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A B S T R A C T   

Interfaces play a crucial role in mechanical behaviors of laminated materials. In this study, a series of hard/soft 
nanotwinned Cu laminates with varying interface spacing from 200 to 33 μm are prepared by means of direct 
current electrodeposition. Simultaneous improvement of strength and work hardening with decreasing interface 
spacing is found in tensile tests. Extra strengthening and geometrically necessary dislocations (GNDs), but 
without any strain concentration, are found in the vicinity of interfaces. An obvious strain discrepancy appears 
across the interface and decreases with decreasing interface spacing. Most importantly, a highest plastic strain 
gradient appearing in the vicinity of interfaces, regardless of interface spacing, indicates a significant defor
mation compatibility across the interfaces. The spatially-distributed strengthening mediated by interface con
tributes for increasing strength and decreasing strain discrepancy by decreasing the interface spacing.   

1. Introduction 

As typical heterogeneous nanostructured (HNS) materials, laminated 
metals with interfaces separating adjacent components have increas
ingly attracted attentions due to the higher strength, work hardening, 
ductility, toughness and their combination [1–6]. For example, 
Cu/CuZn laminates with coarse grained Cu layer and nanograined CuZn 
layer show simultaneous improvement of strength and ductility with 
decreasing interface spacing from 125 to 15 μm in tensile tests [7,8]. 
Layered metal composite (LMC) fabricated by hot-rolling and annealing 
of pure Ti and Al sheets exhibit high tensile ductility, being superior to 
any individual Ti or Al sheets [9,10]. Heterogeneous laminated Ti, 
prepared by asymmetric rolling and subsequent partial recrystallization, 
can have both the strength of the ultrafine grained component and the 
ductility of coarse grained component [11]. 

In order to interpret the attainment of both high strength and 
ductility in layered composites, several deformation mechanisms have 
been suggested, such as interface constraint [9,12], enhanced strain 
hardening [11], back stress strengthening [8,13], etc. Interfaces and the 
interface-mediated deformation are considered to play a crucial role in 

the transferring loads and redistribution of stress during the deformation 
of layered components [9,14,15]. Originating from the mutual 
constraint between neighboring hard and soft layers in the laminated 
Cu/CuZn, dislocations nucleate in vicinity of interfaces inside coarse 
grained (soft) layers and some of them move to interfaces [16]. As a 
result, strong dislocation pile-up and serious strain concentration 
happen at interfaces, forming the interface affected zones (IAZs), which 
contributes for the improved strength of the laminated Cu/CuZn [8]. 

As for the LMC Ti/Al with different elastic modulus and deformation 
mechanisms between neighboring layers, the stress state of each layer is 
changed and stress partitioning happens, which activates the plastic 
deformation of brittle Ti layers [9]. In addition, Al layer can relieve the 
strain localization and restrict the development of microcrack due to the 
strong inter-constraint between neighboring layers. As a result, the LMC 
Ti/Al can exhibit superior ductility. 

Researchers also found that the inhomogeneous deformation be
tween soft and hard components can contribute to the strengthening and 
strain hardening of laminated structures according to the theory of 
strain gradient plasticity [17–19]. During deformation of laminated 
structures, soft components yield plastic deformation firstly due to the 
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lower yield strength while hard components yield later [20,21]. Thus, 
plastic strain discrepancy or strain gradient appears between soft and 
hard components. Geometrically necessary dislocations (GNDs) are 
necessarily produced as required to accommodate the strain gradient 
and contribute to strengthening and work hardening by producing ki
nematic hardening (back stress) or/and isotropic hardening (effective 
stress) [22–24]. Similarly, inhomogeneous plastic deformation related 
to the strain gradient and GNDs for superior mechanical properties has 
been generally validated in other HNS materials with gradient [25,26], 
bimodal [27,28] or harmonic [29,30] structures. 

Homogeneous nanotwinned (HNT) structure has been regarded as 
desired prototypical structure for designing heterogeneous microstruc
ture, such as gradient [26] and laminated [31] for clarifying their 
fundamental deformation mechanisms. One of the advantages of HNT 
components is the controllable microstructure, like grain size, twin 
thickness, and twin orientations. For example, HNT Cu with columnar 
grain and highly oriented nanoscale twins parallel to the growth surface 
have shown a strong anisotropic plastic deformation, where the domi
nant deformation mechanism can be effectively switched among three 
dislocation modes, namely dislocation glide in between the twins, 
dislocation transfer across twin boundaries, and dislocation-mediated 
boundary migration, by changing the loading orientation with respect 
to the twin planes [32,33]. 

By using 4 HNT structures with increasing grain size and twin 
thickness as the different individual components (Ⓐ, Ⓑ, Ⓒ & Ⓓ), we 
built a series of gradient nanotwinned (GNT) Cu for unraveling the 
structural gradient induced strengthening, hardening and the unique 
deformation mechanism [26,34,35]. It has been revealed that GNT Cu 
not only exhibits obvious extra strengthening and work hardening, 
comparing to their freestanding HNT components, but also indicates 
novel bundles of concentrated dislocations (BCDs) mediated deforma
tion mechanisms. These BCDs are formed by accumulation of GNDs 
which accommodates for the strain gradient across 4 components. 
Meanwhile BCDs or GNDs produce strong back stress rather than 
effective stress, as the origin of the extra strengthening of GNT Cu [34]. 

