples with a systematically 
increased overall work hardening capacity of units were designed, while 
maintaining constant gradient parameters, including structural 
gradient, gradient distribution and volume fraction of units. The 
enhancement in strengthening and work hardening is assessed relative 
to homogeneous nanotwinned (HNT) counterparts having matched 
average hardness. Through comparison of plastic strain gradient, post- 
deformation microstructures, and hardening responses, we elucidate 
the underlying mechanisms through which unit-level work hardening 
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influences the performance of GNT Cu.
Three representative GNT Cu samples were prepared via direct cur

rent electrodeposition, with a fixed current density of 30 mA/cm2. The 
electrolyte temperature profile was changed to modulate unit-level work 
hardening. GNT-I was deposited by linearly heating the electrolyte from 
15 to 30 ◦C over 8 h, followed by symmetric cooling to 15 ◦C. Additional 
parameters are detailed in Ref. [16]. GNT-II and GNT-III samples were 
fabricated using higher thermal cycles from 20 to 35 ◦C and 25 to 40 ◦C, 
respectively, maintaining the same heating and cooling rates as GNT-I. 
For comparison, free-standing homogeneous nanotwinned (HNT) Cu 
samples, named HNT-I, HNT-II and HNT-III, were synthesized at con
stant temperatures of 23, 27, and 32 ◦C, matching the average temper
ature of the corresponding GNT samples. All deposited HNT and GNT Cu 
samples had a thickness of ~400 μm.

Cross-sectional microstructures of GNT and HNT Cu samples, both 
before and after tensile testing, were examined using a FEI Nova 
NanoSEM 460 field emission gun scanning electron microscope (SEM) in 
backscattering electron imaging (BSE) mode. The height variation on 
lateral surfaces of GNT Cu samples were measured using confocal laser 
scanning microscopy (CLSM, Olympus LEXT OLS4100).

Depth-dependent hardness distributions were obtained using a Qness 
Q10 A+ microhardness tester under a 50 g load with a 10 s dwell time. 
Flat dog-bone shaped flat tensile specimens (gauge length of 5 mm and a 
width of 2 mm) were machined from the as-deposited electrodeposited 
GNT and HNT Cu foils via electric spark cutting and then polished me
chanically and electrochemically. Uniaxial quasi-static tensile tests were 
performed on an Instron 68TM-5 microtester at a strain rate of 5 × 10− 3 

s-1 at ambient temperature. Strain was measured using a contactless MTS 
LX300 laser extensometer. A minimum of five specimens per condition 
were tested to ensure the statistical reliability.

SEM cross-sections (Fig. 1) confirm that all samples possess a char
acteristic nanotwinned structure, with nanoscale twin lamellae oriented 
perpendicular to the growth direction, embedded within micron-scale 
columnar grains, as seen in Ref. [22]. In GNT-I, the twin thickness in
creases from 21 (surface) to 51 nm (core), while grain size ranges from 
2.0 to 7.6 μm. The corresponding cross-sectional hardness drops linearly 

from 1.7 to 1.1 GPa, yielding an average hardness of 1.4 GPa and the 
structural gradient (the slope of hardness along depth) of s = 3 GPa/mm 
(Fig. 1d1). GNT-II and GNT-III exhibit progressively wider ranges of 
grain size (2.7~16 μm and 5.4~20 μm, respectively) and twin thickness 
(27~76 nm and 37~84 nm, respectively). Their hardness spans 
decrease accordingly to 1.5~0.9 (GNT-II) and 1.3~0.7 GPa (GNT-III), 
with corresponding average hardness values of 1.2 and 1.0 GPa. Clearly, 
all GNT Cu samples share the same structural gradient slope, confirming 
that the only varied parameter is the microstructure span cross units, 
which determines their overall work hardening capacity.

