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ABSTRACT

Heterogeneous nanostructured (HNS) materials, such as gradient and laminated nanostructured metals,
possess superior mechanical properties with respect to their homogeneous counterparts. The additional
strengthening mechanism of HNS is mainly attributed to the non-uniform plastic deformation induced
by gradient transition layers (GTLs) between components. Here, we designed three gradient nanotwinned
(GNT) Cu samples with different volume fractions of GTLs (fg) of 10%, 50% and 100% while the rule-of-
mixture strength and overall structural gradient are constant to quantitatively reveal its effect on the
extra strengthening behaviors. As f; increases, the yield strength is improved and the elastic to plas-
tic stage is prolonged at small strain. Moreover, larger f; suppresses the strain localization and reduces
nucleation of cracks at larger strain, accompanied by more widely distributed geometrically necessary
dislocations (GNDs) and more bundles of concentrated dislocations (BCDs), thus improving the elonga-
tion. Stress partitioning analysis and numerical simulations show that the more widely-distributed GNDs
at larger fy result in higher overall back stresses but hardly affect effective stresses, indicative of the ori-
gin of the improved strengthening. Such GND-distribution dominated strengthening mechanism paves a

fundamental way for developing higher-performance HNS materials.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hetero-structured materials are defined as materials that con-
tain heterogeneous regions that exist between constituent com-
ponents with different mechanical properties [1,2]. Experiments
and modeling investigations [3-7] have demonstrated that hetero-
structured materials benefit from the synergistic effect arising from
the interaction and coupling between these heterogeneous zones,
particularly when at least one of characteristic length scales is re-
duced to the nanoscale, as in the case of heterogeneous nanostruc-
tured (HNS) metals.

As a typical HNS materials, the laminated metals with interfaces
or sharp gradient transition layers (GTLs) between components
generally exhibit good strength-ductility synergy [8-12]. The un-
derlying strengthening mechanism of laminated structure is closely
related to the interface-coordinated deformation that strain gradi-
ent and geometrically necessary dislocations (GNDs) are accumu-
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lated intensively at interfaces, where an interface affected zone
forms with tens of micrometers in width [8,13]. The mechani-
cal properties of laminated structure are sensitive to the inter-
face spacing, i.e., the smaller interface spacing or more interface
affected zone induces the higher overall GND density, yielding a
higher strength.

Unlike the sharp interface (or GTL) in laminated structure, gra-
dient structures typically have wider GTLs where the characteristic
sizes of the microstructure (grain size or/and twin thickness, etc.)
vary successively and progressively from the nanoscale to hun-
dreds or thousands of micrometers within the macroscopic thick-
ness of the samples [3,14-16]. For example, surface mechanical
treatment procedures, including surface mechanical grinding treat-
ment [14], surface mechanical attrition treatment [15], friction slid-
ing deformation [17], etc., have been well-developed to introduce
surface gradient nanograined structure in various metallic materi-
als. Although the GTLs introduced by surface fabrication methods
are commonly located only on the sample surfaces with an average
depth of several hundred micrometers and a total volume fraction
of 20%~25% [3,14,16], gradient nanograined materials also exhibit
good strength-ductility, compared to their homogeneous compo-
nents.
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Gradient nanotwinned (GNT) Cu with dual-gradient of both
grain size and twin thickness has been fabricated by means of elec-
trodeposition technique [4,18,19]. In this case, the GTL spans the
entire thickness of the sample with a volume fraction up to 100%.
It was found that the strength and work hardening of GNT Cu sur-
pass the corresponding rule-of-mixtures estimates from their ho-
mogeneous components, and they monotonously increase with in-
creasing structural gradient, showing a significant extra strength-
ening. Here the structural gradient, defined as the hardness vari-
ation per unit distance along the gradient direction, can be ac-
curately tuned by controllable patterning of homogeneous nan-
otwinned (HNT) components from monotonic, symmetric periodic
to multi-periodic spatial variations. When the structural gradient is
sufficiently large, the strength of GNT Cu even exceeds the upper
limit of the strongest component. By comparing to the postmortem
microstructure of HNT components, it was revealed that numer-
ous bundles of concentrated dislocations (BCDs) are the domi-
nant dislocation patterns, which are dispersedly distributed, co-
inciding with the direction of structural gradient and perpendic-
ular to TBs. This typical BCD structure as GND configuration and
running through almost the entire length of part of grains causes
an increase of plastic strain gradient and contributes to extra back
stresses [19].

Overall, the strengthening mechanisms of HNS materials are
closely related to the interaction and coupling of the non-uniform
plastic deformation at their GTLs [7,20-22]. Accompanying with
the orderly progressive yielding among components with differ-
ent yield strengths (or at different length scales), GNDs are gen-
erated as a geometrical requirement of the plastic strain gradient
[23-25]. Most importantly, additional GNDs provide not only kine-
matic strengthening but also strain hardening [26-28], thus con-
tribute to both strength and ductility. The relationship between
the density (or type) of GND and flow stress/strength has been
extensively studied over the last few decades [6,7,24,29-31]. In-
creasing the density of GND through smaller interfacial spacing or
larger structural gradients can stimulate stronger strengthening ef-
fect of HNS materials [4,8]. In fact, gradient plastic deformation
and the resulting GND distribution are not identical for HNS mate-
rials with different structures, as they have different GTL distribu-
tions, such as the aforementioned sharp interface affect zone [8],
gradient nanograined layers [14] and full gradient GNT structures
[4]. Unfortunately, quantitative studies on the effects of GND dis-
tribution on the deformation behavior and strengthening mecha-
nisms of HNS are still lacking so far.

