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a b s t r a c t 

Anisotropic tensile behaviors of a heterogeneous nanostructured Cu composed of isotropic nanograin ma- 

trix and anisotropic nanotwin bundles were investigated under loading directions parallel, normal, and 

45 ° inclined to the twin boundaries (TBs). Distinct from the anisotropic strengthening effect in the ho- 

mogeneous nanotwinned (NT) counterpart, the heterostructure exhibits the highest strength under paral- 

lel tension, and moderate strength under normal tension. High-resolution digital image correlation anal- 

ysis indicated an orientation-dependent deformation compatibility between the nanotwin bundles and 

nanograin matrix, i.e., compatible deformation in the parallel orientation; but significant incompatibility 

in orientations both normal and 45 ° inclined to TBs. The results reveal that the strengthening effect of 

nanotwins in heterogeneous nanostructure is not only dependent on the strength of themselves, but also 

influenced by the deformation compatibility with surrounding components. The orientation-dependent 

deformation compatibility was attributed to the interactions between isotropic shear bands in nanograin 

matrix and anisotropic deformation in nanotwin bundles. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Heterogeneous structures (HS), including nanotwinned struc- 

ure [ 1 , 2 ], dual-phase structure [ 3 , 4 ], heterogeneous lamellar struc-

ure [ 5 , 6 ], gradient structure [ 7 , 8 ], and harmonic structure [9] , etc.,

hich are constructed by components with dramatic differences 

n microstructure, length scale or chemical composition, have at- 

racted extensive interest in the past few years due to their supe- 

ior mechanical properties. The combination of high strength, con- 

iderable ductility [10] , enhanced strain hardening capacity [7] , and 

mproved fatigue and fracture resistances [ 11 , 12 ] can be achieved 

n such heterogeneous metallic materials, which are generally not 

ttainable in conventional homogeneous materials. Generally, the 

mproved integrated mechanical properties in heterogeneous ma- 

erials are supposed to be arising from heterogeneous deformation 

nduced strengthening or strain hardening [13] intimately related 

o mutual constraint of microstructural components with strong 

echanical discrepancy. 
∗ Corresponding author. 
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When high density of multiple nanotwins, namely nanotwin 

undles (NTBs), are embedded into a nanograin (NG) matrix, a 

igh strength is achievable with considerable fracture toughness 

aintained [14–18] , where NTBs act as ideal strengthening and 

oughening components to the NG matrix. In principle, TBs are ef- 

ective in blocking dislocation motion; at the same time, they re- 

ain ample room for dislocation accumulation and storage, and re- 

ist micro-void nucleation and fracture [ 2 , 19–21 ]. For instance, the 

16L austenite stainless steels can be strengthened to as high as 

1.3 GPa by embedding a volume fraction of ~24% NTBs through 

ynamic plastic deformation (DPD). The strength of NTBs is esti- 

ated to be ~2.0 GPa [14] . Similar strengthening effect was also 

chieved in heterogeneous nanostructured Cu [22–24] , Cu–Zn alloy 

 25 , 26 ], Cu–Al alloy [27] and other metallic materials composed of 

TBs and nano-grains or coarse-grains as matrix [28–30] . 

In spite of exciting success in strengthening various metals and 

lloys by introducing NTBs, studies regarding the influence of TB 

rientation on their strengthening effect are still missing, owing 

o the limited available sample dimensions [31] . It is well-known 

hat the heterogeneity of length scale in the nanotwins unit (with 

arge twin length in the micrometer scale while tiny twin thickness 

n the nanometer scale) leads to three different dislocation modes 

n the plastic deformation: (i) dislocation pile-up and slip trans- 

er across TBs (Hard Mode I), (ii) threading dislocation glide in the 

https://doi.org/10.1016/j.actamat.2021.116830
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116830&domain=pdf
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win/matrix lamellar channels (Hard Mode II), and (iii) TB migra- 

ion mediated by motion of partial dislocations parallel to TBs (Soft 

ode, also named Mode III) [ 32 , 33 ]. These three dislocation modes

ominate the plastic deformation with normal, parallel and 45 ° in- 

lined to TBs, respectively, resulting in strong anisotropy in both 

ield strength and strain hardening [32] . As a result, the electro- 

eposited Cu with homogeneous highly oriented nanoscale twins 

xhibits highest strength when the loading axis is normal to TBs, 

oderated strength parallel to TBs, and lowest strength inclined 

5 ° to TBs [32] . 

