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a b s t r a c t 

Based on recent findings in ultrafine grained metals, we proposed a strategy for overcoming the strength- 

ductility trade-off in structural metallic materials. Sequential nucleation of different deformation modes, 

such as unusual slip systems, deformation twinning, martensitic transformation, etc., would regenerate 

strain-hardening ability of the material, leading to high strength and large tensile ductility. For discussing 

the activation of different deformation modes in atomistic scales, the concept of plaston which considered 

local excitation of atoms under singular dynamic fields was proposed. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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trength-ductility trade-off

Higher and higher strengths are required for structural ma-

erials in recent years, for reducing the weight of transportation

achines like automobiles, realizing huge constructions, and

ecuring human beings and society from accidents and disasters

ike collision, earthquake, and so on. However, the ductility and/or

oughness of materials generally deteriorates with increasing

he strength, as is schematically illustrated in Fig. 1 (a) which

s often called a “banana curve” due to its shape [1] . We need

o overcome this trade-off relationship between strength and

uctility/toughness, since high strength materials should be also

anufactured into particular shapes and should avoid brittle or

arly fracture for maintaining safety in practical service. A number

f publications have claimed findings of new materials managing

oth high strength and good ductility in the last decade [2–18] .

owever, most of them have mainly insisted superior mechanical

roperties found in different materials with different (and mostly

omplicated) microstructures, so that we still scarcely have general
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dea or principle to actively design advanced structural materials

hat can manage both high strength and ductility. 

For overcoming the strength-ductility trade-off, we need to

nderstand the fundamental reason for that. Let us now look at

 typical example of the strength-ductility trade-off appearing

n bulk nanostructured metals having ultrafine grained (UFG)

icrostructures. Fig. 1 (b) shows engineering stress-strain curves at

oom temperature (RT) of an ultra-low carbon interstitial free (IF)

teel [19] with various mean grain sizes ranging from 0.4 μm to 33

m [20] . The single-phase microstructures of body-centered cubic

BCC) α ferrite with different grain sizes were fabricated by severe

lastic deformation (SPD) using accumulative roll bonding (ARB)

21–23] and subsequent annealing [20] . The strength (especially

he yield strength) of the material monotonously increased with

ecreasing the grain size, which could be understood in terms of

he well-known Hall–Petch relationship [24 , 25] . On the other hand,

he tensile ductility (especially the uniform elongation) of the ma-

erial suddenly dropped when the average grain size became

maller than 1 μm. This is a strength-ductility trade-off appearing

n most of UFG metals [26] . The outline of the stress-strain curves

hown in Fig. 1 (b) exhibits a “banana” shape. It should be also

oted, by the way, that the specimens of which grain sizes were

maller than 2 μm showed discontinuous yielding characterized by
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Fig. 1. (a) Schematic illustration showing the trade-off relationship between 

strength and ductility in materials (banana curve). (b) Engineering stress-strain 

curves at RT of the IF steel having various mean grain sizes ( d ) ranging from 0.4 μm 

to 33 μm, fabricated by SPD using ARB and subsequent annealing. EBSD-IPF maps 

showing typical grain structures are superimposed in the figure [19] (c) True stress- 

strain curves and corresponding strain-hardening curves of the IF steel specimens 

having various grain sizes. Stress-strain curves are drawn in solid lines up to the 

uniform elongation points determined from the engineering stress-strain curves, 

and then drawn in broken lines in post uniform elongation regions. Curves for the 

representatively coarse-grained ( d = 33 μm) and UFG ( d = 0.4 μm) specimen are ex- 

pressed in blue and red, respectively. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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clear yield-drop, although the IF steel having no interstitial carbon

and nitrogen normally shows continuous yielding [19] . It has been

reported that UFG metals and alloys frequently show such a yield-

drop phenomenon, regardless of kind and crystal structure of the

materials [26–36] . 
The sudden decrease of ductility (especially uniform elonga-

ion) in UFG materials could be understood by plastic instability

26 , 37 , 38] . When necking happens in a tensile specimen, the ten-

ile stress in the necked part becomes higher than that in the un-

ecked regions due to the decrease in the cross-sectional area. At

he same time, however, the necked part is more strain-hardened

han the un-necked regions. Therefore, whether the necking pro-

eeds or not depends on the balance between the increased tensile

tress and the increased hardness (strength) in the necked part.