Reference HNT Cu samples displayed homogeneous microstructures 
across all sections, as shown in SEM images in Fig. 1a2-c2. From HNT-I, 
-II to -III, the average grain size increases from 4.6 ± 0.3, 5.7 ± 0.3 to 
7.5 ± 0.5 μm, and the average twin thickness increases from 30±2, 39 
±3, to 45±5 nm. Correspondingly, the average cross-sectional hardness 
decreases from 1.40±0.03, 1.25±0.04 to 1.05±0.03 GPa, comparable to 
values of GNT-I, -II and -III samples, respectively.

Fig. 2a shows the tensile engineering stress-strain curves of GNT Cu 
samples in comparison to their free-standing HNT counterparts. The 
average yield strength decreases from 416±10, 372±7 to 296±12 MPa 
from HNT-I, -II to -III samples while the uniform elongation is improved 
from 4.0, 9.1 to 12.1 %. GNT samples exhibit higher yield strength than 
their HNT counterparts, while uniform elongation is comparable or 
slightly reduced. These results indicate an obvious extra strengthening 
effect induced by GNT structures.

Fig. 2b presents the variation of work-hardening rates (Θ = dσ /dε) of 
all samples as a function of true strain. Two typical stages are observed: 
the elastic-plastic transition stage with a steep decrease of work hard
ening rate before the strain of ~3 %, and the steady plastic deformation 
stage where work hardening reduces slowly at larger strains.

To evaluate the work hardening capacity, we defined Θc to account 
for strain by integrating the work-hardening rate over the true strain 
during the steady-state deformation stage. The inset in Fig. 2b shows the 
Θc increases from 11.2 to 43.7 MPa in HNT-I to -III, indicating the 
enhanced unit-level hardening capacity from GNT-I to -III.

GNT-I to -III display additional work hardening beyond that of HNT-I 

Fig. 1. Cross-sectional SEM image of gradient nanotwinned (GNT) Cu samples: GNT-I (a1), GNT-II (b1) and GNT-III (c1), and their corresponding homogeneous 
nanotwinned (HNT) counterparts: HNT-I (a2), HNT-II (b2) and HNT-III (c2). The cross-sectional hardness distributions along the depth direction for GNT (d1) and 
HNT Cu samples (d2), as indicated.
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to -III. At the elastic-plastic transition stage, all GNT Cu samples exhibit 
higher work hardening rates compared to their HNT counterparts. 
During the steady deformation stage, GNT-I shows a slightly higher 
work hardening rate than HNT-I, while GNT-II demonstrates a 

significantly enhanced work hardening rate relative to HNT-II, indi
cating the presence of additional work hardening. This effect is further 
amplified in GNT-III.

The extra strengthening and work hardening capacity can be quan

Fig. 2. Engineering tensile stress-strain curves (a) and work hardening rate (Θ) vs. true strain curves (b) of GNT Cu in comparison to HNT Cu. The inset of (b) shows 
work hardening capacity (ΘHNT

c ) of HNT Cu. The extra strengthening (Δσ) and extra work hardening capacity (ΔΘc) with unit-level hardening capacity (ΘHNT
c ) of GNT 

Cu(c).

Fig. 3. Height profiles of the lateral surface and corresponding relative lateral strain in GNT-I and GNT-III samples. (a1, a2) The height contour maps of the lateral 
surface of GNT-I at ε = 0 and 4 %, respectively. The strain localization region is outlined by two white lines in (a2). Average height profile (a3) and average relative 
lateral strain Δεy (a4) for GNT-I. (b1-b4) show the corresponding data for GNT-III, in the same format as (a1-a4). Cross-sectional EBSD images (c1, c3) and dislocation 
density mappings (c2, d4) of the core (c1, c2) and near-surface regions (c3, c4) of fractured GNT-I. (d1-d4) are same as (c1-c4) and except for fractured GNT-III.
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titatively estimated by Δσ = σGNT − σHNT and ΔΘc = ΘGNT
c − ΘHNT

c , 
respectively, where σGNT and σHNT are yield strength of GNT Cu and their 
HNT counterparts, respectively, and ΘGNT

c and ΘHNT
c are their respective 

work hardening capacities at the steady-state deformation stage. As 
shown in Fig. 2c, both extra strengthening and work hardening capacity 
increase from 21 to 34 MPa, and from 3.5 to 16.5 MPa, respectively, 
from GNT-I to III, correlating with increasing overall work hardening of 
units.

