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Strength and ductility are two of the most important mechanical properties of structural materials.  

High strength is desired for structural components so that they can carry high loads. Good ductility is 

essential to avoid catastrophic failure in load-bearing applications and is also very important for many 

shaping and forming operations. The ductility of materials is usually defined as the extent to which a 

material can be deformed plastically. Usually, ductility is measured in uniaxial tension. It is a long 

dream for materials scientists to synthesize structural materials with both high strength and high 

ductility. However, the strength and ductility usually are trade-off with each other, i.e. increasing the 

strength sacrifices the ductility, and vice versa. This strength-ductility empiric dilemma has been 

manifested by the solid solute and dispersion (2nd-phase particles) hardened alloys which have 

widespread engineering applications but lower ductility in comparison with their pure metallic matrix. 

Phenomena beyond the strength-ductility empiric dilemma are usually treated as a special case. 

Since 1980’s, bulk nanostructured (NS) materials have emerged as a new class of materials with 

unusual structures and as a result, have attracted considerable attention in recent years. Bulk NS 

materials are single or multi-phase polycrystals with nanoscale grain size and usually can be classified 

into nanocrystalline (NC, < 100 nm) and ultrafine grain (UFG, < 1000 nm) materials. Bulk NS 

materials are structurally characterized by a large volume fraction of grain boundaries (50% for 5 nm 

grains, 30% for 10 nm grains), which may significantly alter their physical, mechanical, and chemical 

properties in comparison with conventional coarse-grained (CG) materials. The relatively high strength 

of bulk NS materials, typically 5-10 times of conventional materials of similar composition, offers 

interesting possibilities related to structural applications. Bulk NS materials usually can be synthesized 

via techniques including inert-gas condensation, mechanical attrition, crystallization of amorphous 

solids, severe plastic deformation (SPD), and electro-deposition. SPD is a top-down approach that 

refines grains of CG materials to produce nanostructures. Two of the mostly used SPD techniques are 

equal-channel angular pressing (ECAP) and high pressure torsion (HPT). Since the first pioneering 

works in the 90th demonstrated the capability of SPD to produce bulk NS billets, there has been a 

rapidly growing interest in investigation and applications of this innovative technique because of 

several advantages including potential industrial realization, 100% dense with artifacts free, 

contamination-free, large enough for practical structural parts.  

Unfortunately, most bulk NS materials do not evade the strength-ductility dilemma, and usually 

have very poor ductility. A review of the published literatures demonstrates that the reasons for the low 
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ductility of NS materials can be classified into two groups: extrinsic processing artifacts and intrinsic 

microstructures/deformation mechanisms. The former case includes porosity, insufficient bonding, 

impurities etc. that may develop during consolidation and/or synthesis of NS materials.  These artifacts, 

when present, will cause premature failure under tensile stresses, sometimes even before yielding has a 

chance to start.  However, even when NS materials are free of processing artifacts (such as NS metals 

prepared by SPD), their ductility is still very low because of intrinsic microstructures/deformation 

mechanisms. The low ductility of bulk artifact-free NS metals is stemmed from their low strain 

hardening ability. According to Hart criterion, localized deformation will occur when: 

  1-m                                    (1)              

where  is the normalized strain hardening rate, and m is the strain rate sensitivity.  The strain rate 

sensitivity of face-centered cubic NS materials is increased in comparison with that of the CG 

counterparts. However, the increase in m is not large enough to sustain large stable uniform 

deformation. The relatively low strain hardening rate  of bulk NS materials results in early necking 

instability in the presence of tensile stresses. The strain hardening is usually produced by 

accumulations of crystalline defects, such as dislocations.  The low strain hardening rate of NS 

materials is caused by their low dislocation storage efficiency owing to their small grains and/or nearly 

saturated defect (dislocation) density. Large grains may have enough space within the grains for 

significant numbers of dislocations to intersect/tangle with each other and, consequently, accumulate 

during deformation. However, in NS grains, dislocations may no longer accumulate inside grains, and 

grain interiors are often dislocation free. This is because dislocations are often emitted from a grain 

boundary segment and deposit on other grain boundary segments directly, resulting in minimal 

hardening. Moreover, the nearly saturated defect (dislocation) density also impedes the further 

dislocation accumulation for strain hardening.  

The poor ductility of bulk NS materials has become a seemingly insurmountable obstacle for the 

widespread technological applications of structural bulk NS materials. Since 2000, many efforts have 

been paid to developing strategies for improving the poor ductility of bulk NS materials. These studies 

are more or less invoked by two landmark papers appeared in 2002 (R.Z. Valiev, et al: J. Mater. Res. 