In this study, we designed/adjusted the distribution of GNDs by
changing the volume fraction of GTL (fg) to quantitatively explore
the mechanical behaviors of different HNS materials. Three GNT
Cu samples with different fg ranging from near zero (laminated)
to 100% (fully spatial gradient), while the rule-of-mixture strength
and overall structural gradient keep constant, were designed and
fabricated. Combining uniaxial tensile tests, full-field strain map-
ping and systemically microstructure characterization, the effect
of fg on the tensile properties, the spatial distribution of gradi-
ent plastic strains and GNDs (or BCDs) are systematically studied
in GNT Cu samples. Stress partitioning and numerical simulation
were also used to further analyze the strengthening kinematics re-
lated to the distribution of GNDs and back stresses.

2. Experimental and modeling methods
2.1. Sample preparation

In this study, only two HNT components, namely hard & and
soft O [4], are used to design three types of representative HNS

materials with different volume fractions of GTLs, like the sand-
wich structures with hard surfaces and soft core shown in Fig. 1al-
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c1. First is a laminated structure with sharp interfaces between
hard surfaces @ and soft core @ (Fig. 1a), i.e., fg is near zero
(~10% resulting from fluctuated interfaces in the as-prepared sam-
ple). Third is a fully continuous gradient sample from hard @ to
soft @), i.e., fg =100% (Fig. 1c). In between, a sample with f; =50%
is designed as well, where the GTLs are located between ® and ©
(Fig. 1b). For clarity of discussion, we named the three samples as
GNT-10%, GNT-50% and GNT-100% based on its f;. Regarding three
GNT Cu samples, the average strength from rule of mixture and the
overall structural gradient across the whole samples are the same.

Firstly, two HNT Cu are prepared by means of direct-current
electrodeposition at 20 and 40 °C, respectively, which are referred
to as the freestanding hard @& and soft @) components. The current
density and the total deposition time are fixed as 30 mA/cm? and
16 h, yielding a constant sample thickness of ~400 pm. Three GNT
Cu samples were prepared through carefully adjusting the elec-
trolyte temperatures. The GTLs in GNT Cu samples are deposited by
linearly increasing the temperature from 20 to 40 °C or decreasing
temperature from 40 to 20 °C. The deposition time for each GTL
in GNT-10%, GNT-50% and GNT-100% were set from 0.1, 4 and 8 h,
respectively, and that means the thickness of each GTL is ~20, 100
and 200 pm, respectively. More details for the electrodeposition
setups can be found elsewhere [4].

2.2. Microstructure characterization

The cross-sectional microstructures of as-deposited three GNT
Cu samples were examined by scanning electron microscope (SEM)
FEI Verios 460 using backscattering electron (BSE) imaging mode
and transmission electron microscope (TEM) FEI Tecnai G2 F20
TEM with accelerated voltage of 200 kV. The average grain size
and twin thickness of each component were obtained from more
than 500 grains in SEM images and more than 1000 twin lamellae
in TEM images with edge-on twin boundaries (TBs), respectively.
The preparation of SEM and TEM specimens can be found in [4].

The microstructures of deformed GNT Cu samples are also ob-
served by SEM and TEM. The frequency of grains with BCDs at a
component was obtained by examining over 200 grains in SEM im-
ages. A dual-beam diffraction technique in TEM under a diffraction
vector of g = 200 was used to further detect detailed dislocation
types of BCDs.

The Kernel average misorientation (KAM) for deformed GNT Cu
were also measured by electron backscatter diffraction (EBSD) with
a step size of 100 nm in the SEM FEI Nova NanoSEM 450 under a
voltage of 20 kV. Oxford HKL channel 5 software was used to ana-
lyze the obtained data. The misorientation of each point was calcu-
lated using the KAM method with 3 x 3 filter size where the local
misorientation larger than 3° was regarded to be induced by the
grain boundary and was excluded. Local dislocation density was
calculated through p = 26/1b [13], where 0 is the local misorien-
tation, [ is the unit length (100 nm) and b is the Burgers vector of
Cu (0.255 nm)

The cross-sectional hardness distribution of GNT Cu was mea-
sured using a Qness Q10A+ micro-hardness tester with a load of
50 g and dwelling time of 10 s. Five individual indents were mea-
sured to get the average hardness at a given depth.

