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a b s t r a c t 

Heterostructured metals possess superior mechanical properties exceeding the prediction by the rule-of- 

mixtures. However, it remains a challenge to understand the key microstructural factor that controls the 

extra work hardening. Here aided by a newly developed mechanism-based plasticity model that incorpo- 

rates the constitutive law of the back stress induced by zone-scale deformation heterogeneity, we reveal 

that the hetero-zone boundary affected region (Hbar) plays the key role in controlling the synergistic 

mechanical responses of heterostructure. Specifically, the Hbar, characterized by high strain gradient with 

a constant characteristic width, is formed to coordinate inter-zone deformation heterogeneity. The ex- 

tra work hardening originates primarily in the Hbar, where the accumulation of geometrically necessary 

dislocations develops back stress and forest hardening. Importantly, the extra work hardening increases 

proportionally with Hbar volume fraction, and the best strength-ductility combination is reached when 

Hbar approaches saturation. In addition, the influences of zone configuration, mechanical incompatibil- 

ity, and zone volume fraction on Hbar effect are analyzed, which sheds light on potential strategies to 

enhance the Hbar effect for optimizing strength-ductility combination. 

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

For structural applications, metallic materials is expected to be 

trong and ductile, but these two properties are rarely attainable 

t the same time [1] . For instance, increasing the density of defects 

an improve strength, but this is usually accompanied by compro- 

ising strain hardening and consequently the uniform elongation 

ductility) [2] . Inspired by heterostructures in natural biological 

ystems, extensive attentions have recently been paid to designing 

etals with heterogeneous microstructure that consists of zones 

aving dramatically different mechanical properties [ 3 , 4 ]. Supe- 

ior strength-ductility combinations have indeed been achieved in 

any heterostructured materials [5–21] . 

The strain hardening and strength of heterostructured ma- 

erials typically exceed the predictions by the rule-of-mixtures 

 10 , 13 , 22–24 ]. For instance, the heterogeneous lamella Ti was re-

orted to be as strong as nanostructured (NS) Ti [6] , with the 

train hardening even much higher than that of its homogeneous 
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oarse-grained (CG) counterpart ( Fig. 1 A). In a partially recrystal- 

ized Cu with ∼75% NS [5] , the strain hardening was found com- 

arable to that of fully recrystallized CG Cu ( Fig. 1 B). These excep- 

ional properties suggest that synergistic interaction between het- 

rostructured zones may be activated to generate extra mechan- 

cal responses, which is also referred to as synergistic mechan- 

cal effects [ 4 , 25 ]. This raises several issues: Where in the het-

rostructure is the extra work hardening originated? What is the 

ey microstructural factor that determines the development of ex- 

ra strain hardening? How can the extra work hardening be evalu- 

ted based on microstructure heterogeneity? These issues are not 

nly critical to understanding the deformation physics, but also 

eeded for optimizing heterostructure design. 

The hetero-zone boundaries are believed to affect the mi- 

romechanics and consequently the macroscopic mechanical be- 

aviors [3] . The deformation heterogeneity across zone boundaries 

auses inter-zone constraint, which changes surrounding stress 

tate and dislocation behavior [ 13 , 15 , 26 ]. Meanwhile, plastic strain

radient and geometrically necessary dislocation (GND) accumula- 

ion inevitably occur near the hetero-zone boundary, which pro- 

uces long-range internal stress and forest hardening [ 6 , 13 , 14 , 27 ].

https://doi.org/10.1016/j.actamat.2022.118395
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118395&domain=pdf
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Fig. 1. Synergistic work hardening in (A1–A3) heterostructured lamellar Ti [6] and (B1–B3) heterostructured Cu [5] . Strain hardening rate ( �) evolutions are plotted in 

(A3) and (B3), in which the dashed lines represent the predictions by rule-of-mixtures (ROM) based on the responses of their freestanding homogeneous counterparts. The 

shadow regions indicate the synergistic strain hardening. 

H

h

i

m

s

[

z

g

c

u

t

d

f

s

c

t

a

c

m

i

p

a

e

H

s

s  

p

e

d

z

b

t

p

u

b

s

o

T

s

t

f

N

a

t

h

t

t

m

m

l

c

l

m

are addressed in Section 5 . 
owever, it remains a grand challenge to quantitatively evaluate 

etero-zone boundary effect, especially on the extra work harden- 

ng. In the gradient heterostructure, extra hardening peak, which 

oves with migrating interface between plastically unstable NS 

urface and stable CG core, was detected by micro-hardness testing 

13] . But for the sharp NS/CG boundary, the limited span of hetero- 

one boundary affected region cannot be effectively resolved by 

eneral mechanical means [14] . On the other hand, synergistic me- 

hanical responses may also be affected by the configuration, vol- 

me fraction and intrinsic properties of constituent zones, since 

hey are potential factors affecting either the intensity or spatial 

ensity of inter-zone interaction [ 23 , 28–30 ]. Despite previous ef- 

orts, it remains challenging to understand the aforementioned is- 

ues. The limitations of experimental exploration lie in the limited 

haracterization capability for zone boundary micromechanics and 

he convoluted effects of numerous microstructural factors. 