Besides anisotropic strengthening, the orientation-dependent 

eformation compatibility should also be taken into account since 

he different strain partitioning is unavoidably prevalent due to the 

istinctly diverse deformation behavior of NTBs at different load- 

ng directions [ 5 , 13 , 34–36 ]. The deformation compatibility would 

lso influence the global mechanical behavior of the materials 

ith heterogeneous structures [ 5 , 6 , 37 , 38 ]. Previous studies [ 39 , 40 ]

n the nanotwinned austenitic steel have shown that the nan- 

twinned grains deform compatibly with the surrounding recrys- 

allized grains without causing noticeable strain localization at 

heir interfaces [ 41 , 42 ]. However, only the case with loading di-

ection almost parallel to the TBs is studied, both the anisotropic 

trengthening and deformation compatibility related to NTBs in the 

ybrid microstructure are still elusive. 

In this study, we investigate the anisotropic tensile behavior of 

he heterogeneous nanostructured Cu composed of NTBs and NG 

atrix. This is a bulk sample with sufficiently large size in three 

imensions; as a consequence, tensile tests can be conducted with 

oading directions parallel to, normal to and inclined 45 ° with re- 

pect to TBs. Evolution of local strain and strain partitioning in 

he heterogeneous microstructure are studied by interrupted ten- 

ile tests in combination with high-resolution digital image corre- 

ation (HR-DIC) analysis. 

. Experimental details 

.1. Sample preparation 

High-purity coarse-grained Cu (99.995 wt.%) with an average 

rain size of ~360 μm was processed on a DPD facility at liquid 

itrogen temperature. The set-up and processing procedures have 

een described in detail in Refs. [ 43 , 44 ]. In this study, to synthesize

ulk DPD Cu samples sufficiently thick for tensile tests in different 

irections, cylindrical Cu samples with an initial height of 62 mm 

nd a diameter of 30 mm were prepared and subjected to multi- 

le DPD impactions. Limited by the impact energy of the DPD facil- 

ty, the treatment process was interrupted when the sample height 

as reduced to ~38 mm. A cylindrical sample with a diameter of 

0 mm was then cut from the center of the intermediate prod- 

ct by electrical discharge machining (EDM), and subjected to the 

PD treatment again. The final dimension of the DPD Cu disc was 

14 mm in thickness and ~45 mm in diameter, with a total accu- 

ulative strain of ~1.5. The accumulative strain here is defined as 

 = ln( h i / h f ) , where the h i and h f are the initial and final sample 

hicknesses, respectively. 

.2. Mechanical tests 

Uniaxial tensile tests were performed on an Instron 5848 

icro-tester at a strain rate of 5 × 10 –3 s –1 at ambient tempera- 

ure. A contactless MTS LX300 laser extensometer with a displace- 

ent resolution of 1 μm is used to accurately measure the im- 

osed strain. Dog-bone-shaped tensile specimens were cut from 

he DPD disc by EDM with a length of 5 mm, a width of 2 mm, and

 thickness of 0.5 mm in the gauge section. To probe the orienta- 

ion dependence of the mechanical response of the DPD Cu, we 
2 
onducted tensile tests in three different orientations, i.e., parallel, 

ormal, and 45 ° inclined to TBs (hereafter referred to as sample- 

, sample-N and sample-I, respectively), as schematically shown in 

ig. 1 a. The stress-strain curves of each sample were obtained from 

t least three individual tensile tests to confirm the reproducibility 

nd to get the standard errors. The yield strengths were calculated 

t 0.2% offset strain. 

Nanoindentation tests were performed on the cross-section of 

PD Cu with the indenter pressed parallel to the TBs, using an 

gilent G200 Nanoindenter with a load of 5 mN and a loading 

ime of 10 s. Before the indentation tests, a region containing 

oth nanotwins and nanograins were identified by an FEI Nova 

anoSEM 460 scanning electron microscopy (SEM) under back- 

cattered electron (BSE) imaging mode. Then a regular array of in- 

entations covering the identified regions were tested to investi- 

ate the hardness and elastic modulus of the different microstruc- 

ural components. The spacing of two adjacent indentations was 

10 μm to avoid any overlapping effect. 

.3. Interrupted tensile experiments and digital image correlation 

The interrupted tensile tests were performed by using the In- 

tron 5848 micro-tester while the ex-situ observations of the ten- 

ile specimens were conducted by using an FEI Nova NanoSEM 450 

EM under secondary electron imaging mode. The initial reference 

mages with typical regions that containing both NTBs and NG ma- 

rix were taken prior to tensile tests from the gauge that were pre- 

iously etched by a Fe(III) chloride + HCl solution to visualize the 

icrostructure and produce random speckle patterns for DIC mea- 

urements. After tensile deformation at three given strains of 1.0% 

near the maximum stress point), 1.5% (after the maximum stress 

oint) and 2.0%, the corresponding SEM images in the tensile- 

eformed samples were acquired from the regions same with the 

nitial reference images, respectively. 