2.3. Uniaxial and loading-unloading-reloading tensile tests

Uniaxial tensile tests of three GNT Cu specimens with a 5-mm
gage length and a 1.5-mm width of were performed on an Instron
5848 microtester at ambient temperature. The tensile strain of the
gage section is monitored by means of an MTS LX300 laser exten-
someter. The strain rate is 5 x 10~3 s~ for all tensile texts. As for
each GNT Cu sample, at least 4 specimens were tested to ensure
the repeatability.
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Fig. 1. The schematics, cross-sectional SEM image and hardness distribution of GNT-10% (a1-a3), GNT-50% (b1-b3) and GNT-100% (c1-c3). The SEM and TEM images of hard
component @ (d1, d2) and soft component ©) (el, e2). The distributions of grain size (f) and twin thickness (g) of & and ©. The white arrow in (a2) represents the growth

direction of GNT Cu samples by electrodeposition .

The loading-unloading-reloading process was conducted on In-
stron 5848 microtester with a contactless strain gaging system
based on digital image correlation technique to detect the evolu-
tion of back stress and effective stress [32]. The loading or reload-
ing was controlled using the crossover displacement of the mi-
crotester at a strain rate of 1 x 10~3 s~!. The unloading was con-
trolled by the load force at a rate of 70 N/min and the limit of
unloading is set by 10 N. Based on the classical Dickson’s method
[33,34], the back stress o, and effective stress oo can be calcu-
lated by

Of—+ 0 o*
gbz%_T 1)
Ocff =0f —Op (2)

where o is the true flow stress at unloading point, oy is the re-
verse yield stress upon unloading and o * is the stress interval past
the peak stress. oy is determined by the reference elastic unload-
ing curve with a slope of elastic modulus E (~120 GPa for Cu) and
an offset strain § intercepting the unloading curve, as schemati-
cally shown in Fig. 6(b). § was chosen as 0.01% which should be
small enough to satisfy the assumption that the back stress is con-
stant during the elastic unloading.

2.4. Strain mapping and fracture observation

An in-situ full-filed strain technique based on digital image cor-
relation was used to characterize the local strain distributions on

the top and lateral surfaces of GNT Cu samples. Before digital im-
age correlation observations, the spackle black ink pattern on the
top surfaces of the samples was sprayed on a painting white back-
ground. The digital image correlation observations were conducted
using an optic lens with a magnification of 2. The strain distribu-
tion mapping was analyzed using VIC-2D system with a resolution
of 2.9 um/pixel on top surface and 0.5 pwm/pixel on lateral surface.

The deformed microstructure near the fracture was examined
in SEM by using the BSE imaging mode. The fracture surfaces were
observed using a LEICA-DMRX optical microscope (OM) under dark
field mode.

2.5. Numerical simulations

A one-dimensional strain gradient plasticity model was devel-
oped to further explore the tensile responses such as overall flow
stress and spatial distribution of strain/stress to different fg in GNT
Cu. The model is formulated based on the J, flow theory. The
constitutive equations and numerical details are presented in [19].
The total flow stress is decomposed into three parts, i.e., effective
stress, HNT-induced back stress and extra back stress arising from
structural gradient

HNT+O_bGNT (3)

Of =0cff+ 0y
The effective stresso,sy is assumed to arise from the conventional
Taylor hardening and depends mainly on the dislocation density.
The HNT induced back stress o}/NT originates from the incom-
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Table 1
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Tensile properties of GNT Cu samples and ® and @ components. oy, yield strength; 015 and o4y are flow
stresses at app=2% and 4%, respectively; oy, ultimate tensile strength; 8y, uniform elongation; &, elongation
to failure; €e.p, the ending strain of elastic to plastic stage.

Sample oy (MPa) o1y (MPa) o4y (MPa)  ous (MPa) 8y (%) ¢ (%) Eep (%)
GNT-10% 33748 38446 40245 40445 7.7 + 0.4 154+25 15
GNT-50% 347+13 39146 408+2 410+2 73 £03 160+12 1.7
GNT-100% 37347 39942 41744 419+3 74 £05 1834+£22 19
Hard ® 43449 501414 1.6 + 0.1 153 +£25 13
Soft ® 18843 28042 251+11 346+25 24

patible deformation across twin boundaries and is inversely pro-
portional to twin thickness. The structural gradient induced back
stress N stems from GNDs for accommodating the strain gradi-
ent across the built-in gradient structures of GNT Cu and is pro-
portional to GND density and GND characteristic length.

In the previous study [19], the contribution of GND density for
the back stress was focused on to unravel the effect of structural
gradient but the physics of GND characteristic length was less dis-
cussed. In the modeling, we further modified the strain gradient
plasticity model by linking the GND characteristic length with the
GND distribution when the overall GND density or structural gra-
dient is constant for GNT Cu samples with different f;, just as the
design in the experimental. Note that the gradient deformation is
assumed to only exist in the GTL based on the experimental results
(Fig. 4f).

3. Results and discussion
3.1. Microstructure characterization of GNT Cu samples

The microstructures of the two HNT components (hard @
and soft @) are characterized firstly by means of SEM and TEM
techniques, as shown in Fig. 1d1-e2. Both components possess
highly oriented nanotwinned structures that multiple nanoscale
twin lamellae perpendicular to the growth direction are embedded
in micron-scale columnar grains. The average grain size (Fig. 1f)
and twin thickness (Fig. 1g) of hard @ are 1.9 um and 29 nm, re-
spectively, obviously smaller than those (171 um and 80 nm) of
soft ©.