Physics-based constitutive modeling is an efficient way to an- 

lyze the mechanical effect of designated mechanism and/or mi- 

rostructural factor. Using finite element methods (FEM), the defor- 

ation heterogeneity-induced inter-zone constraint can be taken 

nto account [30] . Indeed, various constitutive models have been 

roposed to describe the strength, strain hardening and sometimes 

lso failure behavior of the bimodal heterostructure [ 31 , 32 ], gradi- 

nt heterostructure [33–36] , harmonic heterostructure, etc. [ 37 , 38 ]. 

owever, effects of the hetero-zone boundary and the zone-scale 

train heterogeneity were always ignored, and the GND effect con- 

idered was only that intrinsic to grains [ 31 , 34 ]. Recently, after ex-

erimentally confirming the strong deformation heterogeneity, Li 
2

t al. established additional back stress term in the dislocation 

ensity-based models, by injecting GNDs to coordinate the inter- 

one strain difference [39–42] . To address the effect of hetero-zone 

oundary in CG/NS laminates, Zhao et al. mechanically partitioned 

he affected region, and then implanted an enhanced GND multi- 

lication law in a framework that is the same to that of intragran- 

lar GNDs [43] . While the synergistic mechanical responses can 

e described to some extent by these new models, the zone-scale 

train heterogeneity-related constitutive terms depended largely 

n the particular strain configuration of specific heterostructure. 

herefore, a concise-yet-universal constitutive law for the zone- 

cale deformation heterogeneity is needed. 

In this work, we have explored the aforementioned issues 

hrough constitutive modeling. Since heterostructures share uni- 

ying deformation fundamentals in inter-zone interaction [4] , a 

S/CG heterostructure in Cu with tunable microstructure is taken 

s a model heterostructure. In Section 2 , a mechanism-based plas- 

icity model incorporating the constitutive law of zone-scale strain 

eterogeneity is established, which ends with deliberate parame- 

erization and validation. In Section 3 , the effects of the commonly 

unable microstructural factors, including the zone configuration, 

echanical incompatibility and zone fraction, on the macroscopic 

echanical response and micromechanics are simulated and ana- 

yzed, in order to find the unified key microstructure factor that 

ontrols synergistic work hardening. Section 4 discusses the re- 

ationship between the key microstructural factor and synergistic 

echanical responses. Finally, reasonable answers for the issues 
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. A mechanism-based plasticity model 

In constitutive modeling, heterostructures can generally be con- 

idered as composites for simplification [ 40 , 43 ]. With the use of

EM, the inter-zone interaction and the strain heterogeneity across 

etero-zone boundaries can naturally be generated. Since the grain 

ize-dependent behavior of a freestanding homogeneous zone has 

een well described in conventional theories, such as the widely 

sed dislocation density-based models [ 34 , 44–47 ], the theoretical 

ey for a zone in heterostructure is incorporating the constitutive 

aw of additional zone-scale deformation heterogeneity [40–42] . 

ere, the constitutive model for zones in heterostructure is devel- 

ped based on the framework of conventional mechanism-based 

train gradient plasticity (CMSG) proposed by Huang et al. [48] , 

nd zone-scale 3D plastic strain gradient is considered in terms of 

he back stress and forest hardening effects of GNDs accumulation. 

.1. Constitutive framework for the constituent zone in 

eterostructure 

For an elastoplastic constituent zone, the strain rate ˙ ε i j can be 

ecomposed into elastic and plastic parts 

˙  i j = ˙ ε e i j + ˙ ε p 
i j 
. (1) 

The elastic part ˙ ε e 
i j 

can be expressed by the stress rate ˙ σi j via 

ooke’s law 

˙  e i j = 

1 

2 μ
˙ σ

′ 
i j + 

˙ σkk 

9 K 

δi j , (2) 

here μ and K are shear and bulk moduli, respectively. ˙ σ
′ 
i j 

= ˙ σi j −
1 
3 ˙ σkk δi j is the deviatoric stress rate. Based on the J 2 -flow theory of 

lasticity, the plastic strain rate ˙ ε p 
i j 

is proportional to the deviatoric 

tress σ
′ 
i j 

, 

˙  p 
i j 

= 

3 ̇ ε p 

2 σe 
σ

′ 
i j , (3) 

here σ
′ 
i j 

= σi j − 1 
3 σkk δi j , and σe = 

√ 

3 
2 σ

′ 
i j 
σ

′ 
i j 

is the von Mises ef- 

ective stress. ˙ ε p = 

√ 

3 
2 ˙ ε p 

i j 
˙ ε p 
i j 

is the equivalent plastic strain rate. 

ollowing the CMSG plasticity [48] , a viscoplastic-like kinetic ex- 

ression is employed to provides ˙ ε p in terms of σe 

˙  p = ˙ ε 

(
σe 

σ f 

)m 

, (4) 

here ˙ ε = 

√ 

2 ̇ ε 
′ 
i j 

˙ ε 
′ 
i j 
/ 3 is the effective strain rate, and ˙ ε 

′ 
i j 

= ˙ ε i j −
˙  kk δi j / 3 . The rate sensitivity exponent m generally takes a large 

alue. The flow stress σ f controls the plastic flow, which is de- 

ermined by the microstructure characteristics and deformation 

echanism, as analyzed below. 

.2. Deformation mechanism-based flow stress 

For the constituent zones in a heterostructure, the inter-zone 

onstraint rendered by the deformation incompatibility is capa- 

le of producing gradient strain distribution ( Fig. 2 A and B). The 

one-scale plastic strain gradient needs to be accommodated by 

he polarized distribution of GNDs ( Fig. 2 C), which leads to extra 

trengthening [ 27 , 49 ]. First, similar to statistically stored disloca- 

ions (SSDs), GNDs contribute to isotropic hardening [ 50 , 51 ], from 

hich the contribution on flow stress is referred to as σTaylor,GND . 

econd, the polarized distribution of GNDs produces zone-scale 

ong-range internal stress ( Fig. 2 D), which is opposite to the ap- 

lied stress, i.e., zone-scale back stress σb , contributing to kine- 

atic hardening [ 6 , 39 , 52 , 53 ]. Third, the GNDs interact with mo-

ile dislocations to further promote the accumulation of SSDs [51] . 
3 
iven the focus on monotonic uniaxial tension, the zone-scale back 

tress can be equivalently represented as an isotropic term. There- 

ore, the first two effects can be directly incorporated into the flow 

tress as 

f = σ0 + σGB + Mαμb 
√ 

ρSSD + ρGND + σb . (5) 

σ0 is the lattice friction stress. σGB = k HP / 
√ 

d represents the 

rain boundary strengthening, where k HP is the Hall-Petch slop and 

is grain size. Mαμb 
√ 

ρSSD + ρGND is the Taylor flow stress term, 

here M , α, b , ρSSD and ρGND are the Taylor factor, the Taylor con- 

tant, the magnitude of Burgers vector, the density of SSDs and 

NDs, respectively. 