or strain-rate insensitive materials, a simple Considère criterion

or plastic instability shown below is well known [39] . 

dσ

dε

)
≤ σ (1)

Here σ is the true flow stress and ε is the true strain, so

hat ( d σ /d ε) corresponds to the strain-hardening rate. The plastic

nstability condition determines the necking propagation, i.e., the

niform elongation in tensile tests. The Eq. (1) indicates that

he strain-hardening rate ( d σ /d ε) plays a critical role for the

lastic instability. Fig. 1 (c) shows true stress-strain curves of the

F steel with various mean grain sizes, together with the strain-

ardening rate curves for the specimens with d = 33 μm (blue)

nd d = 0.4 μm (red). The stress-strain curves are drawn in solid

ines until the points of uniform elongation determined from the

ngineering stress-strain curves, and then drawn in broken lines

or post-uniform elongation. In general, the strain-hardening rate

onotonously decreases with the progress of plastic deformation,

nd eventually becomes lower than the flow stress, as is typically

hown by the blue strain-hardening curve for the coarse-grained

pecimen in Fig. 1 (c). The intersection corresponds to the plastic

nstability point. The strain at the intersection points corresponded

ell with the uniform elongation points of the specimens having

verage grain sizes over 1 μm. When the average grain size de-

reased down to 0.4 μm, the red strain-hardening curve quickly

ecreased and intersected with the stress-strain curve of the spec-

men at a very early stage of the tensile deformation. Although

ne of the reasons for the quick decrease in the strain-hardening

ate in the UFG specimens was localized deformation accompanied

ith their yield-drop phenomenon [26 , 40] , the strain-hardening

ate did not recover afterward and the uniform elongation was

imited below a few%. In grain refinement strengthening, there

s usually no reason that the strain-hardening in finer grains are

ore enhanced than that in coarser grains, because structures

t grain interior are the same. Since grain refinement primarily

ncreases the yield strength of materials according to the Hall–

etch relationship [24] , the early plastic instability described above

eems indispensable in UFG metals. 

ltrafine grained materials managing both high strength and 

arge ductility 

Although many UFG metals exhibit the early plastic instability

hown in Fig. 1 , it has been found recently that several UFG mate-

ials show both high strength and large ductility [29 , 31–36] . Fig. 2

hows one example in an UFG Mg-Zn-Zr-Ca alloy [32 , 36] . Fully

ecrystallized microstructures having different mean grain sizes

 d ) ranging from 0.77 μm to 23.3 μm could be obtained in the Mg

lloy after SPD using high pressure torsion (HPT) [41] and sub-

equent annealing. Typical UFG ( d = 0.77 μm) and coarse-grained

 d = 23.3 μm) structures are exhibited in Fig. 2 (a-1) and (a-2),

espectively. True stress-strain curves of the specimens having

he grain sizes of 0.77 μm (red) and 23.3 μm (blue) are shown

n Fig. 2 (b), together with corresponding strain-hardening rate

urves. The yield strength of the Mg alloy significantly increased

rom 90 MPa to 235 MPa by the grain refinement from 23.3 μm

o 0.77 μm [32] . The shape of the stress-strain curve around
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Fig. 2. (a) EBSD-IPF maps of the fully recrystallized structures having the mean grain sizes ( d ) of 0.77 μm (a-1) and 23.3 μm (a-2) in Mg-Zn-Ca-Zr alloy (ZKX600) processed 

by SPD using HPT and subsequent annealing. [32] (b) True stress-strain curves at RT and corresponding strain-hardening curves of the Mg alloy specimens having the average 