As expected, SEM images in Fig. 1a2-c2 show the cross-
sectional observations of microstructure of GNT-10%, GNT-50% and
GNT-100% with different f;. GNT-10% shows a sandwiched struc-
ture separated by two sharp and curved interfaces, as outlined
in Fig. 1a2. The fluctuations of up and lower interfaces are ~25
and ~15 pum along the growth direction, respectively, forming into
two GTLs with volume fraction of 10%. The hardness jumps from
1.5 GPa of surface hard @ into 0.8 GPa in the core soft ©. Dif-
ferent from GNT-10%, ® with a thickness of about 50 um are lo-
cated in the two top surfaces and ©) with a thickness of 100 um
are located in the core in GNT-50% (Fig. 1b1 and b2). In between,
there are two GTLs from @ to © with linearly changed hardness
(Fig. 1b3). Each one spans 100 um and both GTLs account 50% for
the total volume (or sample thickness), so it is named as GNT-50%.
GNT-100% has a 100% gradient microstructure (Fig. 1c2) and lin-
early increased hardness from core to surface (Fig. 1¢3). Both rule-
of-mixture hardness (~1.15 GPa) and the overall structural gradient
(~3.5 GPa/mm) are the same for three GNT Cu.

3.2. Mechanical properties of GNT Cu samples

Fig. 2a shows the tensile engineering stress-strain curves of
three GNT Cu samples with two freestanding HNT components
for comparison. The freestanding ® has a high yield strength
(434 MPa) and a limited uniform elongation (1.6%), while ® ex-

hibits a lower yield strength (186 MPa) and larger uniform elonga-
tion (24.8%), as shown in Table 1.

From GNT-10% to GNT-100%, the yield strength increases from
337 MPa up to 373 MPa, much higher than the rule-of-mixture
strength (310 MPa). In terms of ductility, the uniform elongation
upon necking keeps around 7.5%, but the elongation to failure in-
creases slightly from 15.4% to 18.3% from GNT-10% to GNT-100%.
Above results suggest a higher extra strengthening and a better
strength-ductility synergy can be achieved by tuning f; from 10%
to 100% in GNT Cu.

Fig. 2b shows the work hardening rates versus true strain of
three GNT Cu samples. Two typical stages are observed in three
GNT Cu samples. The first is the elastic-to-plastic stage where work
hardening rate decreases rapidly at small strains. The ending strain
of this stage, e, is defined as the strain for the work harden-
ing rate reducing down to E/100 [35,36]. Another is the steady
plastic deformation stage where work hardening reduces slowly
at larger strains. For GNT-10% to GNT-100%, the work hardening
rate in the elastic-to-plastic stage markedly increases and ¢e.p from
1.5% to 1.9%, between hard @ and soft © (Table 1). Such pro-
longed elastic-to-plastic stage is consistent with the improvement
of the yield strength. Whereas three GNT Cu samples exhibit com-
parable work hardening rate at steady stage. That means, the extra
strengthening contributed by f; mainly happens in the initial elas-
tic to plastic stage.

3.3. Characterization of plastic strain evolution of GNT Cu samples

The distribution of lateral strain (&) along the sample thick-
ness on the lateral surface (x-z plane, colored by red in Fig. 3a) of
GNT Cu samples to characterize the gradient deformation is mea-
sured by in-situ digital image correlation. As for GNT-10% at an ap-
plied strain £app=0.5% (Fig. 3b1), the magnitude of |&,| is larger in
the core than that at surface. Such strain discrepancy is related to
the strength gradient across components @ and ©. The soft ©
with lower yield strength sustains a larger tensile plastic strain.
Since the Poisson’s ratio for lateral strains is larger at the plas-
tic deformation than at the elastic [37], © exhibits a larger |e,]|.
Notably, |e;| jumps steeply across the sharp interfaces, suggesting
where a concentrated strain gradient or deformation incompatibil-
ity happens. As €app increases, || increases but the strain gradient
still localizes intensively at interfaces (Fig. 3b2 and 3b3). However,
compared to GNT-10%, the lateral strain gradually and continuously
increases from core to surface in GNT-100% (Fig. 3c1-c3), where the
strain gradient is more uniformly distributed throughout the whole
sample without any severe concentrations.

Intrinsically, the strain gradient reflects on GNDs assisted defor-
mation according to the classic theory of strain gradient plasticity
[23-25]. The distributions of GNDs on the cross-section (x-z plane,
the same as that in Fig. 3a) of GNT Cu deformed at gapp=1% were
detected by combining SEM, EBSD and TEM observations (Figs. 4
and 5). Regarding GNT-10%, SEM images in Fig. 4a-c show both
hard @ and soft @ still keep the typical columnar grains with
nanotwins and the well bonded sharp interfaces still retains. No
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Fig. 2. (a) The engineering tensile stress-strain curves of GNT-10%, GNT-50% and GNT-100% and their freestanding @& and © components. (b) Work hardening rate-true
strain curves of GNT-10%, GNT-50% and GNT-100%. The inset of (b) shows the magnified work hardening curves at small strains. The work hardening rate ®=E/100 (E, elastic
modulus) indicated by dash line was used to identify the ending of elastic to plastic stage.

