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Gradient nanostructured (GNS) metals exhibit high overall extra strengths relative to their non-gradient coun-
terparts. However, the spatial distribution of local extra strengths stemming from plastic strain gradients remains
elusive. This work is focused on characterizing the gradient distribution of plastic strains in a representative GNS
metal of gradient nanotwinned (GNT) Cu. Full-field strain mapping reveals the gradient distributions of lateral
strains in the transverse cross section of GNT Cu samples undergoing uniaxial tensile deformation. We find that
the lateral strain gradient increases but the maximum lateral strain difference decreases in GNT samples with
increasing structural gradient. The latter arises because the softest layer with the lowest initial yield strength
gains the largest local extra strength during tensile deformation, and vice versa. Such a gradient distribution of
local extra strengths results from the combined strengthening effects of plastic strain gradient and grain size.
These experimental results are used to inform a strain gradient plasticity model for revealing the gradient dis-
tributions of local extra back stresses and local extra strengths with increasing load. The coupled experimental
and modeling characterization of gradient plastic deformation provides an in-depth mechanistic understanding

of the spatial-temporal evolution of gradient strengthening effects in gradient nanostructures.

1. Introduction

Gradient nanostructured (GNS) materials with a spatial distribution
of gradient nanostructures can exhibit superior mechanical properties
relative to their non-gradient counterparts [1-7]. For example, GNS
materials often possess excellent combinations of strength and ductility,
whereas these two properties conflict against each other in conventional
materials with homogeneous or random microstructures [8]. The
gradient plastic deformation across gradient nanostructures needs to be
characterized in order to gain a complete understanding of the under-
lying deformation mechanisms and resultant mechanics effects of GNS
materials [9-13]. For example, a distribution of gradient microstructure
lengths such as twin thicknesses and grain sizes through the thickness of
a GNS sample can lead to a distribution of gradient yield strengths [14].
Under tensile loading, progressive yielding occurs through the sample
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thickness [15,16], as plastic straining begins in the softest regions with
the lowest initial yield strength and extends to the harder ones with
increasing load. As a result, the gradient distributions of both elastic and
plastic strains develop through the sample thickness [17-19], while the
total tensile strain remains nearly uniform. To accommodate the gra-
dients of plastic strain, geometrically necessary dislocations (GNDs) are
produced [9], leading to the extra strengthening effects of GNS materials
which can be evaluated by gradient plasticity models [10,20-24].

The overall strain of a GNS sample can be readily measured. How-
ever, the direct measurement of spatially varying plastic strains remains
challenging [25]. The evolution of lateral strains through the sample
thickness of GNS materials contains information on gradient plastic
strains and has been characterized by means of full-field strain mea-
surements [17,26-28]. For example, the measured lateral strain in-
creases from the soft to hard regions in gradient nanograined (GNG) IF
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steel [17] and TWIP steel [26], suggesting the distributions of gradient
plastic strains.

Recently, gradient nanotwinned (GNT) Cu with dual gradients in
twin thickness and grain size has been shown as a favorable GNS system
with highly controllable microstructural gradients for studying gradient-
dependent mechanical behavior [29-31]. Both the measured strength
and work hardening rate of GNT Cu surpass the estimates based on the
rule of mixtures using the corresponding values of homogeneous com-
ponents, while the extra strength and work hardening rate increase with
increasing structural gradient. When the structural gradient is suffi-
ciently large, the strength of GNT Cu even exceeds that of the strongest
homogeneous component with the finest twin thickness, exhibiting a
substantial extra strengthening effect.

The mechanics of the GNS materials has been studied by computa-
tional modeling based on non-gradient plasticity models. The gradient
plastic strains in GNG Cu were revealed by a crystal plasticity finite
element model that accounts for the grain size dependence of yield
strength and strain hardening rate [15,32]. Based on the simulated
height profile on the side surface of the GNG IF steel samples, a simple
physical law was proposed to relate the extra strain hardening and
non-uniform deformation [18,33]. Taking deformation twinning into
account, a dislocation-based crystal plasticity finite element model was
developed to predict the tensile response and lateral contraction of GNS
TWIP steel with three gradient microstructures, i.e., gradient grain size,
dislocation density and twin fraction [34].

Recently, a strain gradient plasticity (SGP) theory was developed by
extending the classical rate-dependent J, flow theory and incorporating
the strengthening effect of plastic strain gradient into the plastic resis-
tance [35]. The associated numerical simulations revealed several pri-
mary characteristics of gradient plasticity in GNT Cu under uniaxial
tension, including progressive yielding, gradient distributions of plastic
strains and extra plastic resistances. An extended SGP theory was
developed to account for the contributions of experimentally measured
effective stresses and back stresses to the plastic resistance [36].
Experimental measurements and numerical simulations based on the
extended SGP theory showed that the extra strength in GNT Cu relative
to non-gradient counterparts is caused predominantly by the extra back
stress resulting from nanotwin thickness gradient, while the effective
stress is almost independent of structural gradient. Furthermore, an in-
crease of structural gradient in GNT Cu gives rise to an increased plastic
strain gradient, thereby raising the extra back stress. Whereas this study
has established the mechanistic connections of structural gradient,
plastic strain gradient, extra back stress, and extra strength in GNG Cu,
there is a lack of direct experimental information on the spatial distri-
butions of gradient plastic deformation. Hence, our understanding of the
strengthening effects of GNS materials has been limited to correlations
of the sample-level mechanical responses to the structural gradients. The
spatial distribution and evolution of gradient plastic strains in GNS
materials as well as their effects on the local and overall extra strengths
are not clearly understood yet.

