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a b s t r a c t 

Low ductility has long been the bottleneck especially at high strength in metallic structured materials 

due to conventional forest hardening having little to no effect. Hetero-structuring is an emerging strategy 

producing superior strength and ductility combination. This Viewpoint article delineates mechanisms for 

strain hardening and plastic deformation in gradient and lamellar structured materials. Both have typical 

trans-scale grain hierarchy, leading to sharp mechanical incompatibility and consequent strain gradient 

at hetero-interfaces during plastic deformation. This induces heterogeneous deformation-induced harden- 

ing, along with recovered forest hardening, jointly to improve ductility. The heterogeneous deformation- 

related deformation physics sheds lights on the path to designing novel heterostructures particularly for 

large ductility at high strength. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Recently, the heterostructure (HS) of varying kinds attracts

rowing attention in materials community [1–6] . The HS is usually

 specially-designed heterogeneous assembly of certain microstruc-

ural components such as grains [7] , [8] and twins [9] , along with

 wide spectrum of mechanical responses. The HS may be roughly

ivided into two categories in terms of inter- and intra-granular ar-

hitectural heterogeneities. One is typical of trans-scale grain hier-

rchy, including gradient structure [2] , [7–9] ], heterogeneous lamel-

ar structure [10] , dual- and multi-phases [11] , etc. The other arises

rom nano-twins [9] , [12] , [13] , short-range order [14] , chemical con-

entration [15] , [16] , precipitation, etc., all embedded in grain inte-

iors. 

The HSs demonstrate an extraordinary strength-ductility com-

ination [1–3] . Of special note is large ductility, almost compara-

le to that of uniform coarse-grained counterparts [2] , [7] . So are

Ss even including nanograins (NG) [7] and nanostructures (NS)

8] , both with scarcely any ductility. This is indicative of unique ef-

ect of heterogeneous deformation due to microstructural hetero-

eneities [1–6] . These heterogeneities highlight the distinctive role

layed by strain gradient, which exists at hetero-interfaces in re-

ponse to plastic incompatibility inside the HSs [3] , [4] . Strain gra-
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ient facilitates additional strain hardening especially effective for

G/NS in HSs [4] , usually inaccessible to conventional homoge-

eous microstructures. 

Ductility is the perpetual challenge for strength and ductility

ynergy [1–6] . This is more so especially for HSs with NG/NS of

igh strength [7] , [8] . There is a pressing need, therefore, to under-

tand unique strain hardening for ductility so as to tailor and fur-

her design HSs for superior strength–ductility combination. This

s the purpose of this View-point paper. Two typical HSs, i.e. gra-

ient structure and lamellar structure, are illustrated in detail to

eveal synergistic contribution of both heterogeneous deformation-

nduced hardening and forest hardening to ductility as well as

trength. 

. Gradient structure 

The gradient structure (GS) refers, in a broad sense, to a con-

inuous change of certain microstructural components in three di-

ensions of bulk specimen [1] , [2] . The microstructural gradient

an be grain size [7] , [8] , twin density [9] , chemical concentration

15] , [16] , and volume fraction of either nano-precipitates or con-

tituent phase [17] , etc. 

So far most researches focus on the grain-size GS [2] , [7–

] , [12] , [13] , [16–26] . This GS consists of surface layers of either

anograins (NG) or nanostructure (NS) which encircle a coarse-

rained (CG) core, with a grain-size gradient in-between. The GS is
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Fig. 1. Strength-ductility trend in gradient structure [2] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i  

a

 

a  

a  

s  

s  

w  

s  

t  

h  

a  

p  

t  

d

 

t  

t  

[  

i  

u  

G  

s  

d  

p  

C  

b  

d  

i  

s  

a  

H

 

b  

o  

i  

a  

s  

i  

H

�  

 

[  

i  

w  

G  

n  

d  

t  

i  

i  

b  

s  

i  

w

 

i  

m  

t  

e  

h  

H  

i  

N  

o  
trans-scale, with grain sizes typically spanning 3-4 orders of mag-

nitude from NG to CG [7] , [8] . Of special note is polarity of ( σ y , ɛ u )
combination in different layers, where σ y is yield strength and ɛ u 
is tensile uniform strain. The NS layer shows high σ y but almost

absence of ɛ u , while the CG core is opposite [7] , [8] . This leads to

the size effect of plastic deformation, i.e. rapid strain localization in

NG/NS layer versus plastic stability in CG layer. Thus, strain incom-

patibility inevitably appears at the hetero-interfaces upon strain-

ing [4] , [8] , along with vast variation in flow stress according to

the classical Hall-Petch relationship. Therefore, the GS leads to typ-

ical heterogeneous deformation, which stimulate new deformation

physics and consequently, an extraordinary ( σ y , ɛ u ) synergy to al-

leviate the traditional ( σ y , ɛ u ) trade-off, as illustrated in Fig. 1 [2] . 