Eapp= 2.0%

Fig. 3. (a) The schematics illustrating the strain distribution measurement on the lateral surface (x-z plane) indicated by red in GNT Cu. The distribution of lateral strain &,
of GNT-10% (b1-b3) and GNT-100% (c1-c3) at increasing applied tensile strain eapp as indicated.

visible dislocation structure is detected in interiors of either & or
©) or at interfaces. From the EBSD mapping in the region crossing
the interface (Fig. 4d), soft @ exhibits a strong {111} texture while
hard ® shows a weaker texture, suggesting an obvious microstruc-
ture difference between both sides of the interface. The dislocation
distribution is obtained based on the EBSD mapping in Fig. 4e. Ob-
viously, the average dislocation density shows a peak around the
interface and decreases along the direction away from the inter-
faces (Fig. 4f). The dislocation peak has a width of ~10 um, which
is consistent with the size of interface affected zone with accumu-
lated GNDs in other laminated materials without nanotwins [8].
The GNDs storage at interfaces is also consistent with the concen-
trated strain gradient in Fig. 3b1-b3.

GNT-100% at €app=1% exhibits a distinct deformation morphol-
ogy that several long BCDs appear with strong contrast (indi-
cated by red arrows) along the gradient direction, as shown in the
across-sectional SEM image in Fig. 5a. The orientation distribution

of Fig. 5a is further analyzed by EBSD in Fig. 5b. GNT-100% ex-
hibits strong {111} texture throughout the sample. The orientation
varies obviously across BCDs (indicated by white arrows in Fig. 5b).
Statistic results suggest that BCDs have various misorientations (6)
from 6 to 8° and span the widths (I) of 1.5~4 um at three differ-
ent positions (marked by 1, 2 and 3) as shown in Fig. 5c. The den-
sity of GND (p¢np) in BCD is estimated to be about ~10 m=2 by
pcnp=0/lb where b is the dislocation Burgers vector (0.255 nm).
Both the morphology and the density of GNDs of GNT-100% are
similar to that in four-component GNT Cu in [4,19].

The details of BCDs were further characterized by low-
magnification TEM in Fig. 5d, which shows a long BCD spanning
multiple twin lamellae. Inside the BCD, a few Mode I dislocation
[38] fragments with both glide plane and glide direction inclined
to TBs are observed. The dual-beam diffraction technique in TEM
[38] was used to identify the dislocation components of BCD, as
shown in Fig. 5e where TBs are tilted away from the edge-on un-
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der the diffraction vector g = 200. Many dislocation fragments at
TBs are identified as Mode II dislocations [38], whose glide plane
and direction is inclined and parallel to TBs, respectively. The den-
sity of Mode I dislocation reaches ~10' m~2, which is about two
orders of magnitude higher than that of Mode L. In other words,
BCDs are composed of numerous Mode II and few Mode I disloca-
tions. Parts of Mode I or II dislocations serve as GNDs to accom-
modate the strain gradient of GNT Cu, as reported in [19].

In fact, statistic results based on plenty of SEM and TEM obser-
vations show that 14% of grains in deformed GNT-100% and only
7% of grains in GTLs of GNT-50% have BCDs structures, as shown
in Fig. 5f. BCDs are rarely seen in GNT-10% with 1% of gains with
BCDs near the interfaces.

3.4. Back stress and effective stress of GNT Cu samples

The partitioning of flow stress into back stress and effective
stress [22,34,39] is used to explore the strengthening kinematics
of GNT Cu. Fig. 6a shows the loading-unloading-reloading (LUR)
tensile curves of GNT-10% and GNT-100% and the freestanding @
and ©). All four samples exhibit the typical hysteresis loops during
LUR process. A typical hysteresis loop of GNT-100% is magnified
in Fig. 6b. During unloading, the curve deviates obviously from the
elastic unloading and the reverse yielding happens despite that the
flow stress is still tensile, indicating a pronounced Bauschinger ef-
fect with strong back stress. Accordingly, high back stress but low
effective stress can be clearly detected from the Dickson method
to partitioning flow stress [33].

Fig. 6¢c shows the back stress evolution with straining of the
four samples. The back stress of the freestanding @& increases
quickly to a saturated value of 344 MPa at &app=~2%, which con-
tributes about 75% for its flow stress. While the back stress of free-
standing © is 118 MPa at eapp=~2%, still contributing 60% for the
flow stress. Such strong back stress in HNT Cu originates from the
incompatible deformation between twin and matrix as a salient
feature of nanotwinned structures. The back stresses also rapidly
increase to 283 MPa (75% of flow stress) for GNT-10% and 299 MPa
for GNT-100% with straining to €app=-~2%. Both back stresses are
higher than the rule-of-mixture value (231 MPa) in terms of two
freestanding components.

