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Bulk nanostructured (NS) materials: Over the past couple of decades, bulk nanostructured (NS) 

materials with unusual structures have emerged as a new class of materials and as a result, have been 

the subject of widespread research studies. 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 (M.A. Meyers, et al., Prog. Mater. Sci. 51, 2006, 427; R.Z. 

Valiev, et al., JOM 58(4), 2006, 33). As we know, the grain size of conventional structural 

polycrystalline materials typically falls in what is widely described as the coarse grained (CG) regime 

( 1 m, see Fig. 1) which may include the fine grained sub-regime (110 m). By extending the grain 

size down to the nanometer regime, NS materials provide us, not only with an excellent opportunity to 

study fundamental structure-property relationships and deformation mechanisms in polycrystalline 

materials, but also present us with an attractive potential for technological applications with their novel 

properties. Due to the small grain size, bulk NS materials are structurally characterized by a large 

volume fraction of grain boundaries (GBs, 50% for 5 nm grains, 30% for 10 nm grains), which may 

significantly alter their physical, mechanical, and chemical properties in comparison with conventional 

CG materials. For instance, with the validity of extending the Hall-Petch relationship down to at least a 

small threshold grain size value of about 1020 nm, the strength of UFG materials is typically 510 

times that of conventional CG material of similar composition, and thus offers interesting possibilities 

related to structural applications.  

 

Fig. 1 Grain size regimes of nanocrystalline, fine grained, ultrafine grained and coarse grained 

materials. 
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Syntheses: Bulk NS materials usually can be synthesized via a variety of techniques which can 

generally grouped into two broad categories: either a “two-step” approach, in which individual nano 

particles, agglomerates or clusters is first produced (by inert-gas condensation, mechanical attrition, 

etc.) and then consolidated using cold/hot isostatic pressing (CIP/HIP), quasi-isostatic Ceracon forging 

and spark plasma sintering (SPS), or a “one-step” approach such as electrodeposition and severe plastic 

deformation (SPD). Despite encouraging results it is evident that bulk NS materials produced by the 

“two-step” approach frequently have extraneous defects, such as porosity, insufficient bonding and 

impurities (H. Gleiter, Prog. Mater. Sci. 33, 1989, 223; D.B. Witkin, et al., Prog. Mater. Sci. 51, 2006, 

1; P.G. Sanders, et al., Mater. Sci. Eng. A 234, 1997, 77). SPD refines grains of CG materials to 

produce nanostructures (R.Z. Valiev, et al., Prog. Mater. Sci. 45, 2000, 103). 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. 

Deformation Mechanisms: Fig. 2 schematically shows the deformation mechanisms of a face-

centered cubic polycrystal with medium and high stacking fault energy as a function of grain size. 

When the grain size falls in the nanometer regime (say < 10 nm), a transition of the dominant 

deformation mechanisms from the usual dislocation-mediated plasticity to grain boundary-mediated 

processes takes place which corresponds to a transition in the slope of Hall-Petch relationship (A.H. 

Chokshi, et al., Scripta Mater. 23, 1989, 1679). The grain boundary-mediated processes include grain 

boundary sliding, migration and grain rotation (H. Van Swygenhoven, et al., Phys Rev B 64, 2001, 

224105; D. Moldovan, et al., Acta Mater. 49, 2001, 3521; Z. Shan, et al., Science 305, 2004, 654; T.J. 

Rupert, et al., Science 326, 2009, 1686). The macroscopic plastic deformation capability of 

nanocrystalline materials with grain boundary-mediated processes is usually very limited under 

conventional deformation conditions, unless under some specific conditions such as dynamic loading 

(S. Cheng, et al., Adv. Mater. 21, 2009, 5001), miniature sample geometries (Y.H. Zhao, et al., Scripta 

Mater. 59, 2009, 627), or deformed at elevated temperature which promote the activation of boundary 

process. In contrast, when the grain size falls in the micrometer regime (> 1 m), intra-granular 

dislocation activity plays a dominant role in plastic deformation.  Micrometer sized grains generally 

provide sufficient space for dislocation activity, such as nucleation, dislocation tangling, cutting and 

propagation and as a consequence, the associated strain hardening results in a high tensile ductility.  



