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a b s t r a c t 

Understanding the inter-zone interaction-dependent mechanical behavior of constituent zones in het- 

erostructured material is fundamental but challenging. Here we report quantitative investigations on the 

mechanical response of a nanostructured Cu-10Zn layer constrained by coarse-grained Cu layers in a lam- 

inate. The nanostructure layer displays large uniform elongation, moderate work hardening but gradually 

reduced engineering stress. Such unique responses are primarily attributed to the inter-layer constraint, 

which leads to the formation of dispersed stable strain bands and thus enables extensive activation of 

mechanical twinning and stacking faults. These findings provide new insights into the deformation and 

load-bearing mechanisms of heterostructures. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Metals and alloys designed with bionic heterogeneous mi- 

rostructure, specifically consisting of zones with dramatically dif- 

erent mechanical properties, have recently attracted extensive re- 

earch interests [1–3] . Combining the mechanical superiority of 

ultiple types of zones, such as the high strength of nanostruc- 

ure (NS) zone and the good ductility of coarse-grained (CG) zone, 

s the primary intention of this design route [ 4 , 5 ]. Optimized me-

hanical properties in strength-ductility combination and fracture 

esistance were indeed achieved in many heterostructured materi- 

ls [4–11] . This makes heterostructure design an effective route in 

vercoming strength-ductility trade-off dilemma [1] . 

The deformation of heterostructures, however, cannot be sim- 

ly evaluated basing on the performance of freestanding con- 

tituent zones, due to the heterostructural effect caused by strain 

ncompatibility-rendered inter-zone interaction [ 4 , 9 , 12–14 ]. For ex- 

mples, the incompatibility in elastic limit between neighbor- 

ng zones introduces elastic/plastic interaction at the yielding 

tage, and the work hardening discrepancy causes plastically sta- 

le/unstable constraint at the large-strain stage. Such interactions 

hange the internal stress and strain into triaxial gradient status, 

nd enable dynamic inter-zone stress/strain transfer and partition- 

ng [ 9 , 12–15 ]. As a result, extraordinary defect behaviors includ- 

ng unusual dislocation accumulation and annihilation may be ac- 
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ivated [ 6 , 7 , 10 ]. Conjugate with these unique micromechanics, syn- 

rgistic effects, i.e., extra responses in both strength and uniform 

longation, were frequently reported in heterostructures [ 6–8 , 16–

8 ]. A reasoning arising therefrom is that the behavior of a con- 

tituent zone may have been modified by inter-zone interactions 

19] . This raises further question: how does the constituent zone 

ehave during the deformation of a heterostructure? This ques- 

ion is fundamental for understanding the deformation mecha- 

isms and optimizing heterostructure design. 

At the yielding stage, geometrically necessary dislocations have 

o be accumulated near the interface of softer zones to accommo- 

ate the plastic strain gradient, which in turn produces back stress 

o strengthen the softer zones and forward stress to “weaken” the 

arder neighboring zones [20–22] . These physics shed qualitative 

ight on the effects of elastic/plastic interaction. However, it is chal- 

enging to quantify the effects of such long-range internal stresses 

n zone behaviors. Soon after yielding, the plastic stability of NS 

one depends largely on the synergistic constraint from ductile 

eighbor [ 7 , 13 ]. In both gradient structures and bimodal-grained 

aterial, dispersed strain bands were recently examined at this 

tage [ 23 , 24 ]. The strain bands evolved stably and played role in

train accommodation. But their effects on the strain hardening 

nd flow strength of constituent zones, especially for the NS zone, 

emain unclear. Moreover, there is great curiosity about the uni- 

ersality of this mechanism. Measuring the lattice strain by in-situ 

ynchrotron diffraction may enable a derivation of the strength- 
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Fig. 1. Microstructure of laminate: ( A ) an optical image showing the stacking of Cu 

and Cu-10Zn layers, ( B ) ICCM image of the Cu layer, ( C ) TEM image of the Cu-10Zn 

layer. In the coordinate, Y is the rolling as well as the tensile loading direction, and 

X is the layer thickness direction. 
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train response of designated zone [ 9 , 12 ], but such study in het-

rostructure is lacking. 