Further, we use only two HNT components, namely hard Ⓐ and soft 
Ⓓ, to design three types of representative HNS materials with different 
volume fractions of GTLs (fg) of 10% (laminated), 50% (half gradient) 
and 100% (full gradient) while both rule-of-mixture strength and overall 
structural gradient are constant for quantitatively revealing fg effect on 
the extra strengthening behaviors [36]. With increasing fg up to 100%, 
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 widely distrib
uted GNDs. However, the fundamental strengthening mechanism, 
including the interface spacing related both plastic strain gradient and 
strain discrepancy, of laminated nanotwinned (LNT) Cu is still unknown. 

In this study, we focus on the study of LNT structures with only two 
components, hard Ⓐ and soft Ⓓ, but with varying interface spacings, to 
unravel the intrinsic incompatible plastic deformation and resultant 
strengthening of interfaces under tensile tests. To figure out the plastic 
deformation, strain discrepancy between hard and soft component and 
strain gradient distribution across the interfaces and their evolutions 
with increasing tensile strains of LNT Cu were quantitatively studied by 
means of the full-filed strain technology. Correspondingly, deformation 
microstructure, especially the distribution and configuration of GNDs of 
LNT Cu were characterized by combining electron backscatter diffrac
tion (EBSD) with dual-beam diffraction technique. The stress partition
ing analysis on back stress and effective stress was conducted for LNT Cu 
and HNT components to clarify the origin of the extra strengthening. 
Finally, the interface-mediated deformation strengthening mechanisms 
of LNT Cu were discussed. 

2. Experimental 

2.1. Design and preparation of LNT Cu samples 

Two HNT structures, hard Ⓐ and soft Ⓓ, with typical columnar 
grains embedded preferentially orientated nanotwins were used to build 
LNT Cu samples. As the same microstructures reported in [26], hard Ⓐ 
has small grain size (2.5 μm) and twin thickness (29 nm) while soft Ⓓ 
has larger ones (15.8 μm and 72 nm). As illustrated in Fig. 1a1, we 
prepared a series of LNT Cu consisting of periodically stacked ⒶⒹⒶ 
components, and the interface spacing l decreases proportionally from 
200 to 33 μm. LNT Cu with l = 200 μm is named as LNT-200, other 
samples are defined in the same way, as shown by Figs. 1b1, c1 and d1. 
Noted that Ⓐ is at the surface as always [37], and hard Ⓐ and soft Ⓓ 
have the same volume fraction (50%) for all LNT Cu samples, which 
have a constant total sample thicknesses of ~400 μm. 

The direct-current electrodeposition technique was used to prepare 
LNT Cu samples and their freestanding HNT components. The current 
density and total deposition time were kept at 30 mA/cm2 and 16 h, 
respectively. More details about the setup and the parameters can be 
found in [26]. HNT-Ⓐ and HNT-Ⓓ samples were electrodeposited at 
constant electrolyte temperature at 20 and 35 ◦C, respectively. LNT Cu 
samples were prepared in two electrolytic tanks with electrolyte tem
perature at 20 and 35 ◦C, respectively. For example, LNT-200 was 
deposited firstly in 20 ◦C tank for 4 h, then in 35 ◦C tank for 8 h, and 
finally in 20 ◦C tank for 4 h. That means a total deposition period 
(25–35–25 ◦C) is 16 h. Compared to LNT-200, LNT-100, LNT-50, and 
LNT-33 underwent two, four and six temperature periods in the same 
total deposition time (16 h), respectively. 

2.2. Microstructures characterization 

The cross-sectional microstructures of as-deposited LNT Cu were 
characterized via a FEI Nova NanoSEM 450 field emission gun scanning 
electron microscope (SEM) with backscattering electron imaging (BSE) 
mode. A fixed region on cross-section of LNT-50, which was deformed at 
the applied strain ranging from 0, 1% to 5%, was successively measured 
by electron backscatter diffraction (EBSD) with a step size of 100 nm in 
the SEM under a voltage of 20 kV. The Kernel average misorientation 
(KAM) was mapped by Oxford HKL channel 5 software. The local 
dislocation density is calculated by ρ = 2θ/lb where l is the unit length 
(100 nm) and b is the Burgers vector (0.255 nm for Cu) [7]. The local 
misorientation θ of a given point was calculated by using 3 × 3 filter size. 
Here the calculation just takes care of θ lower than 3◦, which is defined 
as a threshold misorientation for grain boundary. Before SEM and EBSD 
observation, the specimen was mechanically polished and then elec
trochemically polished in an electropolishing solution of phosphoric 
acid (25%), alcohol (25%), and deionized water (50%) at ambient 
temperature. 

The cross-sectional microstructure of deformed LNT Cu samples was 
examined by a transmission electron microscope (TEM, FEI Tecnai G2 
F20) operated at 200 kV. Mode I and Mode II dislocations were identi
fied by a dual beam diffraction TEM technique under diffraction vectors 
of gT = 111 and gT = 200, respectively. Before TEM observations, the 
specimen was thinned by twin-jet electrochemical polishing in the 
electropolishing solution at about –10 ◦C. 

2.3. Microhardness measurement 

The cross-sectional hardness distribution along depth of as-deposited 
LNT Cu samples were measured on a Qness Q60 A+ microhardness 
tester with a Vickers indenter at a load of 50 g and dwell time of 10 s. A 
small load of 10 g was used to measure the hardness near interfaces of 
LNT-200 before and after tensile deformation. Such small load can 
promote denser indentation measurement for accurately detecting 
hardness distribution near interfaces, but might result in a slightly 
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higher hardness due to the indentation size effect [38]. Before hardness 
measurement, these specimens were mechanically polished first and 
then electrochemically polished. At least five indents were measured to 
get the average hardness at a given depth. 