However, the effective stress of GNT Cu is less sensitive to fg,
as shown in Fig. 6d. Two freestanding components were still intro-
duced as references. The effective stresses of freestanding ® and
® increase quickly to a saturated value of 114 MPa and 81 MPa
at gapp=-2%, respectively, which are much smaller than their back
stresses (Fig. 6¢). Both GNT-10% and GNT-100% have similar satu-
rated effective stresses of about ~100 MPa, comparable to the rule-
of-mixture effective stress (98 MPa). The above result suggests that
the extra strengthening of GNT Cu samples mainly originates from
the extra back stress, rather than the effective stress.

3.5. Plastic strain localization and fracture behaviors of GNT Cu
samples

Next, we analysis the distribution of tensile strain (ex) on
the top surface (x-y plane, colored by purple in Fig. 7a) of
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Fig. 5. Cross-sectional (x-z plane) microstructure of GNT-100% deformed at eap,=1%. SEM image (a) and corresponding EBSD orientation mapping (b). (c) Misorientation
variations along the lines labelled by 1, 2 and 3 across a BCD in (a) and (b). (d) TEM image of a BCD and (e) magnified TEM image of the white square in (d) under the
diffraction vector of g = 200. Mode 1 and mode II dislocations are indicated by green and orange arrows, respectively. (f) Frequency of grains with BCDs of three GNT

samples.

GNT Cu samples. As for GNT-10%, the strain at eapp=1% is dis-
tributed quite uniformly (Fig. 7b1); the strain localization appears
at eapp=5% (Fig. 7b2) and gets severely when &;pp increases up
to 7% (Fig. 7b3). On the contrary, no strain localization appears in
GNT-100% until £app=5%, as shown in Fig. 7c1-c2. A weaker strain
localization happens in GNT-100% at &,pp=7%, which means the
larger fg helps to alleviate the strain localization.

We also compare the fracture behaviors on the top surface (x-
y plane) and the cross section (x-z plane) of both GNT-10% and
GNT-100% during tensile deformation. In GNT-10%, obvious neck-
ing with a local strain of 19% (estimated by area reduction) is ob-
served in Fig. 8a. Fig. 8b-d show cross-sectional microstructures
at ~400 pum away from the fracture surface. Micro-cracks mainly
happen in @& (Fig. 8b), rather than near the interfaces (Fig. 8c),
which might relate to the GND storage (Fig. 4f). Only a few micro-
cracks at grain boundaries sporadically appear in @ (Fig. 8c and
8d), due to the higher work hardening capacity resulting from the
larger grain size.

Compared to GNT-10%, GNT-100% has less and smaller micro-
cracks even at a local strain as large as 25% (upon necking), as
shown in Fig. 8f-8h. Numerous BCDs are detected in Fig. 8g and
8h, and they are helpful to suppress the formation of micro-cracks.

3.6. GNDs-distribution dominated strengthening mechanism

Above experimental results clarify that the volume fraction of
the gradient transition layer (fg) plays a significant role in the me-
chanical properties and deformation behaviors of GNT Cu. As fg in-
creases, a better combination of strength and elongation achieved
(Fig. 2a and Table 1). Moreover, the larger fg not only prolongs
the elastic-to-plastic deformation (Fig. 2b), but also suppresses

the strain localization (Fig. 7) and micro-cracks formation (Fig. 8)
at subsequent plastic deformation. The strain gradient becomes
smoother with increasing fg, i.e., strain gradient localizes only
near interfaces in GNT-10% but spans throughout the whole cross-
section in GNT-100% (Fig. 3).

Generally, GNDs existing in the GTLs are regarded to contribute
for the superior mechanical properties of HNS materials and ac-
commodate the plastic strain gradient [3,4,8]. The density of GNDs
is an important parameter of general interest in strengthening and
hardening mechanics. According to the classical theory of strain
gradient plasticity, the density of GNDs is estimated by its propor-
tionality to the plastic strain gradient [23-25]|. In this study, the
plastic strain gradient arises from the progressive plastic yielding
from soft © to hard @. So, the overall density of GNDs of GNT Cu
is estimated as

_ 2A0
pGND:Tty (4)

where Aoy is the yield strength discrepancy between soft @ and
hard @, b is magnitude of Burgers vector, E is elastic modu-
lus. The three GNT Cu samples have the same sample thickness
t (~400 um). Therefore, the overall density of GND should be the
same in all GNT Cu samples. However, the above experimental re-
sults (Figs. 4 and 5) clearly indicate that the distributions of GNDs
in the three GNT Cu are substantially different: most GNDs are
accumulated in the narrow interface zones in GNT-10% (Fig. 4),
but are widely scattered into the whole cross-section in GNT-100%
(Fig. 5). Therefore, in addition to the density of GNDs, the influence
of the distribution of GNDs in strengthening behaviors cannot be
ignored but deserves further consideration.