grain size of 0.77 μm (red) and 23.3 μm (blue). (c) TEM images of the UFG Mg alloy specimen ( d = 0.77 μm) after a tensile deformation to 9.5%. A TEM bright-field image 

observed from near [01–10] zone axis under a two-beam condition (c-1) and a corresponding dark-field image using g = 0 0 02 (c-2). [36] (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 

y  

b  

s  

s  

a  

t  

2  

q  

t  

r  

h  

s  

b  

s  

o  

a  

f  

M  

k  

a  

[  

c  

w  

t  

s  

i  

a  

s  
ielding changed from continuous one to discontinuous-like one

y the grain refinement. It should be noted that the UFG specimen

howed good strain-hardening ability even after the high yield

trength, and exhibited higher tensile strength (328 MPa) as well

s larger uniform and total elongations (20.5% and 26.1%, respec-

ively) than the coarse-grained specimen (256 MPa, 17.6%, and

0.3%). The red strain-hardening curve for the 0.77 μm specimen

uickly dropped at the beginning of deformation corresponding

o the discontinuous yielding, but the strain-hardening rate then

egenerated again to show high values comparable to (or even

igher at later stage than) that for the coarse-grained (23.3 μm)

pecimen. As a result, the plastic instability was postponed and

oth high strength and large ductility were realized in the UFG

pecimen. Fig. 2 (c-1) and (c-2) show a TEM bright-field image
bserved from near [01–10] zone axis under a two-beam condition

nd a corresponding dark-field image using g = 0 0 02, respectively,

or the UFG specimen after a tensile strain of 9.5% [36] . In Mg and

g alloys having hexagonal close-pack (HCP) structure, it is well

nown that basal slips having Burgers vector ( b ) parallel to < a >

xis in HCP crystal preferentially occur at ambient temperature

42] . However, many dislocations in Fig. 2 (c-2) show clear bright

ontrast, indicating that those dislocations have Burgers vector

ith < c > component. They are considered to be < c + a > disloca-

ions probably belonging to a pyramidal slip system. Operation of

uch a different slip system in addition to usual basal slip would

ncrease the chance of interactions between operated dislocations

nd inhibit annihilation of dislocations, resulting in enhanced

train-hardening shown in Fig. 2 (b). That is, unusual < c + a > dis-
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Fig. 3. (a) True stress-strain curves at RT and corresponding strain-hardening curves of the 31Mn-3Al-3Si austenitic steel having the average grain size ( d ) of 0.60 μm (red) 

and 15.4 μm (blue). (b) SEM-ECCI image of the 31Mn-3Al-3Si steel with an UFG grain size ( d = 0.79 μm) after 1.6% tensile deformation. Nucleation of deformation twins 

from grain boundaries is observed. [44] (c) True stress-strain curves at RT and corresponding strain-hardening curves of the 24Ni-0.3C metastable austenitic steel having the 

average grain size of 0.5 μm (red) and 35 μm (blue). (d) EBSD grain boundary and phase maps of the 24Ni-0.3C steel having the UFG grain size ( d = 0.5 μm) after a tensile 

deformation to a strain ( e ) of 0.1 (10%). High-angle grain boundaries having misorientations ( θ ) larger than 15 ° and low-angle grain boundaries with 2 °� θ < 15 ° are drawn 

in black lines and red lines, respectively. Annealing twin boundaries ( �3) are drawn in blue. Austenite mother phase with FCC structure and martensite phase with BCC 

structure are painted in white and green, respectively. Nucleation of deformation induced martensite (green regions) from grain boundaries are observed. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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locations were unexpectedly activated in the UFG Mg alloy, which

was the reason for the regeneration of strain-hardening leading to

both high strength and large ductility. 

Fig. 3 shows another type of examples in different kinds

of UFG materials overcoming the strength-ductility trade-off.