The evolution of ρSSD with respect to the equivalent plastic 

train ε p can be expressed by the modified Kocks-Mecking-Estrin 

odel [ 34 , 42–47 ] 

∂ρSSD 

∂ε p 
= M 

( 

k 1 
bd 

+ 

k 2 
b 

√ 

ρSSD + ρGND − k 3 

(
˙ ε p 

˙ ε 0 

)− 1 
n 0 

ρSSD −
(

d re f 

d 

)2 

ρSSD 

) 

. 

(6) 

On the right side, the 1st term considers the grain boundary- 

nhanced dislocation storage, where k 1 is a geometric factor. The 

nd term describes the free slip path-dependent dislocation mul- 

iplication, which incorporates the third effect of GNDs. k 2 is a 

roportionality factor. The 3rd term considers the dynamic recov- 

ry, which is approximately considered to be independent of GNDs 

 40 , 42 ]. k 3 , ˙ ε 0 and n 0 are recovery factor, reference strain rate and

ynamic recovery exponent. The last term describes the additional 

nnihilation effect due to grain boundary, where d re f is the refer- 

nce grain size [ 34 , 39 ]. As grain size decreases to certain extent,

he d -dependent first and last terms will dominate the accumula- 

ion and density limit of SSDs. But effects of the middle two terms 

ill gradually become prominent with increasing grain size. 

At the zone scale, GNDs may distribute across several grains. 

he density was derived as proportional to the effective plastic 

train gradient ηp [ 50 , 54 ], 

GND = r̄ 
ηp 

b 
, (7) 

here r̄ is the Nye factor [55] . ηp was derived as ηp = 

√ 

1 
4 η

p 

i jk 
ηp 

i jk 
, 

nd ηp 

i jk 
= ε p 

ik, j 
+ ε p 

jk,i 
− ε p 

i j,k 
. It has been confirmed in in-situ TEM 

bservation that GND piling-up against a hetero-zone boundary 

annot increase continuously with strain gradient, which will reach 

ynamic saturation at a density threshold [ 56 , 57 ]. In the FEM sim-

lation, therefore, a saturation of GNDs density, ρmax 
GND 

, is needed 

 38 , 58 ]. Reaching ρmax 
GND 

generally implies that the local region loses 

apability for further work hardening. 

.3. Zone-scale back stress 

It is the gradient of GNDs field contributed to the net long- 

ange internal stress. Here, for simplification, all GNDs are assumed 

o be edge type. Taking a position at the origin of a local coordi- 

ate system, such as at a Gaussian integration point in FEM route, 

he GNDs field can be approximated by a first-order expansion 

GND = ρ0 
GND + 

∂ρGND 

∂x 
x + 

∂ρGND 

∂y 
y + 

∂ρGND 

∂z 
z. (8) 

It is assumed that the plastic strain gradient along x i , i.e., ∂ηp 

∂x i 
x i ,

s fully accommodated by a set of dislocations in the orientation of 

 ‖ x i ,and this set of dislocations has no heterogeneity in other di- 

ections. This implies that the GND gradient along x i , i.e., 
∂ρGND 

∂x i 
x i , 

s constituted by a set of b ‖ x i oriented dislocations. This strain 

radient-GNDs scenarios can be exemplarily rationalized in a 1D 



Y. Wang, Y. Zhu, Z. Yu et al. Acta Materialia 241 (2022) 118395 

Fig. 2. (A) Representative NS/CG hetero-zone boundary in heterostructures. Gradient distribution of (B) strain and (C) GND density near hetero-zone boundary, after certain 

tensile strain ε y [ 14 , 15 ]. (D) A schematic illustration of GND piling-up near a hetero-zone boundary and the long-range back stress τb arising therefrom. τa indicates resolved 

external stress. 
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ase like the scheme shown in Fig. 2 D, where a gradient strain field

ith higher strain near hetero-zone boundary and lower strain in 

one interior is accommodated by the piling-up of a set of b ‖ x ori-

nted dislocations, forming strain gradient ∂ηp 

∂x 
x . This assumption 

rovides the GNDs configuration of a given strain state, thus en- 

bling us to calculate the zone-scale σb by integrating the internal 

tress contribution of each dislocation that constitutes the gradient 

eld [ 52 , 59 , 60 ]. 

Considering the 
∂ρGND 

∂x 
x component of a GNDs field, it is consti- 

uted by a set of b ‖ x oriented dislocations. Within this dislocation 

et, the full internal stress produced by the one located at ( x, y )

long z axis is 

xx = 

μb 

2 π( 1 − ν) 

y 
(
3 x 2 + y 2 

)
(
x 2 + y 2 

)2 
, σxy = − μb 

2 π( 1 − ν) 

x 
(
x 2 − y 2 

)
(
x 2 + y 2 

)2 
, 

σyy = − μb 

2 π( 1 − ν) 

y 
(
x 2 − y 2 

)
(
x 2 + y 2 

)2 
, σxz = 0 , 

σzz = 

μbν

π( 1 − ν) 

y 

x 2 + y 2 
, σyz = 0 . (9) 