2.4. Uniaxial and loading-unloading-reloading tensile tests 

The gage area of the dog bone-shaped flat tensile specimens was 5 
mm × 2 mm, the specimens were cut from the as-deposited HNT Cu and 
LNT Cu sheets by using electric spark machine, then followed by me
chanically and electrochemically polished. Uniaxial tensile tests were 
carried on an Instron 5848 microtester with a contactless MTS LX300 
laser extensometer at a strain rate of 5 × 10− 3 s− 1 at room temperature. 
Tensile tests for each sample were repeated at least three times to ensure 
the data reproducibility. 

The loading-unloading-reloading tensile tests of HNT Cu and LNT Cu 
samples were performed on Instron 5848 microtester and a contactless 
strain gaging system based on digital image correlation (DIC) was used 
to measure the strain. The loading (or reloading) and unloading were 
controlled by the crossover displacement at a strain rate of 1 × 10− 3 s− 1 

and by the load force at a stress rate of 70 N/min with the unloading 
limit of 10 N, respectively. Back stress σb and effective stress σeff can be 
calculated according to the classical Dickson’s method [39,40] 

σb =
σf + σry

2
−

σ∗

2
(1)  

σeff = σf − σb (2)  

where σf is the true flow stress before unloading, σ* is the stress interval 
past the peak stress after unloading, and σry is the reverse yield stress 
upon unloading. σry is determined by the line with a slope of elastic 
modulus E (~120 GPa for Cu) and an offset strain δ (0.01%) intercepting 
the unloading curve. 

2.5. Characterization of strain distribution 

An Olympus LEXT OLS4100 confocal laser scanning microscope 
(CLSM) with a planar resolution of 120 nm and a height resolution of 10 
nm was used to ex-situ measure the height of the lateral surface (x-y 
plane as indicated in Fig. 1a) of each tensile specimen after unloading. 
During the CLSM measurement, a homemade 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 height at a given 
depth or y was obtained by calculating the mean value of lateral surface 
heights along the x direction. Then the net change of height profile 
ΔH(y) was obtained by subtracting the average profiles before tensile 
deformation from that after tensile deformation. Hence, the relative 
lateral plastic strain Δεp

z at a given y is calculated by 

Δεp
z (y) =

2ΔH(y)
W

(3)  

where W is the width of tensile sample before deformation. The position 
with the smallest absolute value |ΔH| is offset to zero as the reference 
point. The largest difference in lateral strain between soft and hard in 
every period, Δεp,A− D

z , is obtained from the height difference according 
to Eq. (3). The lateral strain gradient ηz is estimated by differentiating 
the smoothed profile of Δεp

z(y). 

3. Results and discussion 

3.1. Microstructures and tensile properties of LNT Cu 

As expected, four well controlled LNT Cu samples are prepared and 
their cross-sectional microstructures are shown in SEM images in Fig. 1. 
LNT-200 exhibits a typical sandwich structure with soft Ⓓ in the core 
and hard Ⓐ at both surfaces (Fig. 1b2). The interfaces between two 
components are well bonded and the interface spacing l is 200 μm. Along 
the depth of LNT-200, the hardness jumps at interfaces from 1.5 GPa (Ⓐ) 
into 0.85 GPa (Ⓓ) and its distribution likes a rectangular wave as shown 
in Fig. 1a3. Compared to LNT-200, LNT-100 has 2 periods of ⒶⒹⒶ 
stacking with 4 interfaces and the interface spacing decreases into 100 
μm (Fig. 1b2). The hardness distribution also exhibits two rectangular 
waves (Fig. 1b3). Similarly, LNT-50 (Figs. 1c2 and c3) and LNT-33 
(Figs. 1d2 and d3) shows 4 and 6 periods of microstructure and hard
ness distribution, and the interface spacing decreases into 50 μm and 33 
μm, respectively. 

Fig. 2a shows the tensile engineering stress-strain curves of four LNT 
Cu samples in comparison to their HNT components Ⓐ and Ⓓ. HNT-Ⓐ 
has a yield strength (σY=446 MPa) and a limited uniform elongation 
(1.6%) while HNT-Ⓓ has a lower yield strength (σY=221 MPa) with 
larger uniform elongation (21.7%). The yield strength of LNT-200 is 366 

Fig. 1. The schematic, cross-sectional SEM image and hardness distribution of LNT-200 (a1-a3), LNT-100 (b1-b3), LNT-50 (c1-c3) and LNT-33 (d1-d3) composed of 
hard Ⓐ and soft Ⓓ components with interface spacing of 200, 100, 50 and 33 μm, respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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MPa, which is slightly higher than the rule-of-mixture (ROM) yield 
strength (σROM

Y =334 MPa) by averaging the yield strengths of HNT-Ⓐ 
and HNT-Ⓓ, resulting in an extra yield strength σextra

Y =32 MPa. From 
LNT-200 to LNT-33, the yield strength increases substantially up to 450 
MPa but the uniform elongation decreases. Noted that the yield strength 
of LNT-33 with the smallest interface spacing surpasses that of HNT-Ⓐ, 
showing the highest σextra

Y (116 MPa). Meanwhile, the uniform elonga
tion of LNT-33 is also larger than that of HNT-Ⓐ, indicating a better 
combination of strength and ductility. 