When the grain size is smaller than 1 m and larger than about 10 nm, GBs act as both dislocation 

sources and sinks, and they lead to the absorption of dislocations by grain boundaries as soon as the 

dislocations are emitted from the opposite boundaries. Since very few dislocations can accumulate 

within ultrafine grains, the resultant strain hardening is very low, resulting in limited tensile ductility. 

In related studies, it was experimentally shown that, under the right conditions, such as at a very low 

strain rate of 10-5 s-1 or elevated temperatures, GB sliding can be activated in UFG materials with a 

mean grain size larger than 100 nm (I. Sabirov, et al., Acta Mater. 56, 2008, 2223). However, under 

normal deformation conditions, grain boundary sliding is limited and hence does not contribute to the 

poor ductility of UFG materials. When the grain size is smaller than about 50 nm, deformation 

twinning has been frequently reported even in materials with medium to high stacking fault energies 

such as Cu and Ni, and this was led to the suggestion that twinning is a major plastic deformation 

mechanism in UFG materials (X.Z. Liao et al., Appl. Phys. Lett. 84, 2004, 592). Systematic high-

resolution transmission electron microscopy studies revealed that the deformation twinning in UFG 

materials was formed by the emission of Shockley partial dislocations from GBs (V. Yamakov, et al., 

Nature Mater. 1, 2002, 45). A more recent study indicates that further decreasing the grain size of UFG 

materials actually impedes twinning (i.e., inverse grain size effect), which was explained using 

generalized planar fault energies and grain-size effects on the emission of partial dislocations (X.L. Wu 

et al., Phys. Rev. Lett. 101,  2008, 4).  

 

Fig. 2 Schematic representation of deformation mechanisms of a face-centered cubic polycrystal with 

medium and high stacking fault energy versus gain size. 



 

Mechanical Properties: In the case of structural materials, strength, ductility, fracture and creep 

under static loading, deformation and properties under dynamic impact and cyclic loading are some of 

the most important mechanical properties.  A structure must support load, thus mechanical strength is 

an obvious requirement and quite often it is among the most important criteria of any materials 

selection decision. In addition, good ductility is essential to avoid catastrophic failure in load-bearing 

applications and for many shaping and forming operations without tearing or fracturing. The dynamic 

behavior of materials is important in oil and gas industry and demolition as well as military. Moreover, 

dynamic deformation of materials is one of the seminal aspects in studying and improving the crash-

worthiness of transportation systems. The structural materials are often supporting cyclic load which 

makes it important to investigate the fatigue behavior. Obviously, these mechanical properties of bulk 

NS materials should be known before their industrial applications.  

Ductility: 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 desirable that structural 

materials have 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 elevating the ductility 

typically lowers the strength. This strength-ductility dilemma also applies to CG and NS/UFG metals 

and alloys: the former have good ductility but low strength, while the latter have high strength but low 

ductility (C.C. Koch, et al., MRS Bull. 24, 1999, 54). 

The reasons for the low 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. The processing flaws, when present, become the controlling factor that prematurely 

causes the failure during tensile tests before any significant plastic deformation occurs, sometimes even 

prior to the onset of yielding. A number of studies confirm this trend; that the low ductility that is 

frequently reported for NS materials processed via two-step approaches can be attributed to the 

presence of processing flaws (P.G. Sanders, et al., Acta Mater. 45, 1997, 4019; Y.H. Zhao, et al., 

Mater. Sci. Eng. A527, 2010, 1744). For example, in 1997, Weertman et al. performed detailed 

investigations on the influence of processing porosity on the mechanical properties of NC Cu and Pd 

prepared by IGC and subsequent consolidation, and found that the pores could cause premature failure 

under tensile stresses sometimes even before yielding has a chance to start as well as a decrease in 

strength (P.G. Sanders, et al., Mater. Sci. Eng. A234, 1997, 77). Moreover, impurities are more 

susceptible to segregation in bulk NS materials given the increased GB volume in these materials (M. 