Only dislocations within the spherical domain in radius of R 

 x 2 + y 2 + z 2 ≤ R 2 ) are assumed to contribute to the net internal

tress, since the contribution of distant dislocation is small, and the 

inear approximation assumed in Eq. (8) may no longer be valid for 

istant dislocations [52] . Therefore, integrating over the spherical 

omain, the net internal stress caused by this set of dislocations 

re 

xx = 0 , σxy = − μbR 2 

8 ( 1 − ν) 

∂ρGND 

∂x 
, σyy = 0 , σxz = 0 , σzz = 0 , σyz = 0 

(10-1) 

Only the shear stress acted on the assumed slip plane is the 

ffective net internal stress, i.e., the non-zero term, in which the 

egative sign indicates that the acting direction is opposite to the 

ncrease direction of ρGND . Applying similar considerations for the 
∂ρGND 

∂y 
y and 

∂ρGND 
∂z 

z components of GNDs field yields the other two 

on-zero internal stresses 

yz = − μbR 

2 

8 ( 1 − ν) 

∂ρGND 

∂y 
, (10-2) 

nd 

zx = − μbR 

2 

8 ( 1 − ν) 

∂ρGND 

∂z 
. (10-3) 
4 
Therefore, writing the net internal stresses in a von Mises form 

ields the effective σb 

b = 

√ 

3 

8 

μbR 

2 

( 1 − v ) 

√ (
∂ρGND 

∂x 

)2 

+ 

(
∂ρGND 

∂y 

)2 

+ 

(
∂ρGND 

∂z 

)2 

(11) 

In a general deformation case, multiple slip systems are acti- 

ated, and the strain gradient is not perfectly aligned with the as- 

umed GNDs configuration. Therefore, it is necessary to implant 

 dislocation configuration correction coefficient k , yielding the 

one-scale σb as 

b = 

√ 

3 

8 

μbkR 

2 

( 1 − v ) 

√ (
∂ρGND 

∂x 

)2 

+ 

(
∂ρGND 

∂y 

)2 

+ 

(
∂ρGND 

∂z 

)2 

(12) 

The coefficient k may vary with the material properties. 

In the FEM route, the global response of integrated heterostruc- 

ure is calculated as the volume fraction-weighted sum of con- 

tituent zones. There may be several potential concerns for this de- 

ormation mechanism-based plasticity model. First, the intragranu- 

ar back stress is ignored to make the model concise. This can be 

ationalized by the experimental observations that, in a homoge- 

eous structure with only intragranular GNDs, the kinematic hard- 

ning and hysteresis effect are weak, especially as compared to 

hat induced by zone-scale microstructure heterogeneity [ 6 , 23 , 40 ]. 

econd, the essence of assumed zone-scale GNDs configuration is 

o deploy three sets of mutually perpendicular dislocations to ac- 

ommodate the 3D plastic strain gradient. Importantly, this model 

s potentially applicable for most structures with zone-scale het- 

rogeneity if the constituent zones are properly partitioned and 

arameterized, since the derivation involves no restriction on mi- 

rostructure configuration. 

.4. Parameterization & validation of the plasticity model 

Considering the items of flow stress ( Eq. (5) ), the Hall-Petch de- 

cription of yield strength in Cu is reliable until grain size drops 

o tens of nanometers [61] . The introduction of additional grain 

oundary-related annihilation term makes the Kocks-Mecking- 

strin model applicable to grains in submicron size [ 34 , 45 ]. The

one-scale back stress is not directly related to grain size. There- 

ore, the above constitutive model can be applied for the con- 

tituent zone with grain size ranging from hundreds of nanome- 

ers to tens of micrometers, which is exactly the case of common 

eterostructured Cu. 

Table 1 lists the constitutive parameters for pure Cu. The mi- 

rostructural and commonly used physical parameters, such as d , 
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Table 1 

Constitutive parameters for Cu. 

Parameters Symbol Value Properties & access 

Grain size (μm) d 1–25 (CG), 0.1–1 (NS) Microstructural, material and 

general physical parameters Shear modulus (MPa) μ 42,100 

Poissons ratio v 0.36 

Taylor constant α 0.3 (CG), 0.26(NS) 

Burgers vector (μm) b 0.000256 

Rate sensitivity exponent m 20 

Lattice friction stress (MPa) σ0 25.5 

Hall-Petch slop ( MPa · μm 

1 / 2 ) k HP 140 

Initial dislocation density ( μm 

−2 ) ρ0 0.2 (CG), Varies according to material (NS) 

Saturation density of GNDs ( μm 

−2 ) ρmax 
GND 1000 

Geometric factor k 1 0.15 SSDs evolution parameters, 

calibrated from the tensile 

response of homogeneous 

materials 

Proportionality factor k 2 0.011–0.02 (CG), 0.01 (NS) 

Dynamic recovery factor k 3 2.38 (CG), 10.28 (NS) 

Reference strain rate (s −1 ) ˙ ε 0 1 

Dynamic recovery exponent n 0 21.26 

Reference grain size (μm) d ref 0.7 

Effective radius of GNDs domain (μm) R 0.8 calibrated from the response of 

heterostructures GNDs configuration correction coefficient k 0.68 

μ
μ
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3

g

m

s

i  

d

, etc., are taken according to material. The k HP value (140 MPa ·
m 

1 / 2 ) is the average value of those reported in literature, which 

re generally within 110–170 MPa · μm 

1 / 2 . The maximum GND 

ensity experimentally examined near the CG/NS hetero-zone 

oundary is taken as the value of ρmax 
GND 

( ∼10 15 m 

−2 ) [15] . The pa-

ameters controlling SSD evolution are partially obtained from lit- 

ratures [ 34 , 36 , 40 ], and the others are determined by fitting the

xperimental results of homogeneous Cu with varying grain size 

 Fig. 3 A and B). 