Fig. 2b displays the work hardening curves of HNT Cu and LNT Cu. 
The two typical stages of work hardening can be clearly seen: the work 

hardening rate decreases quickly at small strains in the elastic to plastic 
stage (here called stage II) after elastic deformation stage and the 
decrease becomes gentle at larger strains in the steady plastic defor
mation stage (stage III), as defined by [41]. HNT-Ⓐ has high work 
hardening rate in stage II but without stage III while HNT-Ⓓ has a lower 
stage II and longer stage III. The work hardening rate at stage II in 
LNT-200 is close to that of hard Ⓐ and becomes larger from LNT-200 to 
LNT-33. As shown in the inset of Fig. 2b, the work hardening rate at 
applied strain ε = 1% in LNT Cu is higher than ROM value by averaging 
HNT-Ⓐ and HNT-Ⓓ (indicated by the dash line), showing an extra work 
hardening induced by LNT structure. Moreover, such extra work 

Fig. 2. Engineering stress-strain curves (a) and work hardening rate Θ -true strain curves (b) of LNT Cu compared with HNT-Ⓐ and HNT-Ⓓ. The inset in (b) shows 
the work hardening rates at true strains ε = 1% and 3% of LNT Cu with various interface spacing l. The dash lines represent the rule-of-mixture (ROM) work 
hardening rates at ε = 1% and 3% as indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. (a) True stress-strain curves of loading-unloading-reloading (LUR) tests for LNT Cu in comparison to HNT Cu. (b) Definition of back stress, σb and effective 
stress, σeff at unloading based on Dickson’s method in a magnified unloading-reloading loop of LNT-50 sample. The variation of back stress (c) and effective stress (d) 
with true strains of HNT Cu and LNT Cu. (e) Back stress, σb,2% (y axis on the left) and the extra back stress σextra

b,2% (y axis on the right) at true strain of 2% as a function 
of layer thickness. (f) Effective stress at true strain of 2%, σeff,2%, varies with interface spacing l. The dash lines in (e) and (f) represent ROM back stress σROM

b,2% and ROM 
effective stress σROM

eff,2%by averaging two HNT Cu, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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hardening increases substantially with decreasing interface spacing, 
consistent with the improvement of yield strength. However, the work 
hardening at stage III becomes slightly lower and shorter from LNT-200 
to LNT-33. The work hardening rate at a large strain ε = 3% in LNT Cu is 
slightly higher than the ROM value and keeps almost constant as the 
interface spacing decreases (the inset of Fig. 2b). This indicates the extra 
work hardening of LNT Cu mainly happens in the initial deformation 
stage. 

3.2. Back stress and effective stress of LNT Cu 

To further unravel the origin of the extra strengthening, we 
measured back stress and effective stress by partitioning the flow stress 
of LNT Cu in comparison to HNT Cu. The loading-unloading-reloading 
tensile tests were performed to measure back stress and effective stress 
of LNT Cu by using classic Dickson’s method [39,40]. From Fig. 3a, the 
flow stress increases substantially from LNT-200 to LNT-33 and the flow 
stress of LNT-33 even surpasses that of HNT-Ⓐ, all of which are 
consistent with the results of continuous tension tests in Fig. 2a. 

We take a branch of loading-unloading-reloading tensile curve of 
LNT-50 as an example to show the stress-strain response of LNT Cu 
samples, as shown in Fig. 3b. Upon unloading after deformation at ε =
2.4%, LNT-50 sustains a transient elastic deformation and quickly 
yields. The unloading curves noticeably deviates from the elastic 
unloading despite the applied stress remains tensile. Such a premature 
yielding at unloading is also called Bauschinger’s effect [42], as an in
dicator of the presence of strong back stress. After partitioning flow 
stress based on the unloading curve, we clearly see that the back stress is 
much larger than the effective stress. 

As references for LNT Cu, the back stress and effective stress of two 
HNT Cu samples are introduced firstly. As shown in Fig. 3c, the back 
stress of HNT-Ⓐ increases quickly at initial deformation and reaches a 
saturated value of 336 MPa at ε = 2% (σb,2%), which accounts 75% for 
the flow stress of HNT-Ⓐ. The back stress of HNT-Ⓓ has similar incre
ment with straining but σb,2% slows down to 163 MPa, which still con
tributes 65% for the flow stress of HNT-Ⓓ. Such high back stress of HNT 
Cu sample has been reported and is attributed to incompatible defor
mation between twin and matrix [34]. 

Back stresses of all LNT Cu samples also increase quickly at small 
strains and moderately after ε = 2%. σb,2% of LNT-200 is 252 MPa, 
contributing 72% for the flow stress. From LNT-200 to LNT-33, σb,2% 

increases substantially. Noted that as for LNT-33 with the smallest 
interface spacing, σb,2%reaches 363 MPa, almost 78% of flow stress. Both 
the absolute value and the relative value of back stress surpass that of 
HNT-Ⓐ. 

In contrary to back stress, the effective stress of LNT Cu is less sen
sitive to the interface spacing, seeing Fig. 3d. The effective stress of HNT 
Cu increases quickly into a saturated value (~100 MPa) at ε = 2%. From 
LNT-200 to LNT-33, the saturated effective stress also varies slightly and 
keeps around 100 MPa. 