Yamaguchi, et al., Science 307, 2005, 393). The short diffusion distance from the grain interior to the 

boundary and the presence of a high-density of lattice defects in a NS alloy will significantly enhance 

the likelihood of GB segregation. The influence of GB segregation on the mechanical behavior of NS 

materials depends on the type of impurity, and it will either increase GB bonding or decrease GB 

bonding; the former enhancing the strength of the material and the latter leading to de-cohesion and 

embrittlement. Impurity elements that generally improve strength include: B, C, N in the case of Ni 

(L.G. Wang, et al., Mater. Sci. Eng. A234, 1997, 521), whereas harmful impurity elements include: S, 

P and Bi for Ni and Cu, etc. (R. Schweinfest, et al., Nature 432, 2004, 1008; G. Duscher, et al., Nature 

Mater. 3, 2004, 621;  M. Yamaguchi, et al., Science 307, 2005, 393). It is important to note that, 

regardless of whether the impurity elements result in increased strength or GB de-cohesion, it is 

reported that GB segregation generally degrades the ductility of NS materials (Y.M. Wang, et al., 

Scripta Mater. 51, 2004, 1023). This is because GB strengthening by the impurity segregation might 

limit the mobility of GBs by diminishing grain rotation and dislocation nucleation at the GBs.  There 

are, however, exceptions to this trend and in cases where processing flaws are minimized or eliminated, 

it is possible to improve the ductility of NS materials processed by the two-step approach. For example, 

Koch et al. reported very high tensile ductility in NS Cu and Zn processed by ball-milling and 

consolidation (K. M. Youssef, et al., Appl. Phys. Lett. 87, 2005, 091904, X. Zhang, et al., Acta Mater. 

50, 2002, 4823). Recently, we proposed an improved approach to produce bulk dense bi-modal or 

multi-modal grain structures with eliminated impurities and other processing artifacts using the 

cryomilling, degassing and quasi-static forging methods (Y.H. Zhao, et al., Adv. Mater. 20, 2008, 

3028). As a result, both high tensile ductility and high strength are achieved for multi- and bi-model Ni 

samples. The high ductility resulted from significantly reduced processing flaws (i.e. high density 

(>99.5% theoretical density) and high purity (>99.3%)) as well as a uniform distribution of micro- and 

NS grains. 

Bulk NS materials prepared by the “one-step” approach are generally free from extrinsic flaws (i.e., 

porosity, etc.) and hence usually exhibit some degree of ductility improvement over those produced by 

the two-step approaches. Nevertheless, their ductility is comparatively 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.  According to Eq. 

(1), the strain rate sensitivity also influences ductility. However, its effect is marginal compared with 

that of strain hardening rate because even if the value of their strain rate sensitivity increases by an 

order of magnitude, it is still very low and does not significantly delay the onset of necking. In 

addition, only NS face-centered cubic and hexagonal close-packed metals have a higher strain rate 

sensitivity than their CG counterparts; NS body-centered cubic metals have even lower strain rate 

sensitivity than their CG counterparts (Q. Wei, et al., Mater. Sci. Eng. A381, 2004, 71). 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. Therefore, 

increasing strain hardening is clearly critical for improving the ductility of NS materials. 

The poor ductility of NS materials has emerged as a key obstacle that has prevented widespread 

applications of structural bulk NS materials. Therefore, a number of published studies, published 

mostly after 2000, identify the issue of low ductility and describe strategies to improve ductility. 

Details of these strategies were discussed in review papers published by Koch, Ma and Zhao (C. C. 

Koch, Scripta Mater. 49, 2003, 657; E. Ma, Scripta Mater. 49, 2003, 663; Y.H. Zhao, et al., Adv. Eng. 

Mater. 12, 2010, 769). These review papers describe progress in attempting to address the low ductility 

of NS materials. The developed strategies for improving the poor ductility of bulk NS materials include 

introducing a bi- or multi-modal grain size distribution (Y. M. Wang, et al., Nature 419, 2002, 912; 

Y.H. Zhao, et al., Adv. Mater. 20, 2008, 3028), introducing pre-existing nano-scale growth/deformation 

twins (L. Lu, et al., Science 304, 2004, 422; Y.H. Zhao, et al., Adv. Mater. 18, 2006, 2949), 

engineering 2nd-phase precipitates in a nanostructured matrix (Y.H. Zhao, et al., Adv. Mater. 18, 2006, 

2280; Z. Horita, et al., Adv. Mater. 17, 2005, 1599), designing multiple-phase alloys or composites, 

lowering stacking fault energy by alloying (Y.H. Zhao, et al., Appl. Phys. Lett. 89, 2006, 121906), 

lowering dislocation density and changing grain boundary nature (Y.H. Zhao, et al., Appl. Phys. Lett. 