The tension responses of a heterostructured Cu, with 25% 

G (by volume fraction, d = 2 μm) dispersed in NS matrix 

 d = 0.24 μm) [5] , is taken as a representative to calibrate the

arameters describing back stress development. The FEM model 

sed is exactly the dispersed model in Fig. 4 , as introduced later. 

s the results compared in Fig. 3 C and D, the simulated mechan- 

cal responses, including the strength, strain hardening, uniform 

longation and even the strain localization development (the post- 

ecking stage indicated by dotted line), are in good agreement 

ith experimental measurements. Note that the appearance of ap- 

arent strength limit in simulated stress-strain curve indicates the 

evelopment of strain localization. Since no specific damage cri- 

erion or instability source was prescribed in the model, the mi- 

rostructure heterogeneity has to serve as the motivation of strain 

ocalization [ 7 , 49 , 62 ]. These results confirm that the deformation

echanism-based plasticity model established above is capable of 

roviding quantitative description on the tensile behavior of het- 

rostructure. With such confirmation, it will be used to simulate 

he behavior of heterostructured Cu with varying zone configura- 

ions and properties in the next sections, which helps us to probe 

he key microstructural factor controlling the synergistic responses. 

. Results 

.1. Effect of zone configuration 

Structures consisting of multiple CG zones distributed in NS 

atrix in a clustered, lamellar or dispersed configuration are the 

ost common heterostructures ( Fig. 4 ), which can typically be pre- 

ared by partial recrystallization in severe plastically deformed NS 

ulks [ 5–7 , 20 ]. Here the FEM model of these three types of het-

rostructures are built with identical zone volume fraction (25% 

G, Fig. 4 ), to probe the effects of zone configuration on synergistic 

echanical responses. The grain size of CG and NS zones are taken 

s 2 μm and 0.24 μm, respectively. 
5

The tensile properties of clustered heterostructures, in which 

he deformations mechanisms are selectively incorporated, are 

ompared in Fig. 5 A and B. Without any consideration on the ef- 

ects of zone-scale deformation heterogeneity, i.e., the case with 

either σb nor σTaylor,GND , the quick drop of strain hardening rate 

esults in an extremely low uniform elongation ( ∼4.4%), which ac- 

ually is even smaller than the prediction by rule-of-mixture ( ∼6%) 

63] . The consideration of only σTaylor,GND leads to a limited im- 

rovement in uniform elongation ( ∼3%). In contrast, synergistic 

ork hardening appears if both σTaylor,GND and σb are incorporated 

the shadow regions in Fig. 5 B), resulting in a uniform elongation 

s large as ∼20%. Such performance is consistent with experimen- 

al observations that a small fraction of recrystallization (gener- 

lly < 30%) in NS Cu matrix can effectively im prove uniform elon- 

ation to near 20% or even reach 30%, at the yield strength level 

f > 250 MPa [ 5 , 7–9 ]. This in turn proves the validity of the es-

ablished constitutive model. Importantly, this comparison suggests 

hat, the synergistic work hardening in heterostructure is primar- 

ly due to the back stress development and GND forest hardening 

 6 , 23 , 66 ]. 

Fig. 5 C compares the tensile behavior of clustered, lamella and 

ispersed heterostructures. Interestingly, dispersed heterostructure 

xhibits higher work hardening and larger uniform elongation than 

he other two. The contribution of σb on flow stress is obtained 

y subtracting the response considering only σTaylor,GND effect from 

he response incorporating both σb and σTaylor,GND effects, and sim- 

lar treatment produces the contribution of σTaylor,GND . As shown 

n Fig. 5 D, the contribution of both σb and σTaylor,GND are the 

ighest in dispersed heterostructure and the lowest in clustered 

eterostructure. The hetero-zone boundary density appears as the 

ost prominent microstructural difference enabled by the varia- 

ion of zone configuration, which imply that the synergistic work 

ardening depends largely on hetero-zone boundary density. In 

ther words, higher hetero-zone boundary density renders higher 

xtra hardening from back stress and GNDs forest effect [ 3 , 14 ]. 

.2. Hetero-zone boundary affected region (Hbar) 

To probe the physical origin behind the dependence of syner- 

istic mechanical responses on hetero-zone boundary density, the 

icromechanics are analyzed in terms of the zone-scale stress and 

train gradient evolutions. Likewise, the clustered heterostructure 

s taken as a representative for analysis ( Fig. 6 A). A partition of the

eformation stages is illustrated in Fig. 6 B. 
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Fig. 3. Uniaxial tensile responses of (A, B) homogeneous Cu and (C, D) heterostructured Cu, comparing the model predictions (lines) with experimental measurements (scat- 

ters) [ 5 , 63–65 ], confirming the validity of the current plasticity model and the constitutive parameters used. σy , E u and � represent the yield strength, uniform elongation 

and work hardening rate, respectively. Symbol × indicates the uniform elongation limit taken according to the Considère criterion. 

Fig. 4. Schematic and FEM model (representative volume element) of three types of heterostructures in Cu, with 25% CG zone distributed in NS matrix but varying zone 

configurations: (A) with clustered CG zone, (B) with lamellar CG zone, (C) CG dispersed in NS matrix. The ratio of the hetero-zone boundary density of three heterostructures 

is estimated to be 1:1.5:1.9. The model, in dimension of 80 μm × 50 μm × 16 μm , is meshed with C3D8 elements. Displacement of the bottom surface along Y is 

constrained, and the left and back surfaces have symmetrical constraints. Y is the loading direction of uniaxial tension. 