The in-plane strain fields at the microscopic scale were ob- 

ained using an open-source DIC Matlab program (Ncorr), which 

s constructed by comparing the SEM images at each deforma- 

ion step with the corresponding initial reference images. Further, 

 post-processing application (Ncorr post CSTool) was also imple- 

ented to extract and display the strains along a certain profile. 

.4. Microstructure and fracture feature characterizations 

The microstructures of as-processed and tensile-deformed DPD 

u were characterized by the FEI Nova NanoSEM 460 SEM with 

SE imaging mode, while the more detailed microstructure of as- 

rocessed DPD Cu was examined by a JEOL 2010 transmission 

lectron microscopy (TEM) operated at an accelerating voltage of 

00 kV. SEM samples were first mechanically polished and then 

lectro-polished in an electrolyte of phosphoric acid (25 Vol.%), al- 

ohol (25 Vol.%) and deionized water (50 Vol.%) under 5 V for 30 s 

t ambient temperature. The TEM foils with a diameter of ~3 mm 

ere thinned by twin-jet polishing in the same electrolyte at a 

emperature of −10 °C. The microstructure evolution of the etched 

pecimens and the fracture surfaces after tensile tests were exam- 

ned by the FEI Nova NanoSEM 450 SEM under secondary electron 

maging mode. 

. Results 

.1. Microstructure 

The SEM images in Fig. 1 b show the three-dimensional (3D) mi- 

rostructure of DPD Cu along the radial direction (RD), tangential 

irection (TD) and axial direction (AD). Observations on transverse 
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Fig. 1. (a) Schematic of the tensile specimens and their orientations in the DPD disc. (b) SEM images projected on a cube to visualize the microstructure of DPD disc in the 

radial direction (RD), tangential direction (TD) and axial direction (AD), respectively. (c) Typical cross-sectional microstructure of DPD Cu, showing nanotwins (denoted as NT , 

the underscore indicated the direction parallel to TBs, the same as that in following figures) in the form of bundles embedded in a matrix of nanograins (denoted as NG). 

(d) Detailed TEM observation showing NTs with a high density of dislocations accumulated at the TBs and the corresponding SAED pattern. (e) Bright-field of the elongated 

nanograins and the SAED pattern of the corresponding area. (f) Statistical angle distribution of TB traces with respect to the horizontal direction. (g) Twin lamellae thickness 

distribution and (h) transverse and longitudinal nanograins size distribution. 
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lane ( Fig. 1 c) clearly reveal a hybrid microstructure with spindle- 

haped NTBs (outlined by dash lines) embedded in NG matrix. The 

TBs with an average longitudinal size of 86 ± 18 μm and an av- 

rage transverse size of 29 ± 9 μm occupy a volume fraction of 

30%. Fig. 1 f shows the statistical histogram of the inclination an- 

les of TBs within the NTBs with respect to the compression plane 

horizontal direction in Fig. 1 c). Evidently, over 80% of the TBs are 

nclined smaller than 10 ° to the horizontal direction, namely they 

re predominately perpendicular to the DPD compression direc- 

ion (marked by the double arrows in Fig. 1 a). TEM observations in 

ig. 1 d show that plenty of dislocations are present at TBs and in-

ide twin interiors. The average thickness of twin/matrix lamellae 

s ~46 nm ( Fig. 1 g). Except for the nanotwin bundles, the remain-

er is nanograins, as revealed by TEM observations in Fig. 1 e. Most 

anograins are aligned and slightly elongated with an aspect ratio 

f ~2.5. The average transverse and longitude grain sizes are ~84 

m and ~214 nm, respectively ( Fig. 1 h). The selected area electron 

iffraction (SAED) pattern in Fig. 1 e indicates that the randomly 

riented nanograins are separated by high-angle grain boundaries. 

.2. Mechanical properties 

Fig. 2 a displays the engineering stress-strain curves for the DPD 

u specimens under different loading orientations. Compared with 

heir coarse-grained counterpart, all the DPD Cu samples show 

igh strength but limited uniform ductility, as generally observed 

n the severely deformed metals [45] . Meanwhile, the mechanical 

esponse of DPD Cu is significantly orientation dependent. Sample- 

 exhibits the highest strength, with yield strength σ ys of 535 

4 MPa and ultimate tensile strength σ uts of 580 ± 5 MPa; 

hereas sample-N displays lower strengths ( σ ys = 427 ± 2 MPa 

nd σ uts = 483 ± 9 MPa) and lower fracture elongation ( ε f ~ 3.4%) 

n comparison to that of sample-P ( ε f ~ 4.5%). Sample-I with the 
3 
oading direction inclined 45 ° to TBs shows the lowest strength 

 σ ys = 367 ± 3 MPa and σ uts = 468 ± 6 MPa) but the flow stress 

ecreases slowly after a small yield peak, meaning a higher resis- 

ance to localized deformation. 