Fig. 3e further shows the variation of σb,2% (left axis) and the extra 
back stress σextra

b,2% = σb,2% − σROM
b,2% (right axis) of LNT Cu samples at ε = 2% 

as a function of the interface spacing. The extra back stressσROM
b,2% is 

estimated by averaging σb,2% of HNT-Ⓐ and HNT-Ⓓ, as marked by the 
horizontal dash line. Obviously, σb,2%of all LNT Cu samples are higher 
than σROM

b,2% and increase substantially as the interface spacing decreases. 
σextra

b,2% is as high as 114 MPa in LNT-33 and is comparable to its σextra
Y 

(Fig. 2a). In addition, the effective stresses σeff,2% of LNT Cu samples are 
independent on the interface spacing and comparable to its σROM

eff,2%, as 
shown in Fig. 3f. These results indicate the extra strengthening of LNT 
Cu stems substantially from the improvement of back stress instead of 
effective stress. 

3.3. Gradient strains across interfaces in LNT Cu 

The characterization of gradient strain across the interfaces between 
neighboring components can offer the insight into the intrinsic defor
mation mechanism [35]. As illustrated in Fig. 4a, the height on lateral 
surface (x-z plane) was measured to calculate the distribution of εy of 
LNT Cu. The lateral surface of as-prepared LNT-200 sample are quite flat 
except for a negligible variation arising from the mechanical polishing, 
as shown in Fig. 4b1. After deformation at ε = 3% (Fig. 4b2), the height 
of component Ⓓ is lower than that of component Ⓐ. By averaging 
height along the tensile direction (x axis), the average height profile 
across the sample thickness (z axis) is shown in Fig. 4b3. The average 
height keeps constant across all sections of as-prepared LNT-200, but 
becomes lower in the core at ε = 3%. The net change of height profile 
can be obtained by subtracting the original height profile before defor
mation from that after deformation. By using Eq. (3), we attain the 
distribution of relative lateral strain Δεp

y, as shown in Fig. 4b4. The ab
solute |Δεp

y| increases gradually across the interface from Ⓐ to Ⓓ. |Δεp
y|

reaches maximum in the middle of component Ⓓ and minimum at 
surface of component Ⓐ, both of which are at positions of roughly half of 
interface spacing (l/2) away from the interface. The largest lateral strain 
discrepancy between Ⓐ and Ⓓ, Δεp,A− D

y , reaches 0.16% for LNT-200 
(Fig. 4b4). 

By smoothening and differentiating the curve of Δεp
y in Fig. 4b4, we 

obtain the distribution of strain gradient ηy in Fig. 4b5, where ηy reaches 
the largest (21 m− 1) at interfaces, decreases gradually away from the 
interface, and becomes ~0 in the middle of component Ⓓ or at surfaces 
of component Ⓐ. The width of the area covered by the non-zero strain 
gradient on both sides of the interface is defined as the IAZ with a 
thickness larger than 100 µm for LNT-200, which is indicated by red 
region in Fig. 4b5. 

Similarly, LNT-100 also exhibits typical gradient deformation, as 
shown in Figs. 4c1-c5. Compared to the relative flat lateral surface 
(Fig. 4c1) of as-prepared LNT-100, the height contour of LNT-100 at ε =
3% exhibits two-period variations (Fig. 4c2), consistent with their 
component stacking (Fig. 1b1). By comparing the average height pro
files before and after deformation (Figs. 4c3& 4c4), two typical triangle 
peaks of Δεp

y are also observed at the position of ~l/2 away from 
interface between component Ⓓ and Ⓐ, respectively. Δεp,A− D

y of LNT- 
100 is 0.09%, which is smaller than that of LNT-200. From Fig. 4c5, 
the whole section is almost covered by non-zero ηy, i.e., IAZs spreads all 
over the LNT-100 sample along thickness. The largest ηy still appears at 
the interfaces and gradually decreases away from the interfaces. 

The distributions of height and Δεp
y of LNT-50 and LNT-33 are shown 

in Figs. 4d1-d5 and 4e1-e5, respectively. At ε = 3%, both deformed 
samples exhibit multiple-periodic gradient-distributed height and Δεp

y. 
Δεp,A− D

y decreases from 0.04% to 0.03% when the interface spacing de
creases from 50 to 33 µm. 

Fig. 4f and 4g summary the variation of Δεp,A− D
y and ηy at interfaces 

of LNT Cu with varying interface spacing, respectively. As shown in 
Fig. 4f, Δεp,A− D

y decreases with decreasing interface spacing. That means 
the incompatible deformation between different components is reduced 
with decreasing the interface spacing. Interestingly, ηy at interfaces of 4 
LNT Cu samples almost keeps constant ~20 m− 1, which suggests that ηy 

is a salient feature of interfaces, independent on the interface spacing. 

3.4. Interface-mediated hardening of LNT Cu 

We take LNT-200 as an example to further characterize the defor
mation behavior by measuring the hardness distribution across the vi
cinity of interface before and after tension. The net hardness increment 
ΔH at a given position can be estimated by 
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ΔH = H − H0 (4)  

where H and H0 are the hardness after and before tensile deformation, 
respectively. Comparing the results in Figs. 5a1 and 5a2, the hardness of 
HNT-Ⓐ almost keeps the same at both ε = 0 and ε = 1%, which means 
ΔH of HNT-Ⓐ is near zero, as indicated by horizontal dash line in 
Fig. 5a2, which is consistent with its limited work hardening capacity 
(Fig. 2b). Component Ⓐ in LNT-200 also exhibits a negligible hardness 
increment at applied strains from ε = 1% to ε = 5%, as shown in 
Figs. 5b1 and 5b2. 