Here we report a quantitative study on the behavior of con- 

tituent zone in heterostructure. Since the NS/CG laminate has the 

implest architecture of heterogeneous zones, it is selected as a 

odel sample. During the tensile deformation of laminate, stress- 

train response of the NS layer is evaluated. It is surprisingly found 

hat, under the constraint of CG neighbor, the NS layer displays 

nique and excellent performances in both strength and uniform 

longation. 

Laminates consisting of alternatively stacked pure copper and 

rass (Cu-10%wt.Zn) layers were fabricated by accumulative roll 

onding ( Fig. 1 A ) [8] . There is well-defined layer boundary with

n average layer thickness of ∼125 μm. After annealing at 220 °C 

or 2 h, microstructure of layers was examined using ion chan- 

eling contrast microscopy (ICCM) and transmission electron mi- 

roscopy (TEM). As shown in Fig. 1 B , the copper layer is character-

zed by recrystallized homogeneous CG with an average grain size 

f 4.8 μm. In contrast, severely deformed NS with high-density 

islocations maintains in the brass layer due to the higher ther- 

al stability ( Fig. 1 C ). Such dramatic microstructure heterogeneity 

s expected to enable strong inter-layer constraint during straining 

 7 , 9 , 13 ]. 

A prestraning-peeling-retesting procedure was designed to 

haracterize the stress-strain response of NS layer in laminate. In- 

egrated laminate specimens were machined in dog-bone shape 

ith a gauge dimension of 10 × 2 × 1 m m 

3 . After x % tensile pre-

train, the NS layer of integrated laminate specimen was peeled off

y polishing away other layers, and labeled as NS x % specimen for 

nother tensile test. NS 0% represents the freestanding NS layer un- 

ergone 0% prestrain. During the peeling process, the thickness of 

S x % specimens was elaborately controlled by referring to layer in- 

erface, and the thickness fluctuation along gauge length was con- 

rolled within 3 μm. All uniaxial tensile tests were carried out at 

 nominal strain rate of 5 × 10 −4 s −1 . To ensure data reproducibil- 

ty, tests of each type of NS x % sample were repeated on at least 4

pecimens. 
2 
Fig. 2 A shows the engineering stress-strain curves. The colored 

olid curves represent the prestraining processes. The integrated 

aminate specimen displays an acceptable combination of yield 

trength ( ∼280 MPa) and uniform elongation ( ∼15%). In addition 

o the high strength of NS layer and the high strain hardening ef- 

ciency of CG layer, the hetero-deformation induced development 

f long-range internal stress was also reported to play critical roles 

n both the strengthening and work hardening [ 10 , 16 , 21 , 22 ]. The

xcellent uniform elongation of laminate may suggest that the NS 

ayer in it was elongated coherently with CG layer to a decent 

train [ 5 , 25 ]. 

Fig. 2 B presents the true stress-strain curves. The yield strength, 

ow stress at 0.5% plastic strain and ultimate strength of NS x % 
pecimens were extracted and fitted as a function of the corre- 

ponding total true strain (including the prestrain), as the blue 

urve shown in Fig. 2 C . 

During prestraining in an integrated laminate, the strain 

ncompatibility-rendered inter-layer interactions changed the stress 

tate of NS layer, thereby affecting the multiplication and accu- 

ulation of defects [ 6 , 7 , 26 ]. Following that made in the theoreti-

al deduction of hetero-deformation induced stress from hysteresis 

oop [ 21 , 27 ], it is assumed that, before unloading the prestrained

aminate and after reloading the freestanding NS x % specimen to 

ield, the relative change of microstructure in the NS layer is neg- 

igible. In other words, it is assumed that the yield strength of 

S x % specimen is largely determined by the unique microstructure 

ormed during prestraining, and it represents the flow strength of 

onstrained NS layer when the integrated laminate is deformed to 

 % strain. The fitted flow curve ( Fig. 2 C ), therefore, can be approx-

mately considered as the stress-strain response of NS layer in the 

ensile deformation of laminate. 