6 
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Fig. 5. Simulated mechanical response of heterostructures under uniaxial tension. (A) Stress-strain curves and (B) strain hardening rate of clustered heterostructure con- 

sidering different hardening mechanisms. Comparison on the (C) stress-strain response and (D) extra flow stresses contributed by σb and σTaylor,GND , among three types of 

heterostructures. σTaylor,GND represents the forest hardening effect of GNDs. In (A) and (C), the curves are truncated at the uniform elongation limit according to the Considère 

criterion. 
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The distribution and evolution of zone-scale von Mises stress, 

or the cases that σb and σTaylor,GND are selectively considered, 

re presented in Fig. 6 C–E. In the case in which neither σb nor 

Taylor,GND is considered, constituent zones are indifferent to the 

nter-zone deformation heterogeneity, other than the load parti- 

ioning ( Fig. 6 E). Interestingly, with the incorporation of σb and 

Taylor,GND , significant local strengthening appears in the region 

ear the zone boundary ( Fig. 6 C). The linear distribution across 

one boundary (along path 1#) provides quantitative identifica- 

ion on the origin and development of extra local strengthen- 

ng ( Fig. 6 F1–F3). In the fully elastic stage, no stress difference 

s observed among the three simulation cases. Additional von 

ises stress contributed from σb and σTaylor,GND starts to develop 

round zone boundaries upon entering the elastic-plastic transi- 

ion stage ( Fig. 6 F1). In the stable plastic stage, the extra local

trengthening increases continuously, and is higher at locations 

loser to the boundary ( Fig. 6 F2, F3). These observations con- 

rm two critical physics for the effects of σb and σTaylor,GND . First, 

hey mainly originate from the region near hetero-zone bound- 

ry, which leads to the boundary density dependence of syn- 

rgistic work hardening ( Fig. 5 C and D). Second, they initiate 

t the elastic-plastic transition stage and increase with applied 

train. 
7 
The development of σb and σTaylor,GND lies in the accumulation 

f GNDs accompanying plastic strain gradient formation, which is 

eeded to maintain inter-zone strain continuity [ 27 , 49 ]. As the 

aps and linear distributions shown in Fig. 7 A and B, a plas- 

ic strain gradient peak starts to develop at boundary from the 

lastic-plastic transition stage and is largely enhanced at the uni- 

orm plastic stage. Since such extra strain gradient is produced 

y the deformation incompatibility-induced inter-zone interaction, 

he region across zone boundary with extra strain gradient is de- 

ned as the hetero-zone boundary affected region (Hbar, Fig. 7 B 

nd C) [14] . These observations indicate that extra back stress and 

NDs forest hardening develop primarily from the Hbar. In other 

ords, the Hbars are the origin of synergistic work hardening 

 Fig. 5 ). Moreover, the effects of zone configuration on synergistic 

ork hardening may be attributed to the variation of Hbar volume 

raction. 

The strain gradient peak is fitted with Gaussian function to 

uantify the characteristic width ( l Hbar ) and intensity ( I ) of Hbar

 Fig. 7 C). A statistical analysis reveals that the l Hbar is on the or-

er of a few micrometers, and it remains largely constant through- 

ut the plastic stage ( Fig. 7 D and E). Interestingly, the simulated 

 Hbar agrees well with the experimentally observed length of dislo- 

ations pileup at grain boundaries or zone boundaries [ 15 , 67 ]. The
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Fig. 6. Micromechanics at the hetero-zone boundary, analyzed by taking clustered heterostructure as a representative. (A) The FEM model showing the distribution of CG 

clusters and illustrating the paths selected perpendicular to boundary. (B) An illustration for the partition of strain stages of heterostructure. The distribution and evolution 

of zone-scale σVon in cases considering varying hardening mechanisms: (C) with both σTaylor,GND and σb , (D) with σTaylor,GND only, and (E) with neither σTaylor,GND nor σb . Linear 

distribution of σVon along path 1# at the (F1) elastic-plastic transition stage, (F2) low plastic-strain stage, and (F3) high plastic-strain stage. 
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nhancement of I is due to the persistence of inter-zone deforma- 

ion incompatibility and the resulting interaction. At the elastic- 

lastic transition stage, the difference in elastic limit activates 

lastic/plastic interaction and thus initiates plastic strain gradient 

 30 , 68 ]. Entering the plastic stage, the soft CG zone tends to sus-

ain more plastic strain, which improves the inter-zone deforma- 

ion incompatibility [6] . With increasing applied strain, CG zones 

emain plastically stable while the NS zone becomes unstable due 

o the exhaustion of strain hardening room, which activates plas- 

ically stable/unstable constraint to further enhance strain gradient 

 13 , 25 ]. 

.3. Effect of mechanical incompatibility 

The degree of mechanical incompatibility between constituent 

ones is a crucial factor that affects the Hbar behavior and conse- 

uently the synergistic mechanical responses [ 23 , 28 , 69 ]. Taking the

lustered heterostructure as an example, the grain size of CG and 

S zones varies in the range of 2–25 μm and 0.1–0.5 μm, respec- 

ively. As shown in Fig. 8 A, the structure with largest grain size 

ifference, i.e., with enhanced mechanical incompatibility, appears 

o exhibit the optimal strength-ductility balance with the highest 
8

ork hardening. The results shown in Fig. 8 B prove that higher 

ork hardening from σb and σTaylor,GND can be achieved as improv- 

ng the mechanical incompatibility. 

Fig. 9 A and B compare the plastic strain gradient among het- 

rostructures with varying mechanical incompatibility. Throughout 

he uniform elongation stage, the strain gradient intensity in the 

bar (at path 1#) increases continuously although the increasing 

ate is gradually decreased ( Fig. 9 C). This is in accordance with 

volution of back stress effect ( Figs. 5 D and 8 B), and may indicate

 stronger inter-zone interaction at the low strain stage [ 23 , 70 ].

oreover, larger mechanical incompatibility renders higher strain 

radient in the Hbar ( Fig. 9 C). Interestingly, Hbar width slightly re- 

uces with increasing mechanical incompatibility ( Fig. 9 D), which 

s in agreement with the experimental observation [56] , but the 

nderlying physics remain unclear. 