Statistical data in Fig. 2 b indicated that the average nanoinden- 

ation hardness in NT regions is 2.58 ± 0.13 GPa, which is ~10% 

igher than the value in NG regions (2.31 ± 0.24 GPa). While the 

lastic modulus is quite close between the two components with 

he average value of 156.6 ± 7.5 GPa in NT regions and 155.4 ± 9.6 

Pa in NG regions ( Fig. 2 c), implying that the NTBs would elasti-

ally homogeneous with the NG matrix during the tensile defor- 

ation. 

.3. Local strain measurement 

In order to explore the deformation behavior of the samples 

t the micro level, we quantified the local plastic strain distribu- 

ions by using interrupted tensile tests in combination with HR- 

IC full-field strain analysis. The local strain distributions of the 

amples at applied strains of 1.0%, 1.5% and 2.0% are shown in 

igs. 3 (a1-a3), (b1-b3) and (c1-c3), respectively, where the strain 

aps with 50% transparency are overlapped with the correspond- 

ng SEM images and the boundaries of NTBs are outlined by black 

ash lines. Obviously, the plastic deformation is rather heteroge- 

eous at the microscale. In particular, the deformation in sample- 

 ( Figs. 3 (a1-a3)) is concentrated in several bands across both NT 

nd NG regions, without any strain partitioning detected between 

he two regions. The strain-localized bands are oriented at ~45 °
o tension axis in NG regions while roughly perpendicular to ten- 

ion axis in NT region. The extracted profiles (vertical dash lines in 

igs. 3 (a1-a3)) show that the cross-section strain distributions in- 

rease with increasing applied strain ( Fig. 3 (a4)). It is noteworthy 

hat the peaks of strain gradient curves (indicated by the black ar- 
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Fig. 2. (a) Tensile engineering stress-strain curves for the differently oriented specimens and the coarse-grained (CG) Cu counterpart for comparison. Statistical distribution 

of nanoindentation hardness (b) and elastic modulus (c) in the NT and NG regions. 

Fig. 3. Local strain fields in sample-P (a1-a3), sample-N (b1-b3) and sample-I (c1-c3) at applied strain of 1.0%, 1.5% and 2.0%, respectively. Extracted cross-section strain 

distributions (a4-c4) and the derived strain gradients (a5-c5) along the profiles (vertical dot-dash lines) depicted in corresponding strain maps, where the dot-dash lines in 

(a4-c4) are the average strain levels in each deformation stage, while the dash lines A, B indicate the position of the NT/NG interface and the black arrows in (a5-c5) indicate 

maximum strain gradient peaks along the profiles. The tensile axes (TA) are represented by the double-headed arrows, the same as that in the following figures. 
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ows in Fig. 3 (a5)) do not exist at the NT/NG interfaces, suggesting 

hat the deformations are coherent within the duplex microstruc- 

ure. 

The strain distribution maps for sample-N in Figs. 3 (b1-b3) re- 

eal that the plastic strain is concentrated in NG matrix while the 

TBs undergo comparatively less deformation. On the contrary, the 

train level of NTBs in the sample-I is much higher than that in the 

urrounding NG matrix (Figs.3 (c1-c3)). For comparison, the verti- 

al cross-section strain distributions and corresponding strain gra- 

ients for sample-N and sample-I are also shown in the Figs. 3 (b4, 

5) and (c4, c5), respectively. Obvious strain gradients exist near 

he NT/NG interfaces with the derived strain gradient curves max- 

mized along the interfaces for the both samples, meaning a sig- 

ificant plastic deformation incompatibility between the NTBs and 

G matrix in these two samples. 

.4. Microstructure evolution 

To get insight of the underlying mechanism of different strain 

artitioning behaviors, we investigated the microstructural evolu- 
4 
ions with increasing applied strain by SEM observations near the 

ecked portion of the three samples. As shown in Figs. 4 (a1, b1) 

or sample-P, plenty of shear bands (indicated by the white ar- 

ows) making an angle of ~45 ° with respect to tensile axis are 

lready initiated in NG region at the applied strain of 1.0%. Both 

he density and intensity of the shear bands are monotonically en- 

anced with increasing the applied strain up to 2.0% ( Figs. 4 (a2-a3, 

2-b3)). Accompanying the shear bands in the NG regions, distinct 

ine-like deformation bands (indicated by the white triangles) are 

lso prevalent inside the NTB interiors. They are dominantly per- 

endicular to and spread across multiple TBs. More importantly, 

ost of the deformation bands inside the NTBs appear to connect 

ith the shear bands in NG region, suggesting that they are proba- 

ly initiated by the impingement of shear bands in the NG matrix. 

hese line-like deformation bands are distinguished as the traces 

f dislocation slip bands, which will be discussed in section 4.2 in 

etail. 