17 (2002) 5; Y.M. Wang, et al: Nature 419 (2002) 912). The importance of these two papers is attested 

by the large number of citations: 337+ and 503+, respectively. The developed strategies for improving 

the poor ductility of bulk NS materials include introducing a bi- or multi-modal grain size distribution 

(figure on the book cover: Y.H. Zhao, et al., Adv. Mater. 20 (2008) 3028), introducing pre-existing 

nano-scale growth/deformation twins, engineering 2nd-phase precipitates in a nanostructured matrix, 



designing multiple-phase alloys or composites, lowering stacking fault energy by alloying, lowering 

dislocation density and changing grain boundary nature, utilizing phase-transformation plasticity, or 

deformation under conditions including low temperature or high strain rate (for details, please refer to 

E. Ma: JOM 58 (2006) 49). These strategies have been demonstrated to have varying degrees of 

success for improving the poor ductility of NS materials, and many of them can satisfy the 

requirements for engineering application (i.e. uniform elongation before necking is larger than about 

5%). These studies also attest that it is possible to achieve enough ductility by tailoring and optimizing 

the microstructures of bulk NS materials, although the enhanced ductility is still much smaller than that 

of the coarse-grained counterparts. Nevertheless, systematic studies of the ductility of NS materials are 

lacking because (1) these strategies have not yet been fully established for NS materials, nor carefully 

analyzed, (2) these strategies are more or less limited by materials and synthesis methods of bulk NS 

materials. (3) most importantly, it is well known that the ductility is determined by the intrinsic 

microstructures (such as grain size, grain distribution and morphology, dislocation density, dislocation 

distribution and geometry, grain boundary nature and its misorientation angle distribution, chemical 

composition and solute distribution, etc.) and extrinsic conditions (such as temperature, strain rate, 

specimen size and geometry, processing artifacts including porosity, and impurity, etc.). However, a 

complete understanding as to how these microstructures and extrinsic conditions affect the ductility of 

NS materials remains to be established.   

Under such a background, we invited some prominent researchers in this field to contribute regular 

and review papers on advances in ductility of bulk NS materials to this special topic volume of 

Materials Science Forum. We collected fifty eight papers from twenty countries in this special topic 

volume covering a wide range of issues related to ductility of bulk nanostructured materials.  These 

papers cover various topics including deformation mechanisms, basic conceptions and reviews on 

ductility, ductility-structure relationship, processing, and microstructure evolutions. The materials 

investigated include bulk nanocrystalline and ultrafine grained metals (including Al, Au, Be, Cu, Fe, 

Ni, Ta, Ti, Zr) and alloys (including Al-, Cu-, Fe-, Mg, Mo-, Ni-, Ti-, Zn-alloys), thin films and nano-

layers, bulk metallic glasses and composites. Although the topic of this volume is mainly focused on 

bulk NS materials, some interesting papers related on ductility of thin films and metallic glasses were 

also collected. The experimental and analyzing techniques include molecular dynamic (MD) 

simulation, finite element modeling (FEM), and different SPD processes. The involved processing 

techniques include ECAP, HPT, accumulative rolling-bonding, cold drawing, cold and cryo-rolling, 

multi-directional forging, room-temperature and cryo-milling, electro-deposition, thermal spray 

forming, magnetron sputtering deposition, spark plasma sintering, e-beam evaporation, heat treatment, 



and flux-melting. These papers provide basic and fundamental understanding and knowledge on 

ductility, microstructure and deformation mechanisms relationships in bulk NS materials. This specific 

volume provides informative guidance on developing strategies to improve the ductility of NS 

materials that will allow materials designers to design and optimize mechanical properties of the NS 

materials. 

The guest editors of this special volume would like to take this opportunity to thank the publisher of 

Trans Tech Publications Ltd for providing such an opportunity to edit this specific topic volume, and 

thank all of the authors for their great contributions and hard work, cooperation and especially for their 

willingness to respond quickly and efficiently to the various comments and queries raised by the 

reviewers!  As always, every paper in this volume was subjected to a rigorous review procedure to 

ensure accuracy and high standards. The guest editors also thank all of the referees for their hard work 

and constructive comments! The guest editors wish to thank Dr. Thomas Wohlbier, Dr. Anne 

Wohlbier, Prof. Terence G. Langdon, Prof. Enrique J. Lavernia and Prof. Yuntian Zhu for their 

constructive suggestions about edition! Yonghao Zhao would like to acknowledge support by the 

Office of Naval Research (Grant number N00014-08-1-0405) with Dr. Lawrence Kabacoff as program 

officer. The guest editors also want to thank the strong supports from their family members, friends and 

relatives! We hope that our readers will share our enthusiasm for the quality of the many papers in this 

volume. The readers are very welcome to point out incorrect places, if there are any, due to the short 

and rush editing time! Finally, we would like to say that the investigation on ductility of bulk NS 

materials is just beginning, and we hope this special topic volume can become a trigger for invoking 

large amount of investigation of the ductility of bulk nanostructured materials so that the troublesome 

problem of the poor ductility of bulk NS materials for application can be solved in the very near future!  
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