A larger mechanical incompatibility enables larger deformation 

eterogeneity and stronger inter-zone interaction, thereby produc- 

ng higher strain gradient in the Hbar [ 28 , 56 ]. Higher strain gra-

ient developed in a narrower Hbar indicates the formation of 

 GNDs field with higher density gradient, which is expected 

o produce higher back stress and forest strengthening effects 

 Eq. (12 )) [ 49 , 52 ]. In short, for engineering heterostructures, larger
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Fig. 7. Hetero-zone boundary affected region (Hbar) characterized by high plastic strain gradient ηp . The distribution and evolution of ηp : (A) maps, and (B) along path 1#. 

(C) Illustration of the characteristic width ( l Hbar ) and strain gradient intensity ( I ) of Hbar. (D) The evolvement of l Hbar with increasing applied strain ε y,app . (E) The l Hbar of 

several paths. 

Fig. 8. Mechanical responses of clustered heterostructures with varying mechanical incompatibility between constituent zones: (A) stress-strain curves, (B) extra flow stress 

contributed by σb and σTaylor,GND . 
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echanical incompatibility is expected to produce higher synergis- 

ic mechanical effects. 

. Discussion 

.1. Hbar-dominated synergistic work hardening 

It is found that the zone-scale deformation heterogeneity is co- 

rdinated by forming Hbars characterized by strain gradient con- 

entration ( Fig. 7 ). Extra back stress and GNDs forest hardening 

evelop in the Hbars ( Fig. 6 ), thereby producing extra work hard- 

ning at macroscale ( Fig. 5 ). These findings point out the me- 

hanical essence of heterostructure design: building high-density 

etero-zone boundaries to popularize strong strain gradient effects 

hroughout the material [ 3 , 4 ]. There are two beliefs arising there-

rom. First, for heterostructures with certain mechanical incom- 

atibility, the synergistic work hardening should be dominated by 

he volume fraction of Hbars ( V ). Second, Hbar may provide a 
Hbar 

9 
nique microstructural perspective for seeking the quantitative re- 

ation between synergistic work hardening and microstructure het- 

rogeneity. 

Here the V Hbar of clustered, lamellar and dispersed heterostruc- 

ures are statistically evaluated as the volume fraction of regions 

ithin the 5.15 μm interval across zone boundaries, while the 

verlapping region between adjacent zone boundaries is calcu- 

ated only once, i.e., V Hbar = ρboundary × l̄ Hbar − V Hbar,ov erlap . Surpris- 

ngly, the extra flow stresses 
σ f contributed from both σb and 

Taylor,GND are proportional to V Hbar ( Fig. 10 A), i.e. 

σ f = k hardening V Hbar , (13) 

here k hardening represents the synergistic hardening efficiency of 

he Hbar. The experimental measurements in CG/NS laminates 

ith varying layer thickness is reanalyzed [ 14 , 56 ], which reveals 

 similar linear relation between 
σ f and V Hbar ( Fig. 10 B). Such 

xplicit-yet-convincing relationship confirms the above beliefs and 

roves the key role of Hbar in synergistic work hardening. 
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Fig. 9. Comparison on the Hbar behavior among three clustered heterostructures with varying mechanical incompatibility. (A) Maps of the zone-scale plastic strain gradient 

ηp at the applied strain of 5.0%. (B) Linear distribution of ηp along Path 1#. (C) Evolution of the ηp intensity in the Hbar identified by Path 1#. (D) The characteristic 

width of Hbars. In (B–D), data with the same color originate from the same heterostructure. For instance, the red data are obtained from the heterostructure composed of 

2 μm-diameter CG and 0.1 μm-diameter NS. 

Fig. 10. (A) The extra flow stress (data in Fig. 5 D) plotted as a function of V Hbar , obtaining a linear relationship. (B) Similar linear relationship in CG/NS laminates with 

varying layer thickness h , obtained by re-analyzing the experimentally measured stress-strain curves, microstructure and zone-scale strain distributions [ 14 , 56 ]. 
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Note that, in the case without Hbar overlapping, V Hbar is in- 

ersely proportional to the average spacing h of heterogeneous 

ones, thus a Hall-Petch-like expression 
σ f = k ′ 
hardening 

h −
1 
2 is met. 

owever, for most practical heterostructures, such as that prepared 

y partial recrystallization, Hbar overlapping may occur, since the 

onfiguration and distribution of constituent zones are difficult to 

e precisely controlled [20] . The Hall-Petch-like expression would 

verestimate the synergistic mechanical response. While V Hbar is a 

icrostructural parameter incorporating the effects of the configu- 

ation and distribution of zones as well as the characteristic width 

f Hbar that determined by material properties and mechanical in- 
10 
ompatibility. In this regard, V H bar would be a more adaptable pa- 

ameter, enabling a physical-based yet simple quantification on the 

ynergistic work hardening. 

.2. Strength-ductility combination optimized by Hbar 

The dominant role of Hbar in synergistic work hardening has 

ignificant implications in the design of heterostructures for supe- 

ior strength-ductility combination. The key principle is to max- 

mize the strain gradient-dependent back stress and GND forest 

ardening. As suggested by Eq. (13) , the strategies that have been 
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Fig. 11. Strength-ductility combination optimized by Hbar in dispersed heterostructure. (A) The combination of σy and E u in heterostructures with varying volume fraction 

of CG zones ( V CG ). The performances of homogeneous structures are also provided for comparison. (B) σy ∗E u versus V Hbar . (C) Extra σy ∗E u versus V Hbar . Extra σy ∗E u is the 

σy ∗E u increment contributed by σb and σTaylor,GND . Three subgraphs share the legend on the right of (A). 
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eady are to improve the V Hbar or the k hardening . In addition to 

anipulating zone configuration, an easy-to-implement route for 

mproving the V Hbar is tuning the volume fraction of constituent 

ones [ 10 , 70 ]. Higher k hardening value indicates greater plastic strain 

radient in the Hbars, which can be achieved by properly increas- 

ng the inter-zone mechanical incompatibility ( Figs. 8 and 9 ) or by 

electing materials with medium/low stacking fault energy to facil- 

tate GND piling-up [ 28 , 56 , 59 ]. 