In sample-N, a large number of shear bands (indicated by the 

hite arrows) can be detected in NG region. Both the density and 

ntensity of shear bands increase with the applied strains as well, 
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Fig. 4. SEM images of etched sample-P at the applied strain of 1.0% (a1, b1), 1.5% (a2, b2) and 2.0% (a3, b3). The nanotwinned regions are denoted as NT , while the 

nanograined regions are denoted as NG and the NT/NG interfaces are marked by dash lines, the same as that in Fig. 5 and 6 . The interactions of micro shear bands and NTBs 

are highlighted in (b1-b3), corresponding to the denoted rectangle regions in (a1-a3). The arrows indicate the micro shear bands in NG region, while the triangles indicate 

the slip bands in NT region. 

Fig. 5. SEM images of etched sample-N at the applied strain of 1.0% (a1, b1), 1.5% (a2, b2) and 2.0% (a3, b3). The interactions of micro shear bands (as indicated by white 

arrows) and NTBs are highlighted in (b1-b3), corresponding to the denoted rectangle regions in (a1-a3). 
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s shown in Fig. 5 . However, distinct from the deformation pro- 

ess in sample-P, the shear bands do not trigger any visible de- 

ormation in the adjoining nanotwins, which means the localized 

eformation within the shear bands are completely impeded by 

he confronted NTBs. This observation is consistent with the strain 

eld analysis in Fig. 3 b, which reveals much smaller strains in 

he NT regions. In addition, caused by such strong obstruction of 
5 
TBs, the density of shear bands in sample-N ( Fig. 5 ) is much

igher than that in sample-P ( Fig. 4 ) at the same applied strains,

mplying a much larger strain concentration in the NG matrix of 

ample-N. 

In sample-I ( Fig. 6 ), the shear bands evolve into different pat- 

erns along two directions of maximum resolved shear stress ( ±45 °
o tension axis). For the micro shear bands in NG region of shear 
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Fig. 6. SEM images of etched sample-I at applied strain of 1.0% (a1, b1), 1.5% (a2, b2) and 2.0% (a3, b3). Lower-magnification images (a1-a3) showing the interaction of 

micro/macro shear bands and NTBs in the direction parallel to TBs. The higher-magnification images (b1-b3) showing interactions of micro shear bands and NTB in the 

direction perpendicular to TBs. The arrows indicate the macro and micro shear bands. 
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irection parallel to TBs, indicated by white arrows in Fig. 6 (a1) 

re first arrested by NTBs at the lower applied strain of 1.0%, and 

hen gradually evolve into macro shear bands, which are inten- 

ive enough to cut through the NTBs, as indicated in Figs. 6 (a2, 

3)). While for another shear direction perpendicular to TBs, the 

hear bands are completely suppressed by the NTBs. As shown in 

igs. 6 (b1-b3), the shear bands are much weaker than the former 

ase, suggesting that they are not responsible for the final speci- 

en fracture. 

.5. Tensile fracture features 

Observations of the fracture surfaces for the samples under 

ifferent loading directions are shown in Fig. 7 . Sample-P and 

ample-I exhibit similar shear failure along fracture planes inclined 

55 ° and ~50 ° with respect to the tensile axis, respectively, as 

hown in Figs. 7 (a1) and (c1); whereas in sample-N, the fracture 

lane is approximately perpendicular to the tensile axis. 

Figs. 7 (a2-c2) show the macro fracture surfaces of the three 

amples. The dotted lines indicate the outline of the fracture sur- 

ace. Obvious localized necking occurs prior to the eventual frac- 

ure for all the samples. The reduction in area � is used for eval- 

ating the degree of strain localization: 

= 

(
A 0 −A f 

)
/A 0 (1) 

here the A 0 and A f are the initial and necked gauge cross- 

ectional area, respectively. As displayed, the necking in sample-N 

s most serious with � as high as 60%, while the sample-I has the 

owest � of 44%, indicating a less localized deformation. All spec- 

mens exhibit a ductile fracture surface characterized by abundant 

imples ( Fig. 7 (a3-c3)), which are approximately equiaxed but 

ith somewhat different depths. The dimples are slightly deeper 

n sample-P, but flatter in sample-N, and become mixed with both 

eep and flat ones in the sample-I. 
6 
. Discussion 

.1. Effect of deformation compatibility on global mechanical 

ehaviors 

It has been recognized that homogeneous two-dimensional 

2D) nanoscale twins exhibit anisotropic strengthening under dif- 

erent loading directions with respect to TBs [ 32 , 33 ], namely signif-

cant strengthening in normal orientation, moderate strengthening 

n parallel orientation, and minor strengthening in 45 ° inclined ori- 

ntation [32] . However, distinct from the anisotropic strengthening 

f homogeneous NT counterpart, the heterogeneous Cu with hybrid 

icrostructure of NTBs and NG matrix exhibits highest strength 

hen the loading direction is parallel to TBs (sample-P), as shown 

n Fig. 2 a, and a moderate strength if the loading direction is nor- 

al to TBs (sample-N). The strain field analysis and SEM observa- 

ions clearly indicate that the flow strengths of the heterogeneous 

anostructured Cu not solely depend on the anisotropic strength- 

ning of NTBs, but also closely related to orientation-dependent 

eformation compatibility between NTBs and NG matrix. 