In this work, we apply uniaxial tensile loading to four types of GNT
Cu samples with different structural gradients and characterize the
spatial distributions of gradient lateral strains through the transverse
cross section of these samples using a full-field strain mapping tech-
nique. We also measure the overall effective and back stresses for each
type of GNT Cu samples. Meanwhile, we improve the extended SGP
theory by considering the grain size dependence of the saturated extra
back stress. Numerical simulations based on the improved SGP theory
are calibrated by matching predictions of the sample-level effective and
back stresses in GNT Cu samples to experimental values, and further
show the spatial distributions of gradient plastic strains which are
consistent with the experimental measurements. These simulations
reveal the effects of structural gradient on the distributions of local extra
back stresses and local extra strengths, which dictate the overall extra
back stress and extra strength in GNT Cu.
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2. Experimental and modeling methods
2.1. Sample preparation

By means of direct current electrodeposition, four homogeneous
nanotwinned (HNT) layers, referred to as ®, ®, © and ©, can be
prepared at different electrolyte temperatures 20, 25, 30 and 35 °C,
respectively. Each HNT layer contains columnar grains that are
embedded with nanoscale twin lamellae preferentially orientated
perpendicular to the growth direction. The twin thickness and the cor-
responding grain size increase from 29 to 72 nm and from 2.5 to 15.8 pm
for ® to ©, respectively. Using these HNT layers as building compo-
nents, GNT Cu samples were fabricated with the stacking sequences of
®®00, P®OOOOG®®B, 2 x AEOCOOO®® and 4 x
®EOOOO®®, referred to as GNT-1, GNT-2, GNT-3 and GNT-4,
respectively [29]. Each periodic stacking sequence was obtained by a
stepwise increase of electrolyte temperature from 20 to 35°C and then a
stepwise decrease from 35 to 20°C. From GNT-1 to GNT-4, the average
rate of change of electrolyte temperature increases from 0.94 to
7.5°C/hour. Each HNT component was deposited at a current density of
30 mA/cm? and by a total time of 4 h. As a result, the four types of GNT
samples have the same overall thickness of about 400 pm and the same
total thickness of each HNT layer ®, ®, © and ®. Hence, these four
types of GNT samples contain the same volume fraction of each HNT
component (25%). However, the individual thickness of the HNT layers
decreases from GNT-1 to GNT-4. The twin thicknesses between adjacent
HNT layers exhibit smooth and gradual changes without sharp
transition.

2.2. Lateral strain measurement

Dog-shaped flat tensile specimens with a gauge section of 5 mm long
and 2 mm wide were cut from as-deposited GNT Cu samples using an
electric spark machine. All tensile specimens were mechanically pol-
ished to reduce surface roughness. Each tensile specimen was put under
an Olympus LEXT OLS4100 confocal laser scanning microscopy (CLSM)
with a planar resolution of 120 nm and a height resolution of 10 nm to
measure the height of the lateral surface (i.e., the x-y plane as indicated
in Fig. 1a). Then, the tensile specimen was taken to an Instron 5848
tester and was elongated to a strain ¢ = 1% under an applied strain rate
of 5 x 1073571, The tensile strain in the gauge section was monitored by
a contactless laser extensometer (MTS LX300). After unloading, the
deformed tensile specimen was moved back to CLSM and the height of
the lateral surface was measured again. For the CLSM measurement, an
in-house-built fixture was used to avoid the tensile specimen tilting.

From the measured distribution of lateral surface heights of each
tensile specimen, the average profile of lateral surface heights through
the specimen thickness (as a function of y) was obtained by calculating
the mean value of lateral surface heights along the x direction at each
fixed y position. Then the difference in the average profiles before and
after tensile deformation was calculated as AH (y). Hence, the distri-
bution of the relative lateral strain Aef is obtained by [26]

_2AH(y)

W @

Ag2(y)
where W is the width of tensile sample before deformation, and the
factor of 2 in Eq. (1) implies the same amount of AH(y) on the back
lateral surface as the front lateral surface of the specimen. The position
with the smallest absolute value |AH| is offset to zero as the reference
point, since we are interested in the relative change of AH(y) for
determining the distribution of gradient lateral strains. The difference in
the lateral strain between ® and ® in every period, Ae2* P, is obtained
from the height difference according to Eq. (1). The lateral strain
gradient Ve} is estimated by linear fitting of the slope of the AP (y) curve

between ® and ® in every period. Note that Ael*™ and Vel
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Fig. 1. Distribution of lateral strains in the transverse cross section (x-y plane) of GNT-1. (a) Schematic of a tensile sample where the x, y and z axes are illustrated.
(b) Schematic of GNT microstructure through the sample thickness. (c¢) Corresponding SEM image and hardness distribution. (d) Measured height contour on the
lateral surface at ¢ = 0. (e) Same as (d) except ¢ = 1%. (f) Average height profiles through the sample thickness at ¢ = 0 and 1%, as extracted from (d) and (e),
respectively. (g) The net change of average height |AH| at ¢ = 1% relative to that at ¢ = 0 where the smallest | AH]| is set zero as the reference point (left axis), and the

corresponding distribution of average relative lateral strain Ae} (right axis).

characterize the plastic strain distribution from the ex-situ CLSM mea-
surement of an unloaded sample where elastic strains have been fully

p.A—D

relaxed. The mean value A¢} and its error are obtained by averaging

A-D
more than three measured values of Ae;” . The same protocols were

used to obtain the mean value Ve? and its error bar from measurements
of Veb.