Comparing the stress-strain curves reveals that mechanical be- 

avior of the constrained NS layer in laminate ( Fig. 2 C ) is dramati-

ally different from that of its freestanding counterpart (the dotted 

ed curve in Fig. 2 B ), i.e., the NS 0% specimen. First, the high flow

trength of the constrained NS layer is accompanied by moderate 

ork hardening. There is an increase in true flow strength, from a 

ield strength of ∼515 MPa to ∼562 MPa at 13.5% strain, although 

t is not strong. This is consistent with the slight hardness incre- 

ent (the insert in Fig. 2 D ). In sharp contrast, a freestanding NS 

ayer has no chance to achieve stable work hardening under ten- 

ile load [28] . 

Second, the constrained NS layer indeed displays excellent uni- 

orm elongation ( Fig. 2 C ). As estimated from the flow stress in-

rement, the average strain hardening rate at plastic strain stage 

 ∼350 MPa) is lower than the flow strength ( > 515 MPa). This in-

icates that, the critical strain, from which the work hardening is 

eaker than the geometrical softening, i.e., 

 σt A t < −σt d A t (1) 

hould be much lower than 13.5%. d σt and d A t are the increment 

f true flow strength and the real-time cross-section shrinking, re- 

pectively. If this situation is met by a freestanding NS layer, fatal 

ecking will be readily triggered by a local mechanical perturba- 

ion [29] . However, for the NS layer bonded to stable CG layer in 

 laminate, there is no free space to accommodate serious strain 

ocalization [ 30 , 31 ], and constraint from the latter can effectively 

rrest the unstable development of primary strain concentration, 

s discussed later in Fig. 4 . This enables the NS layer to continue 

o elongate with homogeneous cross-section shrinking. In other 

ords, uniform elongation of the constrained NS layer in lami- 

ate depends on both the work hardening and the inter-layer con- 

traint. It is for this reason that the conventional Considère crite- 

ion, based on which the limit of uniform elongation is only deter- 

ined by the work hardening rate, is invalid for it [29] . 
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Fig. 2. Mechanical behavior of the constrained NS layer in laminate. ( A ) The engineering stress-strain curves of integrated laminate, freestanding CG layer and NS x% specimens 

(the dotted curves). ( B ) The true stress-strain curves. The colored solid lines represent the prestraining process of laminate. ( C ) A fitted true stress-strain response of the 

constrained NS layer in laminate. ( D ) The engineering stress-strain response derived from the fitted curve in ( C ). The blue symbol × indicates the critical strain with 

maximum engineering strength. The insert in ( D ) shows the hardness evolution of the constrained NS layer, in which the error bar represents the standard deviation of 25 

independent indentations. 
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Fig. 3. The combination of strength and uniform elongation of the constrained NS 

layer in laminate, in comparison with the freestanding brasses (with 4.6-11wt.%Zn) 

characterized by conventional homogeneous microstructure or newly designed het- 

erogeneous microstructure. The data of yield strength and ultimate strength are 

presented by solid and open symbols, respectively. 
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Considering a situation like this: during the prestraining of lam- 

nate, a necking with serious shrinking in specimen width direc- 

ion is formed at the critical strain of y %. The NS x % specimen must

xhibit lower tensile strength than the NS y % specimen if x % > y %,

ecause the necking zone has lower load-carrying capability as 

etermined by Eq. (1) . This logic indicates that as long as the 

trength of NS x % specimen keeps increasing with the increase of 

restrain, the deformation of the NS layer in laminate is still uni- 

orm at x % strain. Therefore, the uniform elongation of the NS 

ayer in laminate should be the strain limit at which the fitted 

ow strength in Fig. 2 C starts to decrease. As shown, it is larger

han 13.5%. 