To quantitatively clarify the degree of deformation compatibility 

etween NTBs and NG matrix under different loading directions, 

e define a parameter R as the strain ratio of two components 

45] , that is: 

 = ε NT / ε NG (2) 

here ε NT and ε NG refer to the average plastic strains in NT and 

G regions, respectively. The variations in average strains in the 

wo regions and the strain ratio as a function of applied strain for 

he three samples are shown in Fig. 8 , where the average strains 

re statistically analyzed from the DIC strain-field maps in Fig. 3 , 

hile the local total strain at each deformation stage is measured 

y attaching a “virtual extensometer” on the corresponding DIC 

ap. Here, the deviation of the local total strains of the observa- 

ion areas from the applied strains arises from the heterogeneity 
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Fig. 7. Planes of the fractured tensile samples and corresponding macro/micro fracture surfaces observations for sample-P (a1-a3), sample-N (b1-b3) and sample-I (c1-c3). 

The angles of fracture plane with respect to the tensile axis for three samples are marked in (a1, b1, c1). The dotted lines in (a2, b2, c2) indicate the outline of the necked 

fracture surface, where the reduction of area is also indicated. 

Fig. 8. Local total strains and statistical average strains in the NG and NT regions versus applied macro strains for sample-P (a), sample-N (b) and sample-I (c). 
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i

n plastic deformation throughout the whole gauge length in the 

ensile specimens. 

As seen in Fig. 8 a, the average strains in NT and NG regions

n sample-P are comparable, and the strain ratio R at the applied 

train of 1.0% (near the strain of necking initiation) is 0.95, in close 

roximity to the perfect equal-strain state of R = 1 [46] . This sug-

ests that ideal co-plastic deformation is activated between NTBs 

nd NG matrix. The plastic strain in the NTBs has already ap- 

roached approximately 0.82% before necking (corresponding to 

he 1.0% applied strain). Considering the fact that NTBs serve as 

trengthening components in sample-P (evidenced by the nanoin- 

entation result in section 3.2 ), we believe that the compatible co- 

eformation of NTBs with the NG matrix takes full advantage of 

heir strengthening effect and effectively improves the overall flow 

trength. 

In contrast, for sample-N, the average strain in the NG region at 

he 1.0% applied strain is ~0.56%, while the NTBs are nearly non- 

eformable with an average strain of only ~0.04% ( Table 1 ). The 

train ratio R is as low as 0.07, an indication of pronounced plastic 

ncompatibility between the two components. Such, even though 

he strength of individual NTBs under normal loading direction is 

he highest, the strengthening effect of them is not fully functional 

ince the NTBs do not deform plastically and cannot achieve full 

ow strength before necking. Consequently, the overall strength 

f sample-N mainly depends on that of the NG matrix. This ac- 
7 
ounts for the lower strength in sample-N, compared to that in 

ample-P. 

There is also obvious deformation incompatibility between 

TBs and NG matrix in sample-I, as shown in Fig. 8 c. The plastic

train is highly localized within the NTBs, exceeding three times 

he average strain in NG matrix at the applied strains of 1.0 – 1.5% 

nd nearly two times of that at the strain of 2.0%. Since the Soft 

ode in nanotwins are easily activated under the inclined loading 

32] , the NTBs in sample-I yield and plastically deform earlier than 

he NG matrix. This is in correspondence with the obvious devia- 

ion from the elastic stage at a rather low stress of approximately 

00 MPa in the engineering stress-strain curve of the sample-I (in- 

icated by the black triangle in Fig. 2 a). The much lower strength 

n NTBs accounts for the least strength in sample-I. 

Another interesting finding is the different tensile fracture be- 

aviors, as revealed in Fig. 7 . Obvious shear fracture takes place in 

ample-P and -I ( Fig. 7 (a1, c1)), caused by the macro shear bands

pread along the direction of maximum shear stress, whereas nor- 

al fracture, approximately perpendicular to tensile axis happens 

n sample-N ( Fig. 7 (b1)), this may be attributed to the macro shear

ands are completely blocked by NTBs and cannot spread freely 

n the direction of maximum shear stress, as verified by the in- 

oherent deformation between NTBs and NG matrix ( Fig. 3 b and 

 ). The NG matrix accommodates the applied strains by multiply- 

ng shear bands quantity towards transverse direction of the spec- 
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Table 1 

Average plastic strains in NG and NT regions, strain ratio of two components and the local total strains at each deformation stage for the differently oriented specimens. 