Fig. 11 A presents the strength-ductility map of dispersed het- 

rostructures with the volume fraction of CG varying within 0–

00%. It reveals the achievement of optimized strength-ductility 

ombinations, with ∼25% uniform elongation at the yield strength 

evel of > 200 MPa, which evades the conventional trade-off

ilemma. We take the product of yield strength and uniform elon- 

ation ( σy ∗E u ) as an indicator of strength-ductility combination 

nd plot it as a function of V Hbar ( Fig. 11 B). It is found that the

ptimal strength-ductility combination (with maximum σy ∗E u ) ac- 

ually occurs as V Hbar approaches saturation. Fig. 11 C reveals that 

he larger the V Hbar , the higher the extra σy ∗E u contributed by the 

b and σTaylor,GND . These results prove the key role of Hbar in opti- 

izing strength-ductility synergy [ 14 , 15 ]. 

Several points need to be addressed. First, in several cases en- 

anced mechanical incompatibility do not appear to display better 

trength-ductility combination ( Fig. 11 ). This is due to the selection 
11
f extremely refined grain for NS zone ( d NS = 0 . 1 μm ). Finer grains

n NS zone produces improved flow stress, which demands much 

igher strain hardening to maintain elongation uniformity, thereby 

endering a medium uniform elongation although the Hbar effects 

re indeed enhanced ( Fig. 8 ). Second, it was found that strength- 

uctility combination is largely affected by the limit of GNDs den- 

ity ρmax 
GND 

in Hbar. Therefore, constituent zones should be selected 

ith higher capability in GNDs accommodation [22] . Moreover, in 

he cases with identical V Hbar , the heterostructure with CG zones 

mbedded in NS matrix enables higher synergistic mechanical ef- 

ects than the heterostructure with NS zones embedded in CG ma- 

rix, as evidenced in Fig. 11 C. This implies that microstructure con- 

guration also affects the intensity of inter-zone interaction [16] , 

n addition to the V Hbar . 

As analyzed above, the direct effect of zone configuration, me- 

hanical incompatibility and zone content lies in affecting the 

bar, either on the volume fraction or on the hardening efficiency 

r even both, while the extra work hardening originates primarily 

n the Hbar. Therefore, the Hbar can be considered as a unified mi- 

rostructural factor that controls the extra work hardening of het- 

rostructure. 

These fundamentals on Hbar, after systematic experimental val- 

dation, is expected to help guide future innovation in microstruc- 

ure design towards superior strength-ductility synergy. Note that, 
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imilar to most existing deformation analysis [ 6 , 39 , 52 , 53 ], the for-

ard stress, which acts in the same direction of applied stress 

n the region in front of GNDs pile-up [ 66 , 71 ], is not considered

ere. Because the physics behind it is not yet fully understood, 

nd it is currently difficult to incorporate it into the constitu- 

ive model. However, the extraordinary mechanical properties of 

eterostructures observed experimentally suggests that the back 

tress and forward stress collectively produce net hardening ef- 

ect, named hetero-deformation induced (HDI) hardening [ 56 , 66 ]. 

n other words, in monotonic tension, the hardening effect of back 

tress should be stronger than the softening effect of forward 

tress. In addition, both of them are generated by the GND pile- 

ps in Hbar. These lead us to believe that the HDI stress should be

ositively correlated with the back stress. Therefore, the neglect of 

orward stress does not affect current exploration and discussion 

n the key microstructure factor controlling synergistic work hard- 

ning. The physics and constitutive law of forward stress remain to 

e systematic studied. 

. Conclusions 

Taking heterostructured Cu as a model material, the effect of 

icrostructural factors on the synergistic mechanical responses 

nd micromechanics of heterostructure has been investigated with 

he aid of constitutive modeling. Special attention was devoted 

o seeking the origin, the unified controlling factor and the 

icrostructure-based quantitative evaluation of extra work hard- 

ning. The main findings are: 

(i) A deformation mechanism-based plasticity model is pro- 

posed, which incorporates the zone-scale deformation 

heterogeneity-induced back stress by integrating the long- 

range internal stress of GNDs field. It can provide good pre- 

dictions on the tensile behavior of heterostructure. 

(ii) Inter-zone interaction induces the formation of a hetero- 

zone boundary affected region (Hbar), which is characterized 

by high strain gradient concentration. The extra work hard- 

ening originates primarily in the Hbar, due to the develop- 

ment of extra back stress and GNDs forest hardening. 

(iii) Hbar unifies the effects of zone configuration, mechanical 

incompatibility and zone volume fraction, which plays the 

key role in controlling synergistic work hardening and opti- 

mizing strength-ductility combination. Specifically, the extra 

flow stress caused by synergistic work hardening increases 

proportionally with the volume fraction of the Hbar, i.e., 


σ f = k hardening V Hbar , and optimal strength-ductility combi- 

nation is achieved as V Hbar approaches saturation. 

(iv) The key principle of optimizing strength-ductility combina- 

tion is to maximize the Hbar effects. The possible routes in- 

clude increasing V Hbar by building dispersed zone configura- 

tion and tuning zone volume fraction, enhancing the hard- 

ening efficiency of Hbar ( k hardening ) by improving mechanical 

incompatibility, and adopting the microstructure configura- 

tion with soft zones distributed in hard matrix rather than 

the opposite. 
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