The characterization of gradient strain in GNT samples provides 
critical insights into the intrinsic deformation mechanisms. As illus
trated in Fig. 3a, the height profile across the lateral surface (x-z plane) 
was measured to calculate the distribution of the relative lateral strain 
Δεy in GNT Cu. The lateral surface of the as-prepared GNT-I sample 
appears nearly flat, with minor variations due to mechanical polishing, 
as shown in Fig. 3a1. However, after tensile deformation at ε = 4 % 
(Fig. 3a2), the height of the central region (outlined by the white dashed 
line) decreases relative to the left and right sides, indicating strain 
localization along the tensile axis (x-axis).

By averaging the surface height along the tensile direction, the 
average height profile across the sample thickness (z-axis) is obtained 
(Fig. 3a3). Subtracting the post-deformation profile (εapp = 4 %) from 
the pre-deformation profile yields the net height change, Δh. The dis
tribution of relative lateral strain Δεy is calculated as Δεy = 2Δh/W0, 
where W0 is the initial width of the tensile samples. As shown in Fig. 3a4, 
|Δεy| at surface (hard unit) is notably greater than in the core (soft unit), 
indicating a strain discrepancy of approximately 0.1 % and a corre
sponding strain gradient of 2 m-1.

The lateral surface height profile of deformed GNT-III (Fig. 3b1 and 
3b2) exhibits pronounced variation along the thickness direction (y- 
axis), in contrast to the strain localization observed along the tensile axis 
in GNT-I. As illustrated in Fig. 3b3, the central region corresponding to 
the soft unit exhibits a substantially lower height compared to the hard 
units on both surfaces—opposite to the deformation pattern seen in 
GNT-I. This indicates that the soft unit undergoes greater shrinkage 
strain than the hard unit (Fig. 3b4). The discrepancy in |Δεy| between 
hard and soft units reaches 0.53 %, and the corresponding strain 
gradient ηy increases to 27 m-1, reflecting a significantly enhanced 
gradient deformation compared to GNT-I.

The deformation morphologies and dislocation storage of the GNT 
Cu are further compared by using EBSD in Fig. 3. The deformed GNT-I 
sample maintains a strong (111) texture across the soft core to hard 

surface units (Fig. 3c1 and 3c3). The corresponding GNDs mapping re
veals that dislocations primarily accumulate at GBs, with fewer observed 
in grain interiors (Fig. 3c2 and 3c4). The overall GND densities is 7.3 ×
1014 and 9.1 × 1014 m-2in the soft core and hard surface units, respec
tively. In contrast, while deformed GNT-III exhibits a similar (111) 
texture, it generates a higher density of GNDs (Fig. 3d1-d4). Notably, 
substantial GNDs storage occurs within grain interiors, beyond just the 
GB. The overall GND density reaches 12.8 × 1014 and 9.3 × 1014 m-2 in 
the soft and hard units of GNT-III, respectively, both of which are higher 
than their counterparts in GNT-I. These results align with the observed 
strain gradient evolution in both samples (Fig. 3a1-b4), confirming that 
an enhanced unit-level work hardening capacity promotes greater GND 
storage, leading to stronger strengthening and hardening.