εapp (%) 

Sample-P Sample-N Sample-I 

ε tot (%) ε NG (%) ε NT (%) R ε tot (%) ε NG (%) ε NT (%) R ε tot (%) ε NG (%) ε NT (%) R 1/ R 

1.0 0.83 0.86 0.82 0.95 0.35 0.56 0.04 0.07 0.24 0.15 0.49 3.27 0.31 

1.5 1.07 1.11 1.04 0.94 0.53 0.76 0.26 0.34 0.29 0.2 0.61 3.05 0.33 

2.0 1.24 1.29 1.17 0.91 1.72 1.97 1.38 0.7 0.56 0.49 0.94 1.92 0.52 

ε app , applied strain; ε tot , local total strain; ε NG , average plastic strain in NG regions; ε NT , average plastic strain in NT regions; R , strain ratio of NT to NG. 
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men or extend shear deformation towards the thickness direction. 

onsequently, severe lateral contraction in the necked region of 

ample-N with the measured � as high as 60%, meaning the plas- 

ic deformation becomes very localized, results in the catastrophic 

ailure occur earlier in sample-N, coincident with its extremely low 

longation to failure of ~3.4% ( Fig. 2 a). 

Whereas the sample-I shows higher resistance to localized de- 

ormation ( Fig. 2 a), this can be attributed to the activation of Soft

ode gives rise to the plasticity in NTBs, which helpful to relieve 

he stress intensity ahead a growing shear band and to stabilize 

hear bands [47] . As a result, the propagation process of macro 

hear bands is effectively delayed. Besides, the dispersed islands of 

oft NTBs promote the deformation extend widely along the gauge 

ength and thus the sample-I shows relatively homogeneous thin- 

ing (not only confined within the necking region), as evidenced 

y the lowest � of 44% ( Fig. 7 (c2)). 

The different dim ple depths in the three samples may be at- 

ributed to anisotropic fracture behavior in NG matrix as a result of 

ts elongated grain shape [48–51] and to the complex interactions 

etween the developed crack with the NTBs, which is beyond the 

cope of this paper and will be discussed in detail in a forthcoming 

aper. 

.2. Mechanisms of the orientation-dependent deformation 

ompatibility 

Due to the suppressed dislocation behavior and limited strain 

ardening, the plastic deformation of nano-sized grains is generally 

arried by shear band nucleation and propagation. Distinct from 

he conventional catastrophic shear bands developed in the homo- 

eneous nanostructured material where they only form in the re- 

ion near fracture and generally only one or several shear bands 

re developed to accommodate imposed global strain, here dense 

nd dispersed shear bands are formed in our heterogeneous nanos- 

ructured sample, as shown in Figs. 4-6 . The formation of dispersed 

hear bands is believed closely related to the microstructural het- 

rogeneity with the NTBs resist shear bands propagations, as fre- 

uently seen in the heterostructured materials [47] . 

The shear banding, as a localized deformation mode, always 

akes place along the macroscopic planes with largest resolved 

hear stresses and is dominated by collective shearing of many 

eighboring grains along their aligned grain boundaries [ 45 , 52–55 ]. 

onsequently, the shear banding is generally believed to be crys- 

allographic orientation (texture) independent. To verify that the 

nisotropic behavior is not linked to potential texture developed in 

he NG matrix, we further measured the inclination angles of shear 

ands with respect to the tensile axis. For the parallel tension, the 

verage shear band inclination angle is 44.2 ± 6.7 °, whereas for the 

ormal tension, it is 46.8 ± 6.4 °. Evidently, both values are close 

o each other and approximately equal to 45 °, irrespective of the 

ample orientation. Therefore, the anisotropic plastic behavior in 

eterogeneous nanostructured Cu can be believed predominately 

elated to the interactions between shear bands in NG matrix and 

he anisotropic NTBs. 

When the shear bands initiated in NG matrix are stopped by 

he NTBs, strong stress concentration will be developed at the 
8 
TBs/NG interfaces [56] . Owning the strong mechanical anisotropy 

n nanotwinned structure [32] , different reactions will take place in 

TBs of different orientations to accommodate the impingement of 

hear bands. For sample-N, the TBs are normal to the tensile axis, 

he stress concentration at NTBs/NG interfaces is not high enough 

o activate the Hard Mode I deformation in nanotwins at the small 

pplied strain ( < 1.0%), owing to the strong nanoscale TBs that 

erves as strong barriers to dislocation glide under this deforma- 

ion mode and thus nucleate dislocations and make them transmit 

cross the nanoscale TBs requires stresses higher than nucleating 

hear bands in nanograins [32] . As an evidence, no plastic strain 

as detected in the NT region ( Fig. 3 (b1)) until the internal stress 

aused by the accumulation of shear bands is intensive enough at 

he higher applied strains of 1.5 ~ 2.0% (after the necking point). 

aused by the fact that the shear bands in NG matrix are strongly 

mpeded by the NTBs, significant strain partitioning appeared in 

he sample-N. 