2.3. Microstructure characterization

The cross-sectional microstructures of as-deposited and deformed
GNT Cu samples were examined by a scanning electron microscope
(SEM, FEI Nova NanoSEM 460) equipped with a circular backscattering
(CBS) detector and also by a transmission electron microscope (TEM, FEI
Tecnai G2 F20) under an accelerated voltage of 200 kV. The dislocation
structures of deformed GNT Cu samples were characterized by means of
the dual-beam diffraction technique: under diffraction vectors of gy =
gr =111, Mode I dislocations in both the matrix and twin lamellae were
simultaneously imaged; under diffraction vectors of gy = 200 or gr =
200, Mode II dislocations in either the matrix or twin lamellae were
imaged. SEM specimens were electrochemically polished in a solution
composed of phosphoric acid (25%), alcohol (25%) and deionized water
(50%) at room temperature, and TEM specimens were electrochemically
thinned in the same solution at —10 C.

2.4. Strain gradient plasticity modeling

As noted in the Introduction, we recently developed a SGP theory by
extending the classical Jo flow theory of plasticity [35]. In the
rate-dependent formulation of the SGP theory, a scalar measure of
plastic strain gradients is introduced into a hardening rate relation of the
plastic resistance. The numerical results based on the SGP theory agree
with the experimental measurements of the sample-level extra strengths
arising from plastic strain gradients in GNT Cu. We extended the SGP
theory to account for the contributions of effective and back stresses to
the plastic resistance [36]. Based on the experimental measurements of
the sample-level effective and back stresses in HNT and GNT Cu, a term
representing the local extra back stress is introduced to account for the
extra strengthening effect of plastic strain gradients. The nonlinear
evolution of the local extra back stress with increasing plastic strain is
characterized by a rate equation giving the saturated local extra back
stress at large plastic strains. Our numerical calculations based on the
extended SGP theory can predict the sample-level extra back stresses in
GNT Cu with different structural gradients, which match the corre-
sponding experimental measurements. In the extended SGP theory, the
saturated local extra back stress is assumed to be independent of both
twin thickness and grain size. As a result, a uniform distribution of
saturated local extra back stresses is predicted through the cross section
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of each GNT sample. However, the experimental measurements in the
present work show the decreased Aef™ " with increasing structural
gradient. These results imply a non-uniform distribution of saturated
local extra back stresses through the sample cross section, which is at
variance with the assumption of the extended SGP theory, i.e., a uniform
distribution of saturated local extra back stresses through the cross
section of each GNT sample.

To address the above problem, we improve the extended SGP theory
by considering the grain size dependence of the saturated local extra
back stress. The detailed formulation of the improved SGP theory is
described in the Supplementary Information. Here we derive a scaling
relation for the grain size dependence of the saturated local extra back
stress in GNT Cu. In general, dislocations tend to aggregate to form low-
energy heterogeneous structures such as dislocation cells, which
comprise the cell walls with high dislocation densities and the cell in-
teriors with low dislocation densities. To accommodate geometrical
incompatibilities between the cell walls and cell interiors during plastic
deformation, GNDs are usually formed, resulting in long-range, direc-
tional internal stresses associated with dislocation cells. The self-
equilibrating internal stresses include the forward stresses acting on
the cell walls and the back stresses on the cell interiors, the latter of
which dictate the sample-level back stress that is experimentally
measurable [37-39]. GNT Cu exhibits a unique type of heterogeneous
dislocation structure of bundles of concentrated dislocations (BCDs)
inside columnar grains. Our recent experimental studies indicate that
the GNDs associated with BCDs can be responsible for the generation of
extra back stresses in GNT Cu. Consider a grain that has a size d and
contains a BCD. Suppose L is the average spacing between neighboring
BCDs in different grains, such that there is one BCD in the center of a
cluster of grains with the cross-sectional area LxL, as observed from
TEM [29,36]. Assuming each BCD contains N GNDs, we estimate the
average density of GNDs as
AR @

Here pSNT is related to the local plastic strain gradient |[Ve®| [9] ac-
cording to pSNT ~ |VeP|/b. Supposing N GNDs aggregate around a BCD
residing in a grain, we treat these GNDs as a super-dislocation with the
Burgers vector length Nb. These GNDs are dislocations of the same sign
and they collectively impose a directional, long-range stress/resistance
to a mobile dislocation. This resistance is called the back stress arising
from the BCD and it is proportional to the number of GNDs, N, which can
be estimated by the GND density from Eq. (2). The average distance
between mobile dislocations and GNDs is proportional to the grain size
d [40]. Hence, this back stress in the grain containing the BCD can be
expressed as

Nb
A ~E2 ®)

where p is the shear modulus. In fact, only some grains contain BCDs
from experimental observations (Section 3.2). Hence, this BCD is shared

by (L/d) x (L/d) grains. The saturated back stress associated with GNT,
GNT

Osat >

6B in Eq. (3), to the BCD-induced back stress in the cluster of grains,

is estimated by mapping the BCD-induced back stress in a grain,

. o (d\?
= ae(f) “

Combining Egs. (2-4), we obtain an estimate of the saturated local
extra back stress

GNT
sat

oSN = kubdpSN" (5)
where « is a dimensionless parameter. Eq. (5) indicates that the satu-
rated local extra back stress increases linearly with the grain size and

GND density. This scaling relation provides a functional form to
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represent the grain size dependence of the saturated local extra back
stress in the improved SGP theory (see the detailed constitutive equa-
tions in the Supplementary Information).