To elucidate the underlying deformation mechanisms, we analyzed 
the microstructures of deformed GNT Cu samples. Fig. 4 compares the 
microstructures near the tensile fracture region of GNT-I and GNT-III, 
where the true strain εT ≈ 33 % was estimated based on cross-section 
shrinkage. In GNT-I, the soft core unit exhibits grain boundary (GBs)- 
dominated plastic deformation. Fragmented nanotwins at GBs (high
lighted by yellow arrows in Fig. 4a1) suggest the accumulation and pile- 
up of threading dislocations along TBs, similar to observations in HNT 
Cu [22]. Several prominent shear bands, characterized by fragmented 
nanotwins and extending across multiple grains, are also observed. 
These shear bands are oriented at approximately 30◦~45◦ relative to the 
tensile axis, consistent with the maximum shear direction typically seen 
in nanostructured metals. Notably, more shear bands are observed in the 
surface (hard unit) than in the core (soft unit) (Fig. 4a2).

In contrast, GNT-III exhibits multiple elongated BCDs via the accu
mulation of GNDs, which comprise two types of dislocations: a minority 
of Mode I dislocations with both glide plane and glide direction inclined 
to twin boundaries (TBs) and a majority of Mode II dislocations with 
glide plane inclined and glide direction parallel to TBs, respectively, by 
systemically dual-beam TEM diffraction analysis in previous studies [10,
16,17]. In the hard unit (Fig. 4b2), several BCDs are observed as regions 
of strong contrast (indicated by red arrows) within the interiors of 
columnar grain aligned along the gradient direction. Notably, these 
remain intact and unfragmented, in contrast to the GB degradation 
observed in GNT-I. These BCDs have an average width of approximately 
0.5 μm, consistent with previously reported GNT Cu samples [16]. In the 
soft unit, the BCDs become slightly coarser, with an average width of 1.9 
μm (Fig. 4b1).

We further compared the hardening behavior across the cross- 

Fig. 4. Cross-sectional SEM images of the core (a1, b1) and near-surface regions (a2, b2) of fractured GNT-I (a1, a2) and GNT-III (b1, b2). Shear bands are outlined 
with dashed lines in (a1) and (a2). Twin fragments at grain boundaries and BCDs are marked by yellow and red arrows, respectively. (c) Hardness distribution across 
GNT-I and GNT-III at ԑ = 0 % and 4 %, compared to (d) HNT-I and HNT-III under the same strains levels.
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sections of GNT-I and GNT-III. For GNT-I (Fig. 4c), the surface hardness 
after deformation remains nearly unchanged compared to the initial 
state, indicating the negligible hardening. The hardening increment, 
ΔH, is defined as ΔH = H - H0, where H and H0 represent the hardness 
after and before tensile deformation, respectively. Toward the core re
gion, the hardening increases noticeably, up to approximately 11.9 %, 
resulting in an average hardening of 5.2 % across all sections, compa
rable to that observed in HNT-I (Fig. 4d). In contrast, GNT-III exhibits a 
consistently higher post-deformation hardness cross all units compared 
to the initial stage. The hardening is substantially enhanced, increasing 
from 4.2 % at the surface to 33.2 % in the core. The average hardening 
reaches 14.9 %, exceeding that of HNT-III (10.0 %), which indicates the 
presence of significant extra hardening in GNT-III.

The hardening of structural units in GNT Cu arises from two mech
anisms. First, intrinsic hardening is determined by microstructural 
characteristics, where larger grain size and twin thickness result in 
greater strength. Consequently, intrinsic hardening increases from sur
face to core in each GNT Cu sample. More importantly, an additional 
hardening component is generated by the storage of GNDs, which scales 
with the magnitude of the strain gradient. Notably, the strain gradient in 
GNT-III is significantly larger than in GNT-I, resulting into superior extra 
hardening throughout all sections of the former. This enhancement 
originates from improved unit-level work-hardening capacity, which 
suppresses strain localization and there amplifies the strain gradient. In 
other essence, the high unit-level work hardening is critical prerequisite 
for gradient deformation and the resulting extra hardening.