The initial focus lies in ɛ u . The pioneer work by Lu’s group

[7] first demonstrates an extraordinary ( σ y , ɛ u ) synergy in GS Cu,

see Fig. 2 a. This is, actually, the first answer to two long pending

asks on whether or not NG is able to act out intrinsic ductility and

how big ɛ u indeed is. Of special finding is that ɛ u of GS Cu is com-

parable to that of CG Cu, while σ y doubles. It turns out that under

iso-strain loading, the NG layer in GS bears the same ɛ u as that of

CG, in sharp contrast to alone NG layer of little ɛ u . Large ɛ u is later

reported along with superior ( σ y , ɛ u ) combinations in interstitial-

free (IF) steel ( Fig. 2 b) [8] , Ni [18] , and TWIP steel ( Fig. 2 c) [13] . Re-

cently, a nano-twinned copper was delicately synthesized of both

grain size and twin spacing serving as dual gradients [9] . The dis-

tinctive benefit is highly increased ɛ u over that of only grain-size

GS even at much enhanced σ y ( Fig. 2 d). This indicates the syner-

gistic effect triggered by dual gradients [9] . 

Several mechanisms for strain hardening were proposed to

interpret large ɛ u in GS. The first is the mechanically-driven

nanograin growth in NG layer upon tensile loading ( Fig. 3 a)

[7] , [25] . This recovers partly intra-granular dislocation plasticity in

NG layer for operative forest hardening [7] . The second is heteroge-

neous deformation-induced (HDI) strain hardening [3] , [4] , [8] . Upon

applied straining, plastic incompatibility in trans-scale GS exists

at hetero-interfaces where strain gradient appears. The geometri-

cally necessary dislocations (GNDs) are thus produced near hetero-

interfaces to help with compatible deformation. These GNDs, to-

gether with interaction with incident dislocations, induces HDI

strengthening and HDI hardening [3] , [4] , as evidenced by the hys-

teresis loops [8] and HDI stress (previously termed as back stress)

[4] , [27] . The third is the nanotwin boundary-mediated strain hard-

ening [1] , [9] . In the GS of nano-twin density, strong strain harden-
ng occurs due to substantial interaction between twin boundary

nd dislocations, see Fig. 3 c. 

With regard to HDI hardening in GS, distinctive dual effects

re noteworthy. First, HDI hardening is long-range [4] , which plays

 key role in accommodating strains at hetero-interfaces. In this

ense, HDI hardening is inherent to the trans-scale GS. Second, HDI

tress comprises back stress developed in soft CG layer and for-

ard stress in strong NS layer [4] . Specifically, the change of stress

tate occurs in GS during tensile load [4] , [8] , [28] , which helps with

he disentanglement and annihilation of existing dislocations of

igh density in NS. Namely, forward stress induces the drop at first

nd rise later in dislocation density in NS, see Fig. 3 b. This renders

artial recovery of forest hardening in NS during tensile deforma-

ion [8] , [29] , although the NG/NS layer strain softens due to the

ecrease in total dislocation density [29] . 

One more mechanism for strain hardening is worthy of men-

ion in GS mainly processed by surface mechanical deformation:

he compressive residual stress (CRS)-induced strain hardening

28] , [30] . This is usually neglected due to lacking real in situ ev-

dences because the CRS will be released soon after yielding. By

sing the synchrotron X-ray diffraction in-situ tensile loading in a

S IF steel, the CRS of peak distribution is visible beneath treated

urface [28] . The CRS increases at first, reaches the peak and then

ecreases with depth. Upon yielding, the layer on both sides of CRS

eak starts to plastically deform at first while the layer of higher

RS still remains elastic. This leads to the presence of an interface

etween elastic and plastic zone, near which the GNDs are pro-

uced to induce high HDI hardening. With further straining, this

nterface migrates toward the CRS peak until the layer of CRS peak

tarts plastic deformation. This leaves behind high density of GNDs

s well statistically stored dislocations (SSDs), resulting in both the

DI hardening and forest hardening [8] . 

Hence, strain hardening in GS, �GS , is a sum of several contri-

utions, as described in Eq. (1) . The first term is an additive effect

f individual layer by forest hardening in GS. Note that the NS layer

n GS only contribute to σ y but without strain hardening if loaded

lone. The second is extra strain hardening by compressive residual

tress. The third is the partly recovered forest dislocation harden-

ng due to the change of stress state in NS layer. The last is extra

DI strain hardening by GNDs at hetero-interfaces. 