However, the hardness of component Ⓓ in both HNT-Ⓓ and LNT- 
200 increase substantially with increasing strain, as shown in 
Figs. 5b1 and 5c1. As seen in Fig. 5c2, the average ΔH of HNT-Ⓓ at ε =
1% is 0.03 GPa, which is obviously lower than ΔH (0.09 GPa at inter
face) of Ⓓ in LNT-200. As a result, an extra ΔH (0.06 GPa at interface) of 
component Ⓓ is produced in LNT-200 at ε = 1%, as indicated by shadow 
between solid and dash lines in Fig. 5b2. Interestingly, the peak values of 
ΔH (and the extra hardening) reaches at the interface and decreases 
gradually away from the interface. As the applied strain increases up to 
ε = 5%, ΔH and corresponding extra hardening at the interface increase 
noticeably to 0.2 GPa and 0.09 GPa, respectively. 

3.5. Dislocation behaviors at interfaces in LNT Cu 

The interface-mediated strengthening or hardening is closely related 
to the GNDs storage as a geometrical requirement for accommodating 
strain gradient according to the theory of strain gradient plasticity 

[17–19]. EBSD and TEM observations of LNT-50 are further performed 
to detect the interface mediated dislocation behaviors. From the EBSD 
orientation mapping for the region across interfaces of as-prepared 
LNT-50 (Fig. 6a1), most of grains in component Ⓐ and Ⓓ exhibit 
strong (111) texture due to presence of the preferentially orientated TBs. 
Nearby the interface, component Ⓓ has large columnar grains, but 
component Ⓐ has tiny grains with random orientation, implying a huge 
discrepancy in microstructure beside the interface. 

Comparing the EBSD mappings of LNT-50 at ε = 1% (Fig. 6b1) and ε 
= 5% (Fig. 6c1) to the as-deposited one (Fig. 6a1), no significant 
changes in grain morphologies are observed. But dislocation densities 
are improved substantially in components Ⓐ and Ⓓ, especially at in
terfaces, seeing Figs. 6b2 and 6c2 relative to Fig. 6a2. By averaging the 
dislocation density at a given position, we obtain the distribution of 
average dislocation density across the interface in LNT-50, as shown in 
Fig. 6d. Before deformation, the dislocation density of component Ⓐ is 
slight higher than that of component Ⓓ. At ε = 1%, there is a peak of 
dislocation density at the interface, i.e., dislocation density at the 
interface is higher than that in component Ⓐ or Ⓓ. Peak value increases 
with increasing strain. As the applied strain increases up to ε = 5%, the 
peak of dislocation density is as high as 1015 m − 2 at the interface. 

The dislocation morphologies near the interfaces of LNT-50 at ε =
3% are examined by TEM, as shown in Fig. 7. Low-magnification TEM 
image in Fig. 7a shows a sharp interface (dash lines) between component 
Ⓐ and Ⓓ. As the grain size of component Ⓓ is more than 20 μm along 
the direction perpendicular to the interface (or TBs), so the dislocation 
morphologies near the interface (labeled 1 in Fig. 7a) and ~15 μm far 

Fig. 4. Characterization of gradient lateral strain of LNT Cu. (a) Illustration of height profile on the lateral surface (x-z plane) measured by CLSM, where x, y and z 
axes are indicated. The measured height contour on the lateral surface of LNT-200 deformed at ε = 0 (b1) and ε = 3% (b2). (b3) Average height profiles at ε = 0 and 
3%, as obtained from (b1) and (b2), respectively. The distribution of relative lateral strain Δεp

y (b4) and lateral strain gradient (b5) of LNT-200. (c1-c5), (d1-d5) and 
(e1-e5) are same as (b1-b5) except for LNT-100, LNT-50 and LNT-33, respectively. The variation of lateral strain difference between component Ⓐ and Ⓓ Δεp,A− D

y (f) 
and lateral strain gradient ηyat interface (g) with interface spacing l. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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away from the interface (labeled 2) are characterized, respectively. 
As shown in Figs. 7b-d, Region 1 has a lot of dislocation lines 

traversing multiple twin lamellae or plied up at TBs. Mode I dislocations 
with both glide plane and direction inclined to TBs [33] are identified by 
green arrows in Fig. 7c under diffraction vector of gT = gM = 111. The 
density of Mode I dislocation is about 4.1 × 1013 m− 2. Mode II dislo
cations (orange arrows) with glide plane inclined to TBs but glide di
rection parallel to TBs are identified by the diffraction vector of gT = 200 
(Fig. 7d). Recently, Mode II dislocations have been further revealed as 
tans-twin dislocations which can span multiple nanotwin lamellae on 
the corrugated slip planes [43]. Mode II dislocation density is estimated 
as 0.8 × 1013 m− 2, which is lower than Mode I dislocation. Mode I 
dislocations are less observed in HNT Cu [32,33] but prominently in LNT 
Cu, which might be related to the nucleation sites [26] and feasible 
stress state [44] at interfaces for Mode I dislocations. 

Dislocation morphology far away from the interface is quite 
different. First, sporadic dislocations traversing multiple twin lamellae 

are observed in Fig. 7e. These dislocations are identified as Mode I 
dislocations from TEM image under diffraction vector of gT = gM = 111 
in Fig. 7f and the dislocation density is estimated as 0.6 × 1013 m− 2, 
which is one-magnitude lower than that in Region 1 (Fig. 7c). Whereas 
Mode II dislocation debris are clearly observed in Fig. 7g and the 
dislocation density is estimated as 3.0 × 1013 m− 2, which is higher than 
that near the interface (Fig. 6d). From above TEM observations, the total 
dislocation density near the interface is higher than that away the 
interface. 