To apply the improved SGP theory for numerical simulation of the
gradient plastic deformation in GNT Cu under uniaxial tension, we focus
on a simplified 1D model with a prescribed distribution of gradient yield
strengths through the sample thickness. Since the tensile stress along the
loading direction is the only nonzero stress component, the general 3D
SGP theory can be reduced to a 1D SGP theory. Correspondingly, the
equivalent effective stress & is reduced to the tensile effective stress o
and the equivalent plastic strain £° is reduced to the tensile plastic strain
€%, etc. With such simplifications, the distributions of elastic and plastic
strains in both the x and z directions are obtained for GNT-1 to GNT-4
using the same numerical integration procedure as in Ref. [36]. The
material parameters used are listed in Table 1.

The experimental characterization of lateral strains in this work
provides the crucial spatial information of gradient plastic deformation
for improving the SGP theory. Due to the Poisson’s effect [41], the
distribution of lateral strains in the transverse cross section (x-y plane)
can be correlated to the distribution of tensile plastic strains in the
normal cross section (y-z plane) along the loading direction. For
example, the lateral plastic strain &f along the sample width (z axis) can
be directly related to the tensile plastic strain £} along the tensile loading
direction (x axis) by

&= —ve? (6)
where v is a constant coefficient. For HNT Cu with a strong {111}
texture, the lateral plastic strain €} parallel to twin boundaries (TBs) is
much larger (~7 times) than that perpendicular to TBs (¢}) when the
loading direction is parallel to TBs [42]. Considering this plastic
anisotropy, we assume that ¢; = 0 and &} = — &%, such that v = 1 and
plastic incompressibility (ek +¢} +¢} = 0) is satisfied. Such anisotropic
plastic deformation mainly originates from the predominant mechanism
of gliding of Mode II dislocations along TBs [42]. Hence, such aniso-
tropic plastic deformation enables us to compare &} from model pre-
dictions with &} from experimental measurements.

To validate the numerical results from the 1D model, we have also
performed 3D finite element simulations by implementing the improved
SGP theory through writing a user material subroutine VUMAT in
ABAQUS/Explicit [35]. The finite element model for each type of GNT
Cu is a thin sample of 400 pm x 400 pm x 50 pm, which is meshed with
32 x 32 x 4 eight-node brick elements with full integration (C3D8)
(Fig. S4). To simulate uniaxial tension, the boundary conditions are
prescribed as follows: the velocity along the x direction is 0.5 nm/s on
the front y-z surface, while the displacement in the x direction is fixed on
the back y-z surface; the top and bottom x-z surfaces are traction free.

For clarification, Table 2 lists the major symbols used in this work.

Table 1
Parameters used in strain gradient plasticity
simulations.
Symbol (unit) Magnitude
E (GPa) 115
4 (GPa) 42
v 0.3
m 500
@ h 0.001
M 3.0
a 0.3
b (nm) 0.255
kaGm ~ 59
ko 5e2
k3 3e5
HNT le4
cONT 5e2

K 27
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Table 2
Definitions of symbols used in the main text.
Symbol Definition
AH Difference in the average height profiles before and after deformation
w Width of tensile sample before deformation
Ae} Relative lateral strain
AebA P Difference ofAe} between component ® and ®
AelAD Mean value of Ael*™P
€ Plastic strain in the tensile direction
Vel Lateral strain gradient
Vel Mean value of Ve
Veb Tensile plastic strain gradient
Vde Average plastic strain gradient without considering the gradient effect
AcA-P Difference in flow stress between component ® and ©
ogNT Local extra back stress
GNT Sample-level extra back stress

Note that we use ¢ and ¢ to represent the applied sample-level tensile
stress and strain, respectively. To study the distributions of local strains
in the x-y and y-z sections of a GNT sample, we use the subscripts x and z
to explicitly indicate the normal strain components along the x and z
directions, respectively. However, considering that only tensile stress
components in the y-z section of a GNT sample are non-zero, we drop the
subscript x for those normal stress components, including the associated
normal effective stress and back stress.

3. Results and discussion
3.1. Gradient distributions of lateral strains from full-field mapping

The microstructures of GNT-1 to GNT-4 samples used in this work are
the same as those in our previous studies [29,43,44]. Notably, these GNT
samples have dual gradients in grain size and twin thickness, giving an
increased gradient of hardness (measured locally by micro-indentation)
along the sample thickness direction from GNT-1 to GNT-4. The struc-
tural gradient is represented by the increase in hardness per unit length
along the sample thickness direction. The corresponding hardness
gradient increases from 1.75 GPa/mm of GNT-1 to 11.6 GPa/mm of
GNT-4. From our previous tensile tests [29], the measured tensile yield
strength of GNT-1 is 364 MPa, which is slightly higher than the
rule-of-mixtures mean (347 MPa) of tensile yield strengths of four con-
stituent HNT components; and the measured yield strength of GNT-4
increases to 481 MPa, which exceeds the yield strength of the stron-
gest component ® (446 MPa).