GS = ��i th + ��CRS 
GNDs + ��NS 

forest dislo + ��HDI 
GNDs (1)

The strengthening effect of GS also attracted great interests

8] , [9] , [31] . The GS features a largely-extended elasto-plastic yield-

ng [32] . Due to the trans-scale grain sizes, σ y varies in a

ide range based on the classical Hall–Petch relationship. The

S thus successively yields, distinct from yielding in homoge-

eous microstructures. This leads to an extended elasto-plastic co-

eformation. The CRS also makes the subsurface layer remain elas-

ic longer than other layers, which further magnifies elasto-plastic

ncompatibility [28] . The GNDs are produced already at hetero-

nterfaces. Hence, the global σ y in GS is larger than that predicted

y the rule-of-mixture [9] , [31] . GNDs-induced HDI hardening is re-

ponsible for an extra strengthening during elasto-plastic yielding

n GS. In other words, GS shows a synergistic strengthening effect,

hich is also inherent to trans-scale GS. 

Last but not least, because of hetero-deformation in GS, a new

ssue emerges without a very clear picture of whether or not,

acroscopically, GS plastically deforms uniformly. It has been long

hought that the answer is yes as long as ɛ u appears of strain hard-

ning, see the stress-strain curves shown in Figs. 2 a and 2 b. This

ints that the NS layers, along with CG layer, uniformly deforms.

owever, this is not always true in GS [29] . By using in-situ digital-

maging-correlation (DIC) measurement, it was observed that the

S layer deforms heterogeneously by nucleation and propagation

f a macroscopic strain-band (SB) along gage length. Namely, strain
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Fig. 2. Tensile stress–strain curves in various heterogeneous structures. (a) GS Cu [7] . (b) GS IF steel [8] . (c) GS TWIP steel [13] . (d) GNT Cu [9] . (e) LS Ti [10] . (f) HS CoCrNi 

MEA [42] . GS: gradient structure. LS: lamellar structure. NG: nanograin. CG: coarse grain. NS: nanostructure. GNG: gradient nanograin. GNT: gradient nanotwin. NT: nanotwin. 

HGS: heterogeneous grain structure. 

Fig. 3. Transmission electron microscope images showing distinct microstructural responses during tensile deformation in varying heterogeneous materials. (a) Mechanically- 

driven grain coarsing in NG of GS Cu [7] . (b) Distanglement and annihilation of original high-density dislocations in NS of GS-IF steel [8] . (c) Nucleation and slip of dislocations 

at twin boundary in GNT Cu [9] . (d) Multiple deformation twins in GS Ag [20] . (e) Dislocation pile-ups inside grains and high-density tangled dislocations at grain boundary 

in LS Ti [10] . (f) Dynamic nucleation of nanotwins at grain boundary in LS CoCrNi medium-entropy alloy [42] . 
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localization occurs in NS layer, in contrast to uniform deformation

in CG core, even both subjected to the same applied strain. Strain

gradient of two kinds was detected. One is cross-sectional between

NS and CG layer, while the other is axial and in-plane ahead of the

propagating SB. Correspondingly, HDI strain hardening is induced.

The former prevents SB from propagating into the depth, while the

latter slow down and stabilize the propagating SB. Both renders

strain delocalization in SB. Further, the micro-hardness (Hv) in SB,

as an indicator of strain hardening, drops at first and rises later,

yet still with a decrease in overall Hv eventually. This indicates

strain softening in SB, while forest hardening only partly recov-

ered during tensile deformation. Namely, uniform deformation as

shown in the stress-strain curve is nothing but pseudo strain hard-

ening in NS layer. It turns out that HDI hardening, along with re-

covered forest hardening, both synergistically retaining ductility in

NS layer. This result helps with understanding heterogeneous de-

formation in GS from fresh perspectives and to design GS of high

mechanical properties. This result also challenges mechanical theo-

retical analysis and modelling concerning plastic deformation in GS

[13] , [23] , [24] . It should be noted that highly dispersed strain bands

were also observed in GS Ni consisting thicker CG layer [33] . This

is another way to delocalize strains in the NS layer. 

2. Lamellar structure 

As aforesaid, HDI hardening in HS is ascribed to strain gra-

dient [3] , [4] , which depends on plastic incompatibility at hetero-

interfaces among heterogeneities of contrasting plastic responses.

Large strain gradient helps with obtaining strong HDI hardening for

ductility. The strain gradient-oriented design for hetero-structuring

is thus suggested. With regard to the trans-scale HS, the larger dis-

crepancy in grain sizes, the larger strain gradient will be at hetero-

interfaces due to more drastic plastic incompatibility upon strain-

ing. This idea has been early reflected in hetero-structures usually

consisting of micro-sized grains embedded in remaining nano-twin

bundles and nano-grains by means of dynamic plastic deformation,

showing superior ( σ y , ɛ u ) combination and strain hardening over

those of original CG [34] , [35] . However, the role by HDI hardening

was not analyzed. 