Fig. 3 shows true stress-strain curves at RT and corresponding

strain-hardening curves of the fully recrystallized specimens of an

31Mn-3Al-3Si (mass%) steel having average grain sizes of 15.4 μm

(blue) and 0.60 μm (red), fabricated by conventional heavy cold-

rolling and appropriate annealing [29 , 43] . The steel maintained

a fully austenitic (face centered cubic: FCC) structure at room

temperature. Similar to the Mg alloy shown in Fig. 2 , the yield

strength of this alloy greatly increased by the grain refinement,

but the strain-hardening rate of the 0.60 μm specimen regenerated

after the quick drop at discontinuous yielding and maintained

high values comparable to that of the coarse-grained specimen.

As a result, high tensile strength (836 MPa) and large uniform

elongation (43.3%) were achieved in the UFG 31Mn-3Al-3Si steel.

An electron channeling contrast image (ECCI) taken by scanning

electron microscopy (SEM) of the UFG specimen after a tensile

strain of 1.6% is shown in Fig. 3 (b) [44] . At this early stage of

deformation, it was observed that deformation twins nucleated

from grain boundaries in the UFG specimen. By the way, it is

well known that deformation twinning in FCC metals and alloys
ecomes difficult to occur with decreasing grain size [45] , which

ould be understood by less chances of the dislocation reactions

or producing deformation twins [46] in the finer grains. It is

oteworthy, therefore, that deformation twinning was rather en-

anced in the UFG specimen with sub-micrometer grain sizes and

hey were nucleated from grain boundaries (not by the dislocation

nteractions in grains). Consequently, such deformation twins were

onsidered to be responsible to the enhanced strain-hardening

bility leading to the high strength and large ductility. 

True stress-strain curves at RT and strain-hardening rate curves

f a metastable austenitic (FCC) steel, Fe-24Ni-0.3C (mass%),

aving different grain sizes ( d = 35 μm (blue) and 0.5 μm (red))

re shown in Fig. 3 (c). The specimens with fully recrystallized

icrostructures with different mean grain sizes were fabricated by

onventional heavy cold-rolling and appropriate annealing. In this

aterial, strain-hardening was significantly regenerated even in

he conventionally coarse-grained ( d = 35 μm) specimen, as shown

y the blue curve of strain-hardening rate in Fig. 3 (c), which was

ttributed to the deformation induced martensitic transformation.

he resultant high strength and large ductility in such metastable

ustenitic alloys are called transformation induced plasticity (TRIP)

47] . It should be noted here that grain refinement stabilizes the

other phase (austenite) against martensitic transformation [48] .

n fact, the martensitic transformation starting temperature ( Ms )
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Fig. 4. Schematic illustration showing a strategy for managing both high strength 

and large ductility of the materials through sequential nucleation (activation) of dif- 

ferent deformation modes and regeneration of strain-hardening ability. An illustra- 

tion showing the nucleation of a new deformation mode from a grain boundary in 

UFG materials is shown at lower position, as an example of such a nucleation. 
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n cooling of this alloy decreased from −26 °C to −66 °C by the

rain refinement from 35 μm to 0.5 μm [49 , 50] . Even though

he austenite was stabilized by the grain refinement, the UFG

pecimen ( d = 0.5 μm) showed deformation induced martensite

ith body centered cubic (BCC) structure (painted in green in

ig. 3 (d)) nucleated from grain boundaries of austenite, after a

ensile strain ( e ) of 0.1 (10%). Consequently the strain-hardening

ate increased again after the early drop, postponing plastic insta-

ility and resulting in high strength and large ductility even in the

FG specimen, as was shown in Fig. 3 (c). 

trategy to overcome strength-ductility trade-off and a concept 

f plaston 

The results in the UFG metals described above clearly indicate

 possibility to overcome the strength-ductility trade-off. In each

xample, different deformation modes, i.e., < c + a > dislocations in

he Mg alloy, deformation twin in the high-Mn austenitic steel, or

artensite in the metastable austenitic steel, were unexpectedly

ctivated to enhance and regenerate strain-hardening. After such

vidences, we would like to claim a strategy for managing high

trength and large ductility in advanced high strength structural

etals, as is illustrated in Fig. 4 . Even a normal operation of single

eformation mode (like normal dislocation slip) causes strain-

ardening, but the strain-hardening rate decreases monotonously

ith increasing the plastic strain. If a different deformation

ode is activated (deformation mode-2 in Fig. 4 ), the strain-

ardening ability can be regenerated probably due to interactions

etween different deformation modes (or resultant lattice defects

f different types), leading to postponing plastic instability. If

ifferent deformation modes are sequentially activated, the strain-

ardening ability is regenerated at all such times, leading to high

trength and large ductility, as is illustrated in Fig. 4 . 1 A schematic
1 Strictly speaking, the initiation of new deformation modes releases elastic en- 