92, 2008, 081903), utilizing phase-transformation plasticity (S. Cheng, et al., J. Mater. Res. 23, 2008, 

1578), reducing processing artifacts, or deformation under conditions including low temperature or 

high strain rate (Y.M. Wang, et al., Adv. Mater. 16, 2004, 328; Y. M. Wang et al., Acta Mater. 52, 

2004, 1699). 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 CG 

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, GB 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.   

Fracture: In reference to fracture mechanisms, both ductile and brittle fracture processes are 

reported to occur in NS materials, and there are several examples showing ductile fracture in materials 

with an average grain size in range from 20 to 100 nm (K.S. Kumar, et al., Acta Mater. 39, 2003, 3257; 

Acta Mater. 51, 2003, 5743). Most of these experiments provide support to the suggestion that in NC 

materials the nucleation of cracks occurs at grain boundaries and triple junctions. For example, Kumar 

et al. examined deformation mechanisms and damage evolution in NC Ni prepared by 

electrodeposition. It was reported that dislocation emission at GBs, together with intra-granular slip and 

unaccommodated GB sliding facilitate the nucleation of voids at boundaries and triple junctions. When 

exposed to extensive local plasticity, these voids, as well as those that may have existed prior to 

deformation, can behave as nucleation sites for dimples leading to fracture that do not occur 

preferentially along grain boundaries. Moreover, Ovid’ko et al. reported that plastic deformation in a 

NC solid is strongly influenced by the presence of interfaces (I.A. Ovid’ko, et al., Adv. Mater. Sci. 16, 

2007, 1). In particular, GBs hinder intra-grannular slip activated by lattice dislocations. These 

hindering mechanisms are related to the formation of disclination dipoles where nano-crack nucleation 



occurs. In the case of UFG materials with a mean grain size larger than 100 nm, numerous available 

experimental studies reveal that they fracture in a ductile way. 

Fatigue Properties: NC metals and alloys have many potential applications in cyclic loading 

condition. The first fatigue load-controlled (tension-tension) investigation was conducted on NC Cu 

with an average grain size of about 20 nm made by inert-gas condensation and compaction method 

(A.B. Witney, et al., Scripta Metall. 33, 1995, 2025). The NC Cu sample survived several hundred 

thousand cycles under maximum stress of 50-80% yield strength. Moderate grain growth was observed 

with an increase of about 7 nm. Micrometer-size extrusions were also observed on the sample surface. 

A strain-controlled (tension-compression) investigation on UFG Cu by SPD method indicates that 

significant cyclic softening, sub-grain size growth, and dislocation reorganizing occurred upon cyclic 

strain (S.R. Agnew, et al., Mater. Sci. Eng. A244, 1998, 145). Up to date, the effort on cyclic 

deformation of NC metals was mainly focused on the damage characterization (T. Hanlon, et al., Int. J. 

Fatigue 27, 2005, 147; B. Moser, et al., Scripta Mater. 54, 2006, 1151). For example, Hanlon et al. 

investigated the influence of loading parameters on crack growth of the NC Ni, and compared to UFG 

and CG samples. The crack growth rate of NC Ni is much larger than those of UFG and CG Ni 

counterparts. The understanding of the fundamental mechanism of cyclic deformation is far from being 

fulfilled. Computer simulations by Farkas et al. on the cyclic loading in NC Ni indicate that the fatigue 

crack propagation could be accompanied by generation of nano-voids, emissions of partial dislocations, 

and twinning in the vicinity of crack tip, and these mechanisms all have to be assisted by the high stress 

level at fatigue crack tip, which is in stark contrast to the tensile deformation (D. Farkas, et al., Phys. 