As an example of our full-field mapping results of lateral strain dis-
tributions, Fig. 1a and b show the schematic of a tensile sample GNT-1
and its microstructure in the transverse cross section (x-y plane),
respectively. The HNT components ®, ®, © and ® are stacked
sequentially, yielding a gradual increase in grain size and twin thickness
along the sample thickness direction, as shown by the SEM image in
Fig. 1c. The hardness decreases linearly from 1.5 to 0.8 GPa from ® to ®
along the depth with the structural (i.e., hardness) gradient of 1.75 GPa/
mm, as shown in Fig. 1c. To characterize the lateral strain distribution,
Fig. 1d shows the lateral surface heights of as-prepared GNT-1 (i.e., the
applied tensile strain ¢ = 0), which are uneven with a small, but gradual
increase from ® to ©. Such unevenness arises likely from mechanical
polishing. In contrast, the lateral surface heights decrease markedly
from ® to © after tensile deformation at e=1% (Fig. 1e). Correspond-
ingly, the average profiles of lateral surface heights as a function of
depth y at ¢ = 0 and 1% are displayed in Fig. 1f. The net change of the
average height AH is obtained by subtracting the average height profile
at ¢ = 1% from that at ¢ = 0. Fig. 1g shows that the absolute value of |A
H| increases linearly with depth y and reaches 1.8 pm across the x-y
section. This indicates a gradient distribution of lateral strains |Aef (y)|

p.A-D

according to Eq. (1). The lateral strain difference |Ae} | is estimated
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from the data at y = 60 and 380 pm, which corresponds to the middle of

® and ®, respectively. The average lateral strain difference |Ae* | of

GNT-1 reaches 0.19% and the average lateral strain gradient |Ve}| is
estimated as 4.8 m ~ L.

For comparison, the distribution of lateral strains in GNT-3 with a
larger structural gradient (6.0 GPa/mm) is shown in Fig. 2. Both the
schematic microstructure (Fig. 2a) and the SEM image (Fig. 2b) of GNT-
3 show the stacking sequence of 2 x ®®©©®©®© ®® with two periods
of microstructure variation. Correspondingly, the distribution of
indentation hardnesses exhibits two triangular waves with the structural
(i.e., hardness) gradient of 6.0 GPa/mm (Fig. 2b). The as-prepared GNT-
3 sample has a relatively smooth lateral surface (Fig. 2c), but the height
profile on the lateral surface becomes wavy at ¢ = 1% (Fig. 2d). Both the
average heights as a function of depth y at ¢ = 0 and 1% are shown in
Fig. 2e and the net change of average height AH at ¢ = 1% of is displayed
in Fig. 2f. Obviously, AH exhibits a dual-triangle wave along the y di-
rection, which is similar to the dual-triangle wave distribution of
hardness (Fig. 2b). Like GNT-1, both |AH| and |A&f| in GNT-3 exhibit
gradient distributions and reach the minimum at ® and the maximum at
®. However, the average |Ael | for GNT-3 at & = 1% is only 0.05%,
which is about a quarter of that for GNT-1. The average lateral strain
gradient |Vel| of GNT-3 reaches 5.8 m™!, which is 21% higher than that
of GNT-1.

m‘

Fig. 3 shows the evolution of |Ae; (left y axis) and |Vl | (right y

axis) with structural gradient. It is seen that |Aezp’A7D| decreases rapidly
from 0.19 to 0.04% when the structural gradient increases from 1.75
(GNT-1) to 11.6 GPa/mm (GNT-4). However, \Visﬂ shows an opposite
trend and increases from 4.8 to 8.2 m ~ ! from GNT-1 to GNT-4.
Although the structural gradient increases by a factor of about seven,

the lateral strain gradient |Ve}| of GNT-4 is only twice that of GNT-1.
This suggests that the increase of the overall plastic strain gradient of
GNT Cu is reduced with increasing structural gradient, mainly due to a

. . . A-D
substantial reduction in |Ael" .

3.2. BCDs and GNDs from TEM characterization

In order to clarify the gradient strain response to structural gradients,
we studied the deformation microstructure of GNT Cu by means of TEM
diffraction. We found a large amount of BCDs with associated GNDs that
can contribute to the extra strengthening of GNT Cu relative to HNT Cu
samples without BCDs. Taking GNT-3 at ¢ = 1% as an example, the BCD
that is aligned along the structural gradient direction (perpendicular to
TBs) and across multiple twin lamellae in component ® can be easily
identified in Fig. 4a. The strong contrast of the BCD results from the
significant misorientation (5-8°) caused by GNDs with Burgers vectors
of the same sign [21,45,46]. Both SEM and TEM observations indicated
that such kind of BCDs structure is present in parts of grains (more than
10%).

A dual-beam diffraction technique is used to characterize the
detailed microstructure of BCDs [47]. From the TEM image in Fig. 4b
with a diffraction vector of gy = gr = 111, a few dislocation lines
(indicated by green arrows) traversing multiple twin lamellae are clearly
seen. These dislocations are identified as Mode I dislocations with both
their Burgers vectors and glide planes inclined to TBs. Under the
diffraction vector of gy = 200 (Fig. 4c), many dislocation debris (indi-
cated by orange arrows) appear at TBs and these are identified as Mode
II dislocations with their Burgers vectors parallel to TBs but glide planes
inclined to TBs (Fig. 4c). The density of Mode I dislocations is much
lower than that of Mode II dislocations.