3.6. Interface-mediated deformation mechanism of LNT Cu 

Above experimental results clearly indicate that the extra strength
ening of LNT Cu increases with decreasing the interface spacing, 
consistent with the results of laminated structures without nanotwins [4, 
7-10,45,46]. For a better understanding on the strengthening mecha
nisms of laminated metals, we normalized the extra strength as 

Fig. 5. The hardening of soft Ⓓ and hard Ⓐ 
components in LNT Cu in comparison to cor
responding HNT Cu samples. Hardness distri
bution of HNT-Ⓐ (a1), LNT-200 (b1) and HNT- 
Ⓓ (c1) at tensile strains ε = 0, 1%, 3% and 5%. 
(a2-c2) are same as (a1-c1) except for the 
hardening ΔH defined as the hardness incre
ment after deformation relative to that before 
deformation. The position at zero in (b1 and b2) 
indicates the position of interface. The hori
zontal dashed lines in (a2-c2) indicate the 
average hardening of HNT-Ⓐ and HNT-Ⓓ at 
different applied strains. The shadows in (b2) 
indicate the extra hardening of LNT-200 rela
tive to HNT Cu. (For interpretation of the ref
erences to color in this figure legend, the reader 
is referred to the web version of this article.)   

Fig. 6. EBSD orientation mapping (a1, b1, c1), corresponding dislocation density mapping (a2, b2, c2) and the average dislocation density variation (d) across the 
interface of LNT-50 at ε = 0, 1%, 5%. The dashed line in (d) indicates the position of interface. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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σextra
Y /σROM

Y of different samples in the literature and summarized all data 
in Fig. 8. Taking the laminated Cu/Cu10Zn as an example, the extra 
strengthening of conventional laminated materials is getting obvious 
(σextra

Y /σROM
Y =4%) only when the interface spacing is less than 25 μm [7, 

8]. As the interface spacing further decreases into 3.7 μm, σextra
Y /σROM

Y 

increases up to 23% [8]. However, the curve of σextra
Y /σROM

Y vs. the 
interface spacing of LNT Cu lies above the data of conventional lami
nated materials, and the extra strengthening reaches about 35% at an 

Fig. 7. Dislocation morphologies near and away from interface in LNT-50 at ε = 3%. (a) Low-magnification TEM image across the interface. The white rectangle 
region 1 and 2 in (a) are magnified into (b, c, d) and (e, f, g), respectively. (c, f) and (d, g) are imaged using two-beam diffraction with vectors of gM = gT = 111 and 
gM = 200, respectively. The black dash line in (a) outlines the interface between component Ⓐ and Ⓓ. Mode I and Mode II dislocations are indicated by green and 
orange arrows, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. The variation of normalized extra strength σextra
Y /σROM

Y with interface spacing l of LNT Cu in comparison to conventional laminated metals without nanotwins. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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interface spacing of 33 μm. Obviously, the extra strengthening effect of 
LNT Cu is much more significant. 

Still by taking Cu/Cu10Zn [7,8] as an example, it shows that the 
extra strengthening stems from the interfaced-mediated deformation in 
conventional laminated metals. The multiple-slip dislocations dominate 
the plastic deformation of Cu or Cu10Zn component composed of 
random coarse- or nano-grains. Dislocations move to the interface and 
pile up by the interface as a barrier, yielding obvious strain concentra
tion [8,16]. These piled-up dislocations at interfaces produce long-range 
back stresses for incoming dislocations from the same dislocation 
sources in the vicinity of the interface [47]. Obviously, the dislocation 
pile-up or strain concentration and the resultant strengthening mainly 
concentrate nearby the interface, forming into IAZs of ~15 μm in the 
width [8]. 

On the contrary, a different deformation mechanism (Figs. 4-7) 
related to specific Mode II dislocations dominates the deformation of 
LNT Cu, due to the preferentially orientated nanotwins are parallel to 
TBs during tensile deformation [32,48]. Mode II dislocation nucleates 
from grain boundary in the columnar grain, glides parallel to TBs. That 
means, Mode II dislocations move in parallel to the interfaces (or TBs), 
which avoids dislocation piled-up or strain concentration at interfaces in 
LNT Cu. 

The interface-mediated gradient deformation of LNT Cu originates 
from the progressive yielding from component Ⓓ to Ⓐ. Component Ⓓ 
with a lower yield strength yields first. Whereas component Ⓐ with a 
higher yield strength deforms plastically later. As a result, the plastic 
tensile strain decreases across the interface from component Ⓓ to Ⓐ. 
HNT structure exhibits a strong anisotropic plastic deformation where 
the lateral strain parallel to TBs (εy) is 7 time larger than that perpen
dicular to TBs (εz), i.e., εy is approximately equal to the tensile strain εx 

[48], the gradient distribution of εy across interfaces between two 
components is obvious (Fig. 4). As geometrical requirement of the strain 
gradient between both components, the net Burgers vector of GNDs is 
parallel to interfaces (or TBs), based on the classic Burgers circuit 
analysis [17,49]. From this, GNDs can be Mode I or/and Mode II dis
locations, both of which have dislocation components parallel to TBs 
[32,33]. Therefore, numerous Mode I and Mode II dislocations appear 
near interfaces, resulting in higher total dislocation density at the in
terfaces than that away the interface (Fig. 7). 