The uniform deformation makes it reasonable to derive the en- 

ineering stress-strain response based on ε e = e ε t − 1 and σe = 

t / ( 1 + ε e ) . As plotted in Fig. 2 D , the uniform elongation of NS

ayer in laminate is accompanied by a continuous drop in engineer- 

ng stress, i.e., gradual decrease of the carrying capability of total 

oad. Interestingly, such behavior has never been observed in free- 

tanding homogeneous material. For instance, in the tensile defor- 

ation of homogeneous NS and/or CG, d σt A t ≥ −σt d A t is a prereq- 

isite for maintaining strain uniformity, which results in increased 

ngineering stress [29] . This is the third mechanical peculiarity of 

onstrained NS layer. 

The comparison in Fig. 3 shows that the constrained NS layer 

n laminate achieves a superior combination of strength and uni- 

orm elongation, which is not accessible for a freestanding coun- 

erpart with homogeneous microstructure [32–39] . For example, 

ith comparable strength above 500 MPa, the uniform elonga- 

ion is 3-10 times larger than that of the freestanding NS mate- 

ial. This suggests that extra constraint enables the NS layer to get 

ree from the trade-off curse of strength and uniform elongation 

 1 , 2 , 4 ]. 
b

3 
Microscopic strain distribution in the NS layer of laminate was 

apped using in-situ μ-DIC technique ( Figs. 4 A and B ) [8] . Dense

icro strain bands are dispersed in the NS layer, as partially 

arked by black arrows in Fig. 4 B . They intersect with each other 

nd collectively accommodate large applied strain, but none of 

hem developed unstably to fail the sample, resulting in glob- 

lly homogeneous strain distribution. In other words, these strain 

ands are plastically stable. Fig. 4 C shows the morphology of fully 

eveloped strain bands near fracture zone. Note that, in the uni- 

orm gauge section, no cracks appeared in strain bands, due to 

he limited strain concentration ( < 30% ). These observations sug- 

est that the large uniform elongation of NS layer in laminate is 

ccommodated by forming dense and dispersed stable micro strain 

ands. 
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Fig. 4. Strain contours measured on the NS layer in laminate, at the applied tensile strain of ( A ) 5.0% and ( B ) 13.5%. The coordinate is same to that in Fig. 1 . Strain bands are 

the strain concentration bands orientated at ∼48 ° with respect to the tensile axis (warm-colored in εy contour and cold-colored in εx contour). (C) A SEM image showing the 

developed strain bands near fracture. Actually, due to the lack of long slip traces as that appeared in CG deformation, it’s difficult to distinguish the strain bands in uniform 

gauge section directly from surface morphology, even if the surface is well-polished. Therefore, strain bands near fracture are presented here to show their morphology. 
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The nucleation of strain bands is primarily caused by insuffi- 

ient strain hardening capability. Specifically, the work hardening 

f NS layer is not high enough to offset the geometrical soften- 

ng, which renders an unstable state under mechanical perturba- 

ion, i.e., dF = d σt A t + σt d A t < 0 ( Eq. (1) ) [ 30 , 31 ]. Micro instability,

.e., strain bands nucleation, can be readily activated from the sites 

ith higher distortion energy to relieve local stress concentration 

nd accommodate strain [ 9 , 11 ]. However, when the micro strain 

ands propagate to meet the neighboring CG layer, the stress con- 

entration at tip can be effectively reduced by the frequent dislo- 

ation slips, thereby being passivated or even suspended [ 23 , 24 ]. 

oreover, the intersection of strain bands plays a role in prevent- 

ng them from catastrophic propagation as well. The arrested early 

train bands cannot relieve the stress concentration far away from 

hem, which provides opportunity to nucleate more strain bands 

n virginal regions until they are dispersed over the whole NS 

ayer [40] . In contrast, individual early strain band would propa- 

ate preferentially to dominate fracture and eliminate the oppor- 

unity of more strain bands nucleation, if there is no CG neigh- 

or [28] . In other words, the constraint from CG layer played 
ig. 5. TEM images of the constrained NS layer ( A ) before and ( B-F ) after tensile deforma

igh resolution images taken from the grain shown in ( C ), showing the deformation twin

ines in ( E ) and ( F ) mark the regions with high-density SFs. 