rgy stored in the material, so that the flow stress might decrease at that mo- 

ent, which is somehow reflected in Fig.4 . This corresponds to the yield-drop 

henomenon in fully recrystallized UFG materials, as is discussed in the next sec- 

ion. Such a drop of the stress might be veiled in bulky materials having hetero- 

eneities in microstructures, but may appear more obviously in nano-scale mate- 

s  

i  

a  

r

w

a

llustration showing a nucleation of new deformation mode from

 grain boundary in UFG metals observed above ( Fig. 3 ) is also

hown as an example of such an activation. 

Why were the unusual deformation modes activated in some

FG materials? We think that the normal deformation mode (i.e.,

ormal dislocation slips) became difficult to operate within fully

ecrystallized ultrafine grains having limited volumes. Similar

henomena have been reported after micro-pillar experiments in

he last decade [51–54] . When the size of the micro-pillar single

rystals of various kinds of materials fabricated by focused ion

eam (FIB) processing decreased below a few micro-meters, their

trengths greatly increased [51–60] . This has been explained by

he so-called dislocation source hardening [53 , 54 , 61 , 62] . Metal-

ic materials maintain a relatively large number of dislocations

ven after annealing, so that coarse crystals generally involve

asy dislocation sources (like Frank–Read source [63] ) as well

s pre-existing mobile dislocations. Therefore, coarse crystals

o not need to newly nucleate dislocations to initiate plastic

eformation. When the crystal size decreases very much, the fine

rystals might not include any dislocation sources stochastically,

eading to high yield strength sometimes approaching to the

deal strength of the crystal [54 , 64–71] . It would be reasonable to

onsider that similar thing can happen in polycrystalline grains

aving sub-micrometer grain sizes. We think that the yield-drop

henomenon and discontinuous yielding that have been observed

n fully recrystallized UFG metals regardless of the kind of ma-

erials [26–36] reflects such a situation, since it is well known

hat the yield-drop phenomenon generally happens when free

mobile) dislocations are deficient in crystals [72] . For initiating or

eveloping plastic deformation in such UFG metals, any carriers

f plastic deformation have to be nucleated. The nucleation must

ccur from grain boundaries, as was indeed shown in UFG Mg,

FG austenitic steel and UFG metastable austenitic steel that

ucleated < c + a > dislocations, deformation twins, and martensite,

espectively ( Figs. 2 and 3 ). In case of micro pillars, nucleation of

eformation modes initiate most likely from the surfaces [73–76] .

igh stress conditions realized upon such circumstances lacking

ree dislocations or dislocation sources must be one of the reasons

or the nucleation of unusual deformation modes. We consider

hat dislocations were newly nucleated even in the UFG IF steel

s well ( Fig. 1 ), but only the operation of the same (single) de-

ormation mode could not enhance strain-hardening due to the

ack of interaction between different deformation modes or lattice

efects, leading to the limited tensile ductility. 