The GNDs induced extra strengthening can be understood in terms of 
isotropic and kinematic hardening [22,34]. The isotropic hardening 
originates from the forest dislocation hardening and corresponds to the 
effective stress [40]. The GNDs-associated effective stress σeff can be 
estimated using the developed Taylor formula by Mughrabi [50]. 

σeff = αMμb
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρSSD + βρGND

√
(5)  

where α is a factor related to dislocation distribution, M is Taylor co
efficient, μ is shear modulus, b is Burgers vector, ρSSDand ρGND are sta
tistically stored dislocation (SSD) density and GND density, respectively. 
β is a factor to depicting the possibility of GNDs tangling with SSDs [50]. 
Since the net Burgers vectors of GNDs are parallel to those of Mode II 
dislocations as mentioned above and more GNDs are accumulated at the 
interface, rather than randomly scattered throughout the components 
(Figs. 6 and 7), these GNDs have less chance to tangle with Mode II 
dislocations and show negligible contribution to the effective stress 
(Fig. 3f). 

Due to the superposition of stress fields from GNDs with the same 
sign, a directional and long-range resistance is imposed to mobile dis
locations especially for Mode II dislocations with Burger vectors parallel 
to GNDs. The dislocation resistance is called back stress and is propor
tional to GND density, which can be expressed by [34,35,51] 

σb = κMμbdρGND (6)  

where κ is a factor related to GND distribution [36] and d is the grain 
size. From the experimental observations in Figs. 4, 6 and 7, GNDs are 

produced in the IAZs where gradient deformation happens, i.e., strain 
gradient is non-zero. Accordingly, the back stress is produced in the 
IAZs. 

Impressively, IAZs of LNT Cu are much more dispersed, ~100 μm in 
width, than those of other laminated materials (~15 μm) [8]. The 
dispersed IAZ of LNT Cu is related to the formation of gradient distri
bution of strain gradient (or GND density) which reaches maximum at 
interfaces, decreases gradually away from the interface and becomes 
minimum in the middle of components (Figs. 4, 6 and 7). With 
decreasing the interface spacing, the IAZs of neighboring interfaces 
overlap, as shown by the constant strain gradient in Fig. 4g. That also 
suggests the extra strengthening extends to whole sample when the 
interface spacing becomes less (Figs. 5-7), rather than only concen
trating in the vicinity of interfaces, thus the overall extra strengthening 
of LNT Cu becomes superior to other laminated structures (Fig. 8). Ac
cording to Eq. (6), the back stresses induced by GNDs exhibit a similar 
distribution, i.e., the extra strengthening/hardening becomes stronger 
near the interfaces (Fig. 5). As the interface spacing decreases, the 
minimum value of extra strengthening becomes larger in the middle of 
each component, which results in an overall improvement in the extra 
strengthening/hardening of the LNT Cu. 

Interestingly, the strain gradient at interfaces is independent on the 
interface spacing, which might be a salient feature of LNT structures. 
The strain gradient originates from deformation incompatibility due to 
the strength/strain discrepancy between two neighboring components 
beside the interface. Due to the strong anisotropic plastic deformation of 
nanotwinned structure, the lateral strain difference Δεp,A− D

y is equalized 
to the tensile plastic strain Δεp,A− D

x . Δεp,A− D
x is numerically equal to the 

elastic strain difference Δεe,A− D
x , 

Δεp,A− D
x = Δεe,A− D

x =
ΔσA− D

E
(7)  

where ΔσA− D is the flow stress difference between two components and 
E is elastic modulus. It follows that the strain difference can also 
represent the flow stress difference. As a result, the constant strain 
gradient and resultant extra strengthening at interfaces results in the 
reduction of stress discrepancy ΔσA− D and strain discrepancy Δεp,A− D

y 

between two components when the interface spacing decreases. 
From experimental results, the gradient deformation mechanism 

across the interfaces between adjacent components allows LNT Cu to 
achieve superior extra strengthening over conventional laminates, 
which is dominated by interface-mediated strain concentration or 
dislocation pile-up [8,16]. The gradient deformation of LNT Cu benefits 
from preferentially orientated nanotwins which promote the movement 
of dislocations parallel to the interfaces rather than piling up at in
terfaces. It follows that, in addition to changing the interfacial spacing, 
tailoring the component microstructures by nanotwins is another 
effective strategy to tune the deformation mechanism of laminated 
metals and improve their mechanical properties. 

4. Conclusion 

The yield strength and work hardening at small strains of LNT Cu are 
higher than those predicted by ROM and increase with decreasing the 
interface spacing, showing superior extra strengthening than that of 
conventional laminated materials without nanotwins. A more dispersed 
IAZ, as large as 100 μm in width, is detected in LNT Cu, in which the 
strain gradient (or GND density) reaches maximum at interfaces and 
decrease gradually far away from the interface, rather than only 
concentrating in the vicinity of interfaces in the conventional laminated 
materials. The constant strain gradient at interfaces results in an 
improved overall extra strengthening and a reduced stress/strain 
discrepancy between components of LNT Cu when the interface spacing 
decreases. Such interface coordinated gradient deformation mechanism 
between neighboring nanotwinned components sheds lights on a novel 
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mechanism for tailoring laminated materials with superior mechanical 
properties. 
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