The strengthening mechanisms related to dislocations can be
understood in terms of isotropic and kinematic hardening, which
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correspond to effective stress and back stress, respectively, after
partitioning the flow stress [27,34,39,40]. The isotropic hardening
stems mainly from the random short-range interactions of dislo-
cations with each other and also is called by forest hardening or
Taylor strengthening [34,36]. which is depicted by the well-known
Taylor formula [41],

o=aMub./p (5)

where M is Taylor coefficient, y is shear modulus, p is dislocation
density and « is a geometrical factor related to the arrangement
of the dislocation pattern as discussed above. From this, the Taylor
strengthening depends not only on the dislocation density but also
on its distribution [42-44]. As dislocation density keeps constant,
Taylor strengthening is significantly reduced as dislocation pattern
varies from random dislocations to dislocation walls. The intrinsic
mechanism is related to the less effective cut-off among disloca-
tions in the presence of many immobile dislocation walls [42]. Be-
sides the statistically stored dislocations for sustaining plastic de-
formations, GNDs accommodating plastic strain gradient also con-
tribute to the effective stress o.g, as estimated in the developed
Taylor formula by Mughrabi [43]:

Oeir=0tMLby/ pssp + B penp (6)

where psspandpgyp are densities of statistically stored disloca-
tions and GNDs, respectively. 8 is another coefficient related to
GND distribution, in the general case that not all GNDs but only
these GNDs that are cut by glide dislocations can produce forest-
dislocation hardening or contribute for the effective stress [43].

Here in present study, all GNT Cu and their freestanding com-
ponents exhibit a comparable effective stress (~100 MPa), inde-
pendent on the additional contribution of GNDs. This is because
these GNDs are concentrated at interfaces or within BCDs in GNT
Cu samples and have less opportunity to cut off glide dislocations,
resulting in a small B. As a result, the effective stresses is less af-
fected by f; but constant for GNT-10% to GNT-100%.

We further focused on the effect of GNDs distribution on kine-
matic hardening or back stress originating from its non-zero net
Burgers vector [28,45,46]. Unlike the effective stress, back stress is
regarded as a long-range stress filed in which the stress decreases
with the distance away from GNDs [45,47]. In other words, back
stress induced by GNDs exists spatially where the slip dislocations
are effectively resisted, whereas the back stress might hardly affect
glide dislocations far away from GNDs.

Regarding GNT-10%, GNDs are concentrated at interfaces and
only mobile dislocations in or near the interface affected zone
can be effectively affected by the long-range back stress. How-
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Fig. 7. (a) The schematics illustrating the strain distribution measurement on the top surface (x-y plane) indicated by purple in GNT Cu. The distribution of tensile strain, &y,
on the surface of GNT-10% (b1-b3) and GNT-100% (c1-c3) at increasing applied tensile strain &,y as indicated.

Fig. 8. Fracture behaviors of GNT-10% and GNT-100%. (a) Surface (x-y plane) morphologies of fracture of GNT-10%. Cross-sectional (x-z plane) microstructures of hard @ (b),
GTL (c) and soft @ (d) at ~400 pum away from the fracture in GNT-10%. (e-h) are same as (a-d) except for GNT-100%. Some BCDs are indicated by red arrows.

ever, GNDs distribute widely in BCDs throughout the entire cross-
section of GNT-100%. Accordingly, more mobile dislocations in
larger space are effectively resisted by GNDs. In addition, from
the classic plie-up model of GNDs proposed by Bréchet et al. [45],
when GNDs are severely localized in grain boundaries in conven-
tional polycrystalline metals, the back stress field will be screened
by each other and thus the total resistance from GNDs is reduced
significantly. The screening effect becomes weaker in GNT-100%
due to relatively scattered BCDs serving as GND configurations
compared to GNT-10%. As a result, more widely distributed GNDs
produce a higher overall back stress in GNT-100%. Such, in addi-

tion to increasing the GND density, adjusting the GND distribu-
tion widely also is a feasible mechanism to improve the extra back
stress or extra strengthening of GNT Cu.

3.7. Strain gradient plasticity model based on GND distribution

A strain gradient plasticity model has been developed to reveal
the intrinsic relationship between the extra strength and structural
gradient, in which the extra back stress induced by gradient struc-
ture is supposed to be proportional to GND density [19]. Here, we
further modify the strain gradient plasticity model by considering
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the contribution of GND distribution in addition to GND density to
unravel the strengthening kinematics associated with different fg.
The expression can be described as follows [19,48]:

o™ = nubponp (7)

where the extra back stress o N are simultaneously determined
by 71 (related to GND distribution) but also pgyp(GND density).
n corresponds to the characteristic length where long-range back
stress from GNDs can affect as proposed in [19]. According to the
above discussion, 7 is larger as GNDs are more widely dispersed.
For simplicity, it is assumed that 7 linearly relates to f; after fitting
model predictions to experimental results.

Fig. 9a shows the overall stress-strain responses for GNT Cu
samples with fg = 10%, 50% and 100% from the strain gradient plas-
ticity modeling. It is clearly seen that as f; increases, the strength
substantially increases especially at small strains. Fig. 9b shows the
tensile stress and total back stress at ,pp=2% from strain gradient
plasticity modeling. The modeling results of tensile stress as well
as the total back stress of GNT Cu match well with the experimen-
tal (Figs. 2 and 6) and both show the extra strengthening of GNT
samples stems from the improvement of extra back stress.