By integrating the above experiment results, we conclusively 
demonstrate that enhancing the overall work hardening capacity of in
dividual units leads to simultaneous increases in both extra strength
ening and work hardening in GNT Cu. Higher work hardening promotes 
the development of a more pronounced strain gradient, which drives the 
accumulation of GNDs, resulting in substantial additional hardening. In 
contrast, lower work hardening suppresses the strain gradient and ex
acerbates strain localization, thereby limiting the potential for extra 
hardening.

The strain gradient plays a critical role in strengthening gradient 
nanostructured metals to achieve superior mechanical properties. Ac
cording to classical strain gradient plasticity theory [23–25], strain 
gradients induce the formation of GNDs, with GND density directly 
proportional to the magnitude of the strain gradient. These GNDs 
generate strong kinematic hardening or long-range back stresses on 
other mobile dislocations, which not only enhance dislocation resistance 
(contributing to higher strength) but also intensify forest dislocation 
interactions, thereby boosting work hardening capacity [22,26–28].

Typically, strain gradients are attributed to the built-in gradient 
structures that undergo a progressively yielding process. In gradient- 
structured metals, such as GNT Cu, the soft unit yields first due to its 
lower yield strength, while the hard unit yields later. As a result, plastic 
strain progressively decreases from the soft to the hard unit, producing 
an internal strain gradient - even under uniform total strain during 
tensile deformation [10,16,19]. This implies that the strain gradient is 
governed by the yield strength gradient, or more broadly, by the 
structural gradient across the cross-section of GNT Cu or other GNS 
metals [5,16,29].

We find that the strain gradient of GNT Cu is significantly influenced 
by the overall work hardening capacity of its units, even when the 
structural gradient remains constant. The strain localization induced by 
the lower unit-level work hardening enable GNT-I distinct gradient 
deformation mechanism and the smaller strain gradient opposite to 
GNT-III, as further discussed in the below.

In GNT-I, limited work hardening capacity promotes strain locali
zation over uniform plastic flow during tensile deformation. This 
behavior originates from an ultrafine grain size, which restricts the 
available space for dislocation storage [30] and promotes shear bands, 
the primary deformation mechanism often observed in brittle metals 
under extreme conditions [31]. Furthermore, the smaller grain size 

intensifies this strain localization, resulting into plastic strain to increase 
from the core to surface and forming the observed gradient. Crucially, 
this strain localization induces a plastic strain gradient opposite to in 
direction to that generated by progressive yielding, thereby diminishing 
the overall strain gradient (Fig. 3a4).

In contrast, the superior work hardening capacity of the structural 
units in GNT-III suppresses strain localization and promotes uniform 
plastic deformation. This provides the necessary condition for the 
development of a strain gradient induced by progressively yielding 
induced strain gradient. As a result, a large number of GNDs form and 
self-organize into BCDs throughout all units. These BCDs not only 
generate long-range back stress that contributes to extra strengthening 
but also mitigate dislocation annihilation at GBs, thereby sustaining 
extra work hardening.

Furthermore, the extra strengthening can be enhanced by increasing 
the strength disparity between units or the structural gradient [16,21,
32]. This intensifies gradient deformation and promotes the storage of 
more GNDs. The magnitude of strain gradient and thus the extra 
strengthening are also governed by the spatial distribution of structural 
units. Key factors include their volume fractions, the thickness of 
gradient layers between them, and the gradient order [17,33–35]. 
Strategic modulation of these parameters can collectively maximize the 
extra strengthening effects, enabling superior mechanical properties in 
GNS metals.

In summary, the overall work hardening capacity of individual units 
is revealed as a critical factor governing gradient deformation and the 
resulting extra strengthening/hardening effect in GNT Cu, even when 
the structural gradient remains constant. Higher unit work hardening 
suppresses strain localization and enables the formation of strain gra
dients driven by progressive yielding along the built-in structural 
gradient. Consequently, more GNDs are stored and organized into 
forming BCDs, which contribute to enhanced extra strengthening and 
work hardening. This finding not only advances the mechanistic un
derstanding of gradient deformation, but also provides a new strategy 
for designing high-performance GNS metallic materials.
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