With increasing grain size, more BCDs are detected in component ©,
as shown in Fig. 4d. The size (parallel to TBs) of BCDs become wider
(~1.5 pm) in © relative to ® (0.3 pm), while the misorientation is
comparable in both components. Dual-beam diffraction TEM
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Fig. 2. Distribution of lateral strains in the lateral surface (x-y plane) of GNT-3. (a) Schematic of GNT microstructure through the sample thickness. (b) Corre-
sponding SEM image and hardness distribution. (c) Measured height contour on the lateral surface at ¢ = 0. (d) Same as (c) except ¢ = 1%. (e) Average height profiles
through the sample thickness at ¢ = 0 and 1%, as extracted from (c) and (d), respectively. (f) The net change of average height |AH| at ¢ = 1% relative to that at ¢ =
0 (left axis) and the corresponding distribution of average relative lateral strain Ae} (right axis).
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Fig. 3. The average lateral strain difference between components ® and ©

|Ael*~P| (left y axis) and lateral strain gradient |VeP| (right y axis) from GNT-1
to GNT-4.

observations further confirmed that BCDs are formed from a few Mode I
(Fig. 4e) and numerous Mode II dislocations (Fig. 4f), similar to those in
@®. Parts of Mode I or Mode II dislocations serve as GNDs to accom-
modate plastic strain gradients [36,48].

3.3. Gradient distributions of plastic strains from SGP modeling

Our numerical results of GNT models based on the improved SGP
theory reveal the effects of structural gradients on the plastic response of
GNT Cu. As shown in Fig. S2, both the 1D and 3D GNT models capture
the overall stress-strain response and the evolution of the sample-level
back stress and effective stress in GNT-1 to GNT-4, all of which are in
close agreement with the experimental results [29,36]. Fig. 5a shows the
distributions of plastic strains at ¢ = 1% in the normal cross section (y-z
plane) of GNT-1 to GNT-4. All four GNT samples exhibit a nearly linear
profile of increasing plastic strain from the normalized position y= 0 to
1,i.e., from ® to @. Interestingly, from GNT-1 to GNT-4, the decrease of
plastic strain at ¥ = 0 is much smaller than that at y = 1, indicating a
reduced lateral strain difference across the sample thickness. Corre-
spondingly, Fig. 5b shows that Ae2*™® (i.e., the difference in tensile
plastic strains in the y-z section between y= 0.125 and 0.875) sub-
stantially decreases with increasing structural gradient from GNT-1 to

GNT-4, which is also consistent with |[A¢£* | by experimental mea-
surement. The discrepancy between modeling and experiment for
GNT-1 may result from the linear variation of yield strength across the
depth in the model, whereas there exist several hardness plateaus in the
experimental GNT-1 sample (Fig. 1c).

Generally, plastic strain gradients are accommodated by generation
of GNDs, leading to the extra strengthening effect in GNT Cu. Fig. 6
shows the evolution of the spatial distribution of plastic strain gradients
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Fig. 4. TEM images of GNT-3 deformed at ¢ = 1%. (a) Bundles of concentrated dislocations (BCD) are indicated by red arrow(s) in component ® (a) and component
®© (d). Magnified TEM images (b, c) and (e, f) for the BCD in the white-box region in (a) and (d), respectively. (b, d) and (c, f) are imaged under diffraction vector of
gu = gr = 111 and gy = 200, respectively. Mode I and Mode II dislocations are indicated by green and orange arrows, respectively. GB, grain boundary. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. SGP modeling results of plastic strains. (a) Distributions of plastic strains in the tensile direction for GNT-1 to GNT-4 at ¢ = 1%. (b) A&}
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at € = 1% against

p’A’D\ from the experimental data (red circles, right y axis). (For

structural gradient from modeling predictions (black squares, left y axis) in comparison with |Ae;
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

from numerical simulations of the 1D SGP model. For GNT-1, the region
with non-zero plastic strain gradient Ve} first appears near y= 1 in the
initial stage of plastic deformation (¢ < 0.2%) and then expands to y=
0 as the applied load increases (Fig. 6a). Such progressive yielding from
¥=1to 0 corresponds to stage I in the local stress-strain curve in ® and

©®, as shown in the inset of Fig. 6a. At the end of stage I (¢ = 0.4%), VX
and the difference in the flow stress A¢*~P (indicated by a double-
headed arrow in the inset of Fig. 6a) reach the maximum. Thereafter,
all ® to ® components undergo plastic deformation. Since the work
hardening rate of ® is larger than that of ®, both A¢”*~P and Ve} drops a
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Fig. 6. SGP modeling results of plastic strain gradients. (a) Distribution of plastic strain gradient Ve¥ in the y-z section of GNT-1 at different applied tensile strains.
The inset shows the local tensile stress-strain curves of HNT-® and ©. (b) Same as (a) except for GNT-3 (c) Evolution of the average plastic strain gradient across ®

to ® components Ve versus applied tensile strain for GNT-1 to GNT-4. (d) Comparison of Vel ate=1% among the theoretical, modeling and experimental values

versus structural gradient.

little. This deformation process corresponds to stage II in the inset of
Fig. 6a. Beyond ¢ = 1.0% (stage III), the local stress-strain curves in ®
and ©® remain flat due to their almost saturated work hardening capa-
bility, and both Ve} and A¢*~P attain the respective saturated value.
The saturated values of Ve® at e = 1.0% are almost the same (3.1 m ~ h
across all ® to ® components.