The details of the reason why the strain-hardening was regen-

rated by the operation of different deformation modes are still

nclear. High-Mn steels and metastable austenitic (Ni-C) steels are

riginally known to show good balances of strength and ductility

ven in conventionally coarse grain sizes [1] . Their good mechan-

cal properties have been considered due to deformation twinning

r deformation induced martensitic transformation, which have

een named twinning induced plasticity (TWIP) [77 , 78] or TRIP

47] , respectively. However, the mechanisms of enhanced strain-

ardening have not yet been exactly clarified even for the con-

entional TWIP and TRIP phenomena [79] . Another critical point

nknown and to be clarified is the activation (nucleation) mecha-

ism of different deformation modes [80] . Without understanding

he activation mechanism, we cannot design metallic materials

aving appropriate chemical compositions and microstructures for

equentially activating different deformation modes and enhanc-

ng strain-hardening as expressed in Fig. 4 . For considering the

ctivation of deformation modes generally, we should consider the
ials. Whether such a stress-drop appears on the global stress-strain curve or not 

ould also depend on the nucleation kinetics of the new deformation mode as well 

s the degree of heterogeneity of its appearance in the material. 
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Fig. 5. (a) Changes in the free energy of the system (material) during the nucle- 

ation of a deformation mode according to the reaction coordinate (collective valu- 

able), the plastic strain in this case. Two different free energy curves are drawn, 

corresponding to a case without stress (black) and a case under a stress (red), re- 

spectively. (b) Schematic illustrations showing changes of atomistic structures in a 

crystal, corresponding to different stages of nucleation shown in (a). Red atoms cor- 

respond to the “plasto n”, i.e., the local defective region collectively activated me- 

chanically and thermally at a singular region in the material. The propagation of 

the plaston brings about plastic deformation and may leave a particular lattice de- 

fects, such as stacking faults, deformation twins, martensite, etc. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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energetics and kinetics of the deformation mode under a mechan-

ical loading (stress), as illustrated in Fig. 5 . Fig. 5 (a) shows changes

in the free energy of the system (material) during the activation of

a deformation mode according to the reaction coordinate (collec-

tive valuable), i.e., the plastic strain in this case. Fig. 5 (b) illustrates

changes of local atomistic structures in a crystal, corresponding

to different stages in Fig. 5 (a). Fig. 5 (b-1) and (b-2) exhibit the

status between the initial point (A) and the peak-energy point (B)

in Fig. 5 (a), and Fig. 5 (b-3) indicates that between the point (B)

and the point (C) in Fig. 5 (a). In Fig. 5 (a), two different free energy

curves are drawn, corresponding to a case without stress (black)

and a case under a stress (red), respectively. In both cases, the ma-

terial needs to overcome an energy barrier ( �G ) for the activation.

When no stress is applied, only thermal activation can overcome

the barrier ( �G 0 ). However, the resultant state (C) should have

higher free energy than the initial state (A) because of lattice de-

fects introduced by the plastic deformation (such as, dislocations,

surface steps, deformation twins, martensite crystals, and so on),

so that the reaction from (A) to (C) via (B) cannot spontaneously

happens without mechanical loading (stress). When a stress is ap-

plied to the material, the activation barrier is reduced from �G 0 to

�G 1 , by the mechanical activation. Correspondingly, it should be

noted that the final state (C) becomes lower than the initial state

(A) in this case, because of a release of an energy by the plastic
eformation realized. This means that a driving force from (A) to

C) arises under a stress. Let us here consider the change of local

tomistic structures during the process in Fig. 5 (b). Here, a perfect

rystal without any lattice defects that can be carriers of plastic

eformation (like dislocations) is considered. In such a case, we

eed to nucleate the new deformation mode that leads to a plastic

eformation for relaxing the stress. At a singular region with high

ocal stress and/or high energy in the material, such as grain/phase

oundary, surface, crack tip, etc., a certain group of atoms would

e activated mechanically and thermally, and form a defective

ones (drawn by red atoms in Fig. 5 (b)). Migration of the local

efective zone results in a plastic strain. Between the states (A)

nd (B) before the energy barrier in Fig. 5 (a), the defective zone

ay migrate back and forth. After overcoming the barrier ( �G 1 ),

owever, the defective zone migrates in one direction to produce

urther plastic deformation. The formation and migration of such a

ocal defective zone is the elemental process for the nucleation of

 new deformation mode. The propagation of the defective zone

ay leave a particular defect, such as a stacking fault, deformation

win, martensite, rejuvenated glass and so on, depending on the

ype of the deformation mode. We would like to call such a

ocalized defective zone of excited atomic structure (expressed by

ed atoms in Fig. 5 (b)) “plaston ”, since it is the essential structure

hat leads to a plastic strain by its migration. Atomistic structure

n dislocation core is one of such localized defective zones. 