4 
he key role in stabilizing strain bands and inducing dispersed 

ucleation. 

This observation is consistent with the assertion that dispersed 

train bands may be intrinsic to the deformation of heterostructure 

omposed of NS and ductile zones, although the size and intensity 

f strain bands vary with the dimension and arrangement of zones 

 9 , 23 , 24 , 40 ]. 

Compared to the as-annealed microstructure ( Fig 5 A ), the NS 

ayer has obviously higher density of deformation nanotwins af- 

er tensile deformation ( Fig. 5 B ). Nanotwins originated from grain 

oundary, with another end terminated in grain interior or at the 

pposite grain boundary ( Fig. 5 C ). Such features provide evidence 

or the formation mechanism of Shockley partial emission from 

rain boundary [ 41 , 42 ]. As shown by the high resolution atomic- 

cale images, some nanotwins have clean boundary with matrix 

 Fig. 5 D ), whereas the boundary of others is decorated by thick 

tacking faults layer ( Fig. 5 E ). These may indicate different twin- 

ing routes operated by varying partial behaviors [ 26 , 41 ]. Stacking 

ault clusters and ribbons are frequently observed as well ( Fig. 5 F ).

hese results suggest that the crystallographic deformation of NS 
tion. ( C ) An elongated grain, in which the white dots indicate grain boundary. ( D-F ) 

s and stacking faults (SFs). The red arrows in ( B ) indicate the nanotwins. The green 
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ayer in laminate is dominated by mechanical twinning and stack- 

ng faults. 

For the NS brass with low stacking fault energy (35 mJ/m 

2 ), 

he pre-existing defects enhances the strength, which promotes 

he emission of Shockley partials at higher stress, thereby facili- 

ating twinning and stacking faults formation [ 42 , 43 ]. The twins 

nd stacking faults act as both obstacles to dislocation motion and 

athway for their glide, which leads to more dislocation accumu- 

ation and thus improves work hardening [ 26 , 41 , 43 ]. These physics

re primarily responsible for the moderate strain hardening behav- 

or of NS layer in laminate ( Fig. 2 ). 

Meanwhile, the work hardening also has favored effect on sta- 

ilizing strain bands and suppressing local cracking [44] . Note that 

hese crystallographic mechanisms should be activated in both the 

train banding and non-strain banding zones, and more frequently 

n the former due to the higher accumulative strain ( Fig. 4 ). How-

ver, there is no opportunity for them to prevail homogeneously 

n a freestanding NS layer, due to the stress relief caused by quick 

train localization. 

In summary, in the tensile deformation of a NS/CG laminate, 

tress-strain response performed by the NS layer is quantitatively 

xamined by a well-designed prestraning-peeling-retesting proce- 

ure. The work hardening afforded by mechanical twinning and 

tacking faults is weaker than geometrical softening, but constraint 

rom the CG layers changes the strain path from quick catastrophic 

train localization to the development of dense and dispersed sta- 

le micro strain bands. As a result, it displays a uniform elonga- 

ion as large as 13.5%, moderate work hardening but gradually re- 

uced engineering flow stress. The combination of strength and 

niform elongation of the constrained NS layer is unattainable by 

reestanding homogeneous structure. These findings point out the 

echanical advances of heterostructure design: combining the in- 

rinsic superiority of multiple zones, and enabling extra improve- 

ent of zones’ performance. 
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