By contrast, when the tensile direction is parallel to TBs, like 

he case of sample-P, the deformation in NTBs is dominated by 

ard Mode II, namely threading dislocations propagating parallel 

o TBs, which can be activated under a much lower critical stress 

han the Hard Mode I in sample-N [32] . As a consequence, once a 

hear band forming in the NG matrix propagates to a nanotwin 

undle in the sample-P, the local stress concentration could be 

ufficiently high to nucleate threading dislocations from the tip 

f the shear band. This is evidenced by the SEM observations in 

ig. 9 , the line-like deformation features can already be detected 

nside the NTBs of sample-P at the applied strain of 1.0%, bearing 

 strong resemblance to the “zigzag” slip bands in homogeneous 

anotwinned Cu under cyclic deformation with the same load- 

ng direction [ 57 , 58 ], where the “zigzag” slip bands are attributed 

o collective motion of threading dislocations linked by common 

isfit segments on TBs [59] . Caused by such interactions between 

hear bands and threading dislocation slips in nanotwins, the shear 

train can effectively transmit from NG matrix to NTBs. Meanwhile, 

o sustain the constant external applied strain rates, new shear 

ands are nucleated repeatedly, which further make the strain uni- 

ormly distributed transversely along the interfaces between the 

TBs and the NG matrix. As a result, no significant strain incom- 

atibility was built up and thus microscopic strain partitioning did 

ot take place in the sample-P. 

The deformation incompatibility in sample-I is created by the 

TBs that start yielding first to produce plastic strain, while the NG 

atrix remains elastic. However, because the NTBs are completely 

urrounded by the NG matrix, their deformation will be strictly 

estricted, which results in stress concentrations at the NTBs/NG 

nterfaces and transfers the deformation to the NG matrix. As ev- 

denced by the DIC results in Fig. 3 (c1), a certain average strain 

f ~0.15% is already detected in NG matrix at the applied strain 

f 1.0%, where the strain ratio of hard/soft (i.e., 1/ R ) is 0.31 (see

able. 1 ), much higher than the R value of 0.07 in sample-N at 

he same applied strain, suggesting a reduced strain partitioning 

n sample-I, compared with that in sample-N. 

As concerned by strain gradient plasticity theory [ 60 , 61 ], strain 

or stress) gradient at the interface of HARD and SOFT generates 
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Fig. 9. SEM images showing slip bands crossing NTBs in the sample-P with 1.0% applied strain: (a) the slip bands (indicated by white triangles) in the NTBs connected with 

the shear bands (indicated by white arrows) in the NG matrix; (b) the magnified view of the slip bands showing a “zigzag” morphology. 
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eometrically necessary dislocations (GNDs) to accommodate the 

lastic incompatibility. Importantly, as we presented in this study 

hat the strengthening effect of NTBs can be maximized only when 

hey co-deform with the surrounding NG matrix. Similar conclu- 

ion has also been made previously in dual-phase steel [ 36 , 46 ] and

amellar structure [62] . This deformation compatibility is not only 

elated to the strength of individual microstructural component. 

he ductility as well as the work hardening ability of them under 

omplex stress/strain conditions also play an essential role in me- 

iating the co-deformation of heterogeneous structured materials. 

ystematic investigations and in-depth quantitative understanding 

re still highly demanded on the relationship between deformation 

ompatibility and comprehensive mechanical behavior of the het- 

rogeneous structures. 

. Conclusions 

Orientation effect of bulk heterogeneous nanostructured Cu 

omposed hybrid structure of isotropic NG matrix and anisotropic 

TBs were investigated by tension test with loading directions 

arallel, normal, and 45 ° inclined to TBs. We revealed that the 

trengthening effect of nanotwins in the heterogeneous nanostruc- 

ure is dominated by both the nanotwins strength and their de- 

ormation compatibility with surrounding NG matrix. Only when 

o-deformation is activated in the two components, the nanotwins 

ould exert substantial strengthening effect (parallel orientation); 

therwise, the strengthening effect cannot be fully functional (nor- 

al orientation). The orientation-dependent deformation compat- 

bility is owing to the anisotropic deformation behavior of nan- 

twins and associated interactions with the isotropic shear bands 

n NG matrix. These results advance our fundamental understand- 

ng about the relationship between the deformation compatibil- 

ty and the mechanical properties in the heterogeneous nanostruc- 

ures, and insight the design of new heterogeneous structure. 
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