The heterogeneous lamellar structure (HLS) is so far the most

effective heterostructure for producing both strengthening and HDI

hardening [10] . HLS was reported originally in Ti by partial re-

crystallization annealing. This HLS Ti consists of soft lamellae of

volume fraction of 25% dispersed in hard NS matrix. Each lamella

consists of micron-sized grains (MGs) of d̄ of 2.3 μm. This HLS Ti

shows a superior ( σ y , ɛ u ) combination, see Fig. 3 e [10] . Particu-

larly, ɛ u is slightly higher than that of homogeneous CG Ti, while

σ y triples, i.e. there is no ( σ y , ɛ u ) trade-off. 

The strong HDI hardening in HLS Ti is evidenced by the pres-

ence of hysteresis loops during unloading-reloading at different

tensile strains [10] . Further, back stress hardening, as a compo-

nent of HDI hardening, is evidenced by GND pile-ups in MG, along

with tangled high-density SSDs at hetero-interfaces, see Fig. 2 d.

HLS Ti is a two-level grain hierarchy consisting of NSs and MGs.

The sharp incompatibility renders drastic strain gradient at hetero-

interfaces for large HDI hardening. Moreover, the HLS with MGs

of volume fraction of 25% shows the same σ y as that in cold-

rolled NS Ti. This indicates an extraordinary strengthening effect.

In addition, the ( σ y , ɛ u ) combination in HLS Ti can be tailored in

terms of the size effect. There exists an optimum size for the high-

est HDI strengthening and work hardening [36–40] . An ideal HLS

could produce higher total strain hardening than the CG structure

[10] . This is the reason for the simultaneous increase in σ y and

ɛ u in HLS Ti. Similar to the GS, HLS Ti features largely extended

elasto-plastic transition due to trans-scale grains from MG to NS.

As a result, HDI hardening before yielding induces an extra σ y [10] .
n addition, the HLS also shows unique advantage over the typ-

cal bimodal grain structure [41] . The large grains probably facili-

ate complete intra-granular dislocation plasticity to operate during

ensile deformation [40] , with a little or no effect by HDI harden-

ng. 

Following the same idea, a three-level grain hierarchy of HS is

esigned in a nearly equiatomic CoCrNi medium-entropy alloy of

uch low stacking fault energy (SFE) [42] . This HS, spanning NG

 ̄d : ≤0.25 μm), ultrafine grains (UFG, d̄ : 0.25-1 μm) to MG ( ̄d : 1-

 μm), provides ɛ u of 20% and σ y of ~1.2 GPa similar to that of

niform UFG, see Fig. 2 f. Of unique finding is the dynamic genera-

ion of nano-twins, which later evolves into NGs at GBs during ten-

ile deformation. This makes it become self-reinforcing three-level

S. Moreover, this three-level HS offers a special advantage over

wo-level on a smooth strain gradient across neighboring grains

hrough UFG as a transition from NS to MG under the same range

f strain gradient. Hence, this HS demonstrates an unprecedented

agnitude of back stresses to sustain unusually large, long-range

DI hardening over a wide range of plastic strains [42] . 

. Summary and perspective 

The hetero-structuring strategy is promising for obtaining si-

ultaneous high strength and high ductility so as to upgrade cur-

ent metallic materials. The relationship between the microstruc-

ure and ( σ y , ɛ u ) combination suggests deformation physics: trans-

cale grain sizes produce strain gradient at hetero-interfaces,

here geometrically necessary dislocations are accumulated to in-

uce HDI strengthening before global yielding and HDI hardening

fter yielding. The HDI hardening, along with conventional forest

ardening, especially recovered in NS, helps with retaining high

uctility. 

Several fundamental issues need to be further studied for de-

igning heterostructure for superior ( σ y , ɛ u ) combination. First, the

train gradient-oriented design of HS is of crucial significance. The

ovel HS is needed to specialize for ductility at high yield strength

n HS containing NS. Second, since HDI strengthening and strain

ardening play a critical role in increasing strength and retain-

ng ductility, the HS design of high density hetero-interfaces is

hus needed to accumulate GNDs for the best properties. Third,

he super-nanograins (s-NG) of usually less than 10 nm exhibit

xtremely high strength [43] . HS containing s-NG is hopeful not

nly to increase yield strength but also to reveal novel deforma-

ion physics. Finally, it might be beneficial to couple heterostruc-

ures with other strengthening mechanisms for joint strain hard-

ning for better ductility, as demonstrated by the GS coupling with

ano-twins [9] . This leads to many new strategies in design HS al-

oys. 
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