Compared to GNT-1, GNT-3 exhibits a similar evolution of the spatial
distribution of plastic strain gradients as shown in Fig. 6b. However, the
saturated plastic strain gradient of GNT-3 (red curve) becomes larger
~71m"~ 1, more than twice that of GNT-1. Furthermore, we calculated

the average of plastic strain gradients Ve? over y for each GNT type.

Fig. 6¢ shows the evolution of Ve} versus applied tensile strain e. For
each GNT type, Ve® first increases rapidly to a peak at & ~ 0.4%, then
decreases to a saturated value at ¢ ~ 1.0% and beyond. The three stages
of variation of Ve? correspond to the three stages in the local stress-
strain curves in ® to ©® components similar to those in the inset of
Fig. 6a—d, both the SGP modeling and experimental results show that

Vek at e = 1.0% increases with increasing structural gradient. Here, a

theoretical estimate of the average plastic strain gradient Vb, without

considering the strengthening effect of structural gradient is roughly
given as
A-D

— Ao
Vel ~ —X 7
Evet El ( )

where Acy P represents the discrepancy in yield strength between
freestanding HNT ® and ® components, [ is the distance between
component ® and ©® and linearly decreases from ~400 to ~50 pm for
GNT-1 to GNT-4, resulting in a marked increase of Veb,. as shown in

Fig. 6d. It can be also seen that Ve? at & = 1.0% in GNT-1 is comparable
for the theoretical, modeling and experimental values, but a notable gap
arises in GNT-2 and it becomes larger as the structural gradient in-

creases. The deviation of Vel corresponds to the reduced |AeL™ P |

(Figs. 3 and 5b), both of which are related to the spatial distribution of
local extra back stresses, as to be further discussed.

For GNT Cu under an applied tensile strain, its components ® to ©®
exhibit different ¢} and &} due to their different local yield strengths.
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Specifically, component ® with the highest yield strength has the
smallest magnitude of &% or €f. In contrast, component ® with the lowest
yield strength has the largest magnitude of € or €. In other words, &}
increases substantially from ® to ®, showing a gradient distribution of

pA-D

plastic strains (Figs. 1g and 2f). As a result, Ae;”" "~ can be estimated by

A A-D
APAD = —pA D = =T ®

where Ao~ is the difference in flow stress at the same tensile strain
between ® and @); E is the elastic modulus. The plastic strain difference

Ae¥*P is the same as the elastic strain difference (despite opposite
signs) due to the same tensile strain for both ® and ©®. By plugging the

yield strengths of ® and ©® [29] in Eq. (8), AEZ‘A’D is estimated as

0.19%, which is the same as the measured |A¢l* | of GNT-1. This result

indicates that the measured lateral strain |Ae5* | in Fig. 3 can reflect

the difference in the yield strength or flow stress between components ®
and ©® of GNT Cu samples. More importantly, the experimental results of
gradient plastic strains can be used to improve the SGP theory to reveal
the spatial inhomogeneous deformation of GNT Cu, which was not
captured in the original and extended SGP theories [35,36]. Therefore,
we improve the SGP theory by incorporating the grain size dependence
of the saturated local extra back stress, so as to capture the distributions
of plastic strains, plastic strain gradients and resultant local extra back
stresses in GNT Cu.
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3.4. Gradient distributions of extra back stresses from SGP modeling

In addition to the gradient distributions of plastic strains in (Section
3.3), the SGP modeling results reveal the gradient distributions of local
extra back stresses and local extra strengths in GNT-1 to GNT-4. Simi-
larly, we use GNT-1 and GNT-3 as examples for comparison. Fig. 7a-d
show the distributions of local extra back stresses and local tensile stress
in the y-z section of GNT-1 and GNT-3. In Fig. 7a, the local extra back
stress increases from y= 0 to 1 at different applied tensile strains in GNT-
1. Similar to the evolution of the distribution of plastic strain gradients
(Fig. 6a), the region with the non-zero local extra back stress gradually
extends from y= 1 to O during the progressive yielding process. It is
worth noting that the local extra back stresses show a weak non-linear
distribution as a result of progressive saturation of ¢SNT(y) at small
strains, approach an almost linear distribution toward the end of pro-
gressive yielding (¢ = 0.4%), and finally attain a saturated linear dis-
tribution at € = 1.0%. According to Eq. (5), the extra back stresses are
proportional to the density of GNDs (i.e., plastic strain gradient) and
grain size. The linear distribution of local extra back stresses results from
the almost linear distribution of grain size which increases from y= 0 to
1, i.e., from ® to ® (Fig. S1), since the saturated plastic strain gradient
and the resultant GND density keep constant in the cross section
(Fig. 6a).

The local extra strength is almost entirely determined by the local
extra back stress. Fig. 7b shows the distribution of local tensile stresses
019, (red solid line) at the applied tensile strain ¢ = 1% in GNT-1. The
HNT-induced local stress (black dashed line) is the sum of the local back
stress and effective stress arising from uniform nanotwins [36], and it

150 200
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Fig. 7. SGP modeling results of local extra back stresses and flow stresses. (a) Distribution of local extra back stresses in the y-z section of GNT-1 at different applied
tensile strains. (b) Corresponding distribution of local tensile stresses at ¢ = 1%. The red-shaded region between the local tensile stress (red solid line) and the HNT-
induced local tensile stress (black dashed line) represents the extra strength. (c) Same as (a) except for GNT-3. (d) Same as (b) except for GNT-3. (e) The difference in
local tensile stress between ® and ® Ac”~P versus applied tensile strain for GNT-1 to GNT-4. (f) Ac* P at ¢ = 1% versus structural gradient. The open symbol
represents the difference in stress between freestanding HNT ® and ®©. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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decreases linearly from y=0to 1 (® to @). It is seen that 610, in GNT-1
is higher than the HNT-induced local stress due to the local extra
strengthening effect. The saturated local extra strength at ¢ = 1%
(indicated by the red shaded region) is almost the same as the local extra
back stress as shown in Fig. 7a and accordingly becomes larger from y=
0to 1.