As was mentioned above, enhancement of both strength

nd ductility by deformation twinning and deformation-induced

artensitic transformation has been already known as TWIP

77 , 78] and TRIP [47] , respectively. However, we cannot yet ac-

ively control TRIP and TWIP, since we still do not know the

ritical atomistic process of nucleation for deformation twinning

nd deformation-induced martensitic transformation. Additionally,

e think that it has not yet been clearly proved why global

train-hardening of materials is enhanced by deformation twin-

ing (TWIP) and martensitic transformation (TRIP). Dislocation

heory is powerful to explain plastic deformation and strength of

etallic materials, but has a limitation. The dislocation theory is

ased on elastic fields around dislocations, but the elastic fields of

islocations are obtained assuming Volterra’s hollow cylinder [63] .

herefore, the dislocation theory does not treat discrete atomistic

nformation. As a result, we cannot yet discuss the nucleation of

islocations. Nucleation and growth of deformation twins (espe-

ially in FCC crystals) and martensite have been often described

y movement of partial or interfacial dislocations and reactions

f dislocations, which are, however, just based on geometry. It is

lso well known that twins and martensite preferentially nucleate

rom grain boundaries. In the present paper, indeed, we have

hown that deformation twins, martensite and c + a dislocations

n HCP Mg alloys nucleated from grain boundaries in ultrafine

rained metals ( Figs. 2 and 3 ), which cannot be described by the

islocation theory. We need to understand elementary processes

or those phenomena in atomistic scales with their thermody-

amics and kinetics, in order to control the sequential nucleation

llustrated in Fig. 4 . 

The plaston expressed in Fig. 5 does describe such atomistic

rocesses. We believe that the concept of plaston expressed in

ig. 5 is useful for various kinds of plastic phenomena, i.e., the

ucleation and migration of dislocations [81] , deformation twins

82 , 83] , martensite, disclination, dislocation loops [65 , 84–87] , dis-

onnections/ledges/steps on grain boundary/interface [88 , 89] , va-

ancy/interstitial clusters, shear transformation in glass [90–93] ,

nd other unknown things in atomistic scales. Experimental anal-

ses and computer simulations in atomistic scale considering plas-

on would deepen the understanding of activation and migration

roperties of the localized defective zone ( plaston ) that produces

lasticity. Different kinds of plaston would have different activation
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nergies and different dependencies on stress and temperature.

nce we figure out those properties, we would be able to design

ptimized material with appropriate chemical compositions and

icrostructures and to realize optimized processes at appropriate

emperature and strain rate for controlling the activation of differ-

nt deformation modes. The concept of plaston would be also use-

ul for considering fatigue and fracture behavior of materials, since

egions near crack-tips are typical singular points of stress. Then it

ould become possible not only to overcome the strength-ductility

rade-off but also to make less deformable materials plastic. 

ummary 

In summary, some actual examples of UFG materials that could

vercome the strength-ductility trade-off were introduced in the

arly part of this paper. Each UFG metal showed an unexpected

ctivation of different deformation modes, which regenerated the

train-hardening ability of the materials, leading to high strength

nd large ductility. Based on the results, a strategy, i.e., sequential

ucleation of different deformation modes for regenerating and

ustaining high strain-hardening rate, was proposed. In order to

onsider the fundamental principle of the nucleation (or activa-

ion) of different deformation modes, we also proposed a concept

f plaston , as a local defective region composed of collectively

ctivated (or excited) atoms to create plasticity of the materials.

nderstanding of the plaston concept would make it possible to

esign advanced structural materials controlling the activation

f various deformation modes in appropriate timing, and would

ive a fundamental principle for managing both high strength and

arge ductility. 
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