Fig. 9c shows the evolution of gradient plastic strains with
straining in GNT-10%. The plastic strain happens firstly in soft com-
ponent at £,pp=0.2% while the hard component still keeps elas-
tic, resulting in plastic strain gradient in GTL. With strains up to
£app=0.4%, the plastic strain appears across all components, i.e., the
progressive yielding from soft to hard components is completed.
As the applied strain increases further, the magnitude of plastic
strain becomes much higher with increasing applied strains. Cor-
respondingly, the plastic strain gradient (the slope of plastic strain
along depth) also increases. Consistent with therein gradient plas-
tic strains, the extra back stress is produced inside the GTL after
€app=0.2% and increases quickly to a saturated value with strains
up to gapp=2% (Fig. 9d). As a result, the overall extra back stress of
GNT-10% reaches quickly saturated at small strains, as shown in the
inset in Fig. 9d. That means, the extra strengthening mainly hap-

10

pens at initial deformation stage, which agrees with the improved
yield strength and prolonged elastic-to-plastic stage as found in
the experimental (Figs. 2 and 9a). Notably, since the gradient de-
formation is supposed to happen mainly inside GTLs in the strain
gradient plasticity modeling, the extra back stress improves the
strength of GTL, and therefore results in a smaller plastic strain
than that in either soft or hard component (Fig. 9c).

A more broadly distributed gradient plastic strains are found
throughout the GNT-100% sample. As shown in Fig. 9e, the plas-
tic strain emerges in the soft component first and gradually ex-
pands to hard component. The plastic strain exhibits a non-linear
distribution at £app=0.2% and rapidly becomes linearly distributed
at larger strains (0.4%) when all components yield, in the same way
as the trend of hardness or strength (Fig. 1c3).

The extra back stress of GNT-100% produces firstly at soft com-
ponents from Fig. 9f. With straining, the extra back stress becomes
almost the same along the depth and quickly reaches a saturated
value before gapp=2%. Here the overall extra back stress of GNT-
100% is much higher than that of GNT-10% (the inset in Fig. 9d)
despite the latter has a higher local extra back stress confined at
thinner GTL. The GNDs-distribution dominated strengthening be-
haviors based on the strain gradient plasticity model are consis-
tent with the experimental results. All results suggest the larger f;
causes the broader distribution of the plastic strain gradient (and
GNDs) and the resultant extra back stress contributes to the higher
overall flow stress.

The GNT Cu samples with increasing f; can be taken as proto-
types to quantitatively compare the strengthening effects of het-
erogeneous microstructures, such as the laminated [8], partial-
[3,14] and full-gradient [4] structures. These different HNS metals
exhibit distinct mechanical properties, which depend on fg in the
case of the constant structural gradient. A superior combination of
strength and ductility is achieved in the full gradient GNT-100%.
Such significant findings coincide with recent advances in fruitful
full-gradient HNS materials prepared by electrodeposition [4], tor-
sion [49,50] and laser additive manufacturing [51]. The strengthen-
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ing mechanism in full-gradient microstructures originates from the
stronger kinematic hardening by more scattered GNDs generated
in the initial elastic-to-plastic deformation stage. Moreover, these
scattered GNDs alleviate the micro-cracks (dislocation pile-ups) at
grain boundaries and suppress the strain localization (Fig. 8) in the
subsequent plastic deformation stage, resulting in the larger elon-
gation in GNT-100%. In addition, the detailed interaction of scat-
tered GNDs and statistically stored dislocations in the interiors of
grains and the effect of GND distribution on statistically stored
dislocations, despite which are pivotal issues beyond this study,
is worthy of deep investigation in the further work. Such GND-
distribution dominated strengthening mechanism shall be a signif-
icant supplementary for the classic strain gradient plasticity theory
[7,23-25, 29], which has been built based on plastic strain gradient
or GND density, as a guide for tailoring the high-performance HNS
materials.

4. Conclusion

By combining experimental characterizations with modified
strain gradient plasticity modeling, this study represents an im-
provement in mechanical properties by tuning GND distributions
via quantitatively designing and controlling the volume fractions of
gradient transition layer of HNS materials. With increasing fg, the
yield strength of GNT Cu samples can be improved without loss of
uniform elongation. The strengthening mechanism originates from
the more broadly-distributed strain gradient and resultant increas-
ingly scattered distribution of GNDs as f; become larger. These
scattered GNDs prefer to be accumulated into BCDs and produce
higher back stress, contributing for the improved yield strength
and the prolonged elastic-to-plastic stage in the initial deforma-
tion. In addition, more scattered GNDs by larger fg can suppress
the strain localization and micro-crack initiation in the subsequent
plastic deformation, and therefore offer the larger elongation for
GNT Cu. Such GND distribution dominated strengthening mecha-
nism not only provides a guide to optimize HNS metals but also
advances the theory of strain gradient plasticity.
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