Rev. Lett. 94, 2005, 165502; Acta Mater. 53, 2005, 3115). However, the diminished inter-granular 

strain in NC Ni under tension/tension cyclic deformation measured by recent in-situ neutron diffraction 

appeared to indicate enhanced GB mediated deformation (S. Cheng, et al., Acta Mater. 57, 2009, 

1272). Thus, conclusions regarding cyclic deformation mechanism can hardly be summarized from the 

limited experimental data. The paucity of experimental work stems from the particular difficulty 

associated with the cyclic deformation of NC metals. One major challenge comes from the poor 

fracture toughness of most NC samples, which is highly reduced due to the much increased strength 

and in many cases the poor sample quality. In conventional cyclic tests, the loading was in form of 

either tension-tension or tension-compression. With tensile component engaged in NC samples, the 

fatigue life has been shown much shorter than that of their CG counterpart, since crack propagation is 

much more pronounced. Thus, the samples can seldom endure a reasonable cycles at elevated stress 

where appreciable plastic deformation is expected. As a result, the cyclic tests are performed either at 

very low stress levels or with a very short lifetime at elevated stress. In both cases, the deformation 



mechanism is hard to study. On the other hand, fatigue tests often mandate samples with reasonable 

dimensions. But large NC samples are difficult to manufacture and also often show a deteriorated 

mechanical property.  

Dynamic Properties: Under dynamic loading, adiabatic shear localization of visco-plastic 

materials is widely encountered and has drawn increasing attention in the past few decades. Actually, 

such a phenomenon has been occurred in industries, for example metal-forming, high-speed shaping 

and machining, ballistic impact and penetration. Adiabatic shear localization was affected by both 

strain rate sensitivity and strain hardening behavior of materials. Jia et al. studied grain size dependence 

of the mechanical behavior of consolidated Fe within a wide spectrum of loading rates, and found a 

considerable change in plastic deformation mode: from uniform to non-uniform/localized plastic 

deformation as the grain size is refined into the UFG regime (D. Jia, et al., Acta Mater. 51, 2003, 

3495). Shear banding was even observed under quasi-static compression. Under dynamic loading, Wei 

et al. observed similar grain size effect in W and V (Q. Wei, et al., Scripta Mater. 50, 2004, 359; Acta 

Mater. 54, 2006, 77). Moreover, Wei et al also found the grains in non-adiabatic shear bands do not 

exhibit random orientation but have rather been rotated to produce strong texture. The non-adiabatic 

shear band is confirmed by high density of dislocations within elongated grains. This result points to 

the premise that certain orientation are favored during shear banding and that the formation of band 

may be induced by the grain orientation. In 1979, Dillamore et al. proposed a geometrical softening 

mechanism caused by grain rotation when explaining the formation of shear band (I.L. Dillamore, et 

al., Metal Science 13, 1979, 73). Recently, Joshi et al. proposed a rotational diffusion based on 

geometric softening model by including an internal variable into the visco-plastic constitutive equations 

of the materials (S.P. Joshi, et al., Phys. Rev. Lett. 101, 2008, 025501). However, the adiabatic shear 

band at high strain rate could be different because shear band is usually enhanced under dynamic 

loading where diffusive processes are no longer important. 

This Specific Volume: Some prominent researchers in the field were invited to contribute regular 

and review papers on advanced mechanical properties and deformation mechanisms of bulk NS 

materials to this special topic volume of Materials Science Forum. Twenty papers from eleven 

countries were collected in this special topic volume and covered a wide range of issues related to 

mechanical properties and deformation mechanisms of bulk NS materials. The materials investigated 

include bulk NC and UFG metals (including Al, Cu, Fe, Ni, Ti etc. metals and alloys). These papers 

provide basic and fundamental understanding and knowledge on the mechanical properties and 

deformation mechanisms of bulk NS materials. 



The guest editor 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 editor also thanks all of the referees for their hard work 

and constructive comments! The guest editor wishes to thank Dr. Thomas Wohlbier for his constructive 

suggestions about edition! The guest editor also wants to thank the strong supports from his family 

members, friends and relatives! The readers are very welcome to point out incorrect places, if there are 

any, due to the short and rush editing time! Finally, the guest editor would like to say that the 

investigation on the mechanical properties and deformation mechanisms of of bulk NS materials has 

not been finished, just begin, and I hope this special topic volume can become a trigger for invoking 

large amount of investigation of the mechanical properties and deformation mechanisms of bulk 

nanostructured materials so that the industrial applications of the bulk NS materials can be realized in 

the very near future!  
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