Compared to GNT-1, GNT-3 exhibits a similar distribution of local
extra back stresses (Fig. 7c) and local tensile stresses (Fig. 7d). This is
also verified by the distribution of hardnesses in deformed GNT-3
showing the increased hardening effect from ® to ©® (Fig. S3). How-
ever, at a given Y, the saturated local extra back stress at ¢ = 1% is much
higher in GNT-3 relative to GNT-1, and the increase in the local extra
back stress is also much larger in © than that in ®. As a result, a larger
extra strengthening effect is found in GNT-3 and the saturated local
extra strength at € = 1% also becomes larger from y= 0 to 1.

Fig. 7e shows that the difference in the tensile stress Ac*~P (at y=
0.125 and 0.875) first increases to a peak at ¢ = 0.4% and then decreases
to a plateau at ¢ = 1.0% and beyond for all GNT Cu samples, which are
consistent with the three deformation stages as shown in the inset of
Fig. 6a. From GNT-1 to GNT-4, Ac* " markedly decreases due to the
increasing local extra back stress and accordingly local extra strength
especially in © relative to ® (Figs. 7a-d and S2b). More specifically,
AcA™P at £ = 1.0% decreases from 183 MPa for HNT Cu without
structural gradient to 52 MPa for GNT-4 with the largest structural
gradient (Fig. 7f), which is consistent with the prominent reduction of

|Ae§‘A’D\ (Figs. 3 and 5b).

The combined experimental and SGP modeling results in this work
reveal the spatial-temporal evolution of the strengthening effects arising
from plastic strain gradients in GNT Cu, highlighting the gradient dis-
tributions of plastic strains, extra back stresses and extra strengths.
Particularly, we note that according to the classical SGP theory or ex-
periments [9,17], the strengthening effect of GNS metals is controlled by
the plastic strain gradient and associated GND density, such that a
higher GND density leads to a higher back stress and thus a stronger
strengthening effect. In this work, we find that the uniform distributions
of plastic strain gradients and accordingly GND densities in each type of
GNT Cu can give rise to different local extra back stresses and thus local
extra strengths. Our results suggest that the microstructure size itself
such as the grain size (along with its gradient effect) can directly affect
the local extra back stresses and thus local extra strengths, giving rise to
the overall extra strength of GNT Cu. As a result, the gradient distribu-
tion of grain sizes in each type of GNT Cu yields the increased extra back
stress from components ® to ®, which reduces the difference in the
tensile flow stress and plastic strain across the components. This also
suggests that the plastic deformation incompatibility of GNT Cu can be
reduced due to the gradient distribution of local extra strengths. The
underlying mechanism could be related to the increased amount of BCDs
and associated GNDs with increased grain size from ® to ©®. Hence,
increasing the grain size while maintaining the same twin size gradient
might be an effective strategy for further tuning the strength-ductility
combination in GNT Cu. Furthermore, the gradient distribution of
extra back stresses suggests that the strengthening effect of structural
gradients may also be further enhanced by a moderate increase in the
volume fraction of the soft components.

Finally, we point out that the gradient nanotwinned structure with a
high density of stable low-energy TBs has the advantage of revealing the
gradient plastic strain response to structural gradients, compared to the
gradient nanograined structure with a high density of high-angle grain
boundaries [49]. The nanograined surface layer in gradient nanograined
materials usually exhibits unstable plastic deformation or softening via
grain growth or shear banding [50], leading to increased plastic strains
in hard components and thus decreased gradient strengthening effects.
In contrast, the surface layer of GNT Cu contains more stable nanotwins,
thereby promoting the sustained plastic deformation gradients from soft
to hard components and thus an increased gradient strengthening effect.
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4. Conclusion

Our combined experimental and SGP modeling results reveal the
spatial-temporal evolution of local plastic strains, extra back stresses and
extra strengths in GNT Cu. We find that the increased structural gradient
reduces the maximum lateral strain difference between the hardest and
softest components from full-field strain mapping. As a result, the softer
component with a lower initial yield strength gains more extra strengths
than the harder one, and such gain is amplified with an increase in
structural gradient. The SGP modeling results indicate that the local
extra back stress depends not only on the plastic strain gradient and
associated GND density but also on the grain size. A larger grain size
gives rise to a higher local extra back stress and thus a higher local extra
strength, leading to the reduced difference in plastic strain between the
hardest and softest components. These findings highlight the importance
of quantifying the spatial-temporal evolution of plastic strain distribu-
tions by full-field strain mapping for elucidating both the local and
overall strengthening effects of GNT Cu. Broadly, this work provides an
in-depth mechanistic understanding of the strengthening effects of
gradient microstructures toward a rational development of high-
performance gradient nanostructured metals in the future.
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