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Abstract During the past decade, fabrication of bulk

nanostructured metals and alloys using severe plastic

deformation (SPD) has been evolving as a rapidly

advancing direction of nanomaterials science and

technology aimed at developing materials with new

mechanical and functional properties for advanced

applications. The principle of these developments is

based on grain refinement down to the nanoscale level

via various SPD techniques. This paper is focused on

investigation and development of new SPD processing

routes enabling fabrication of fully dense bulk nano-

structured metals and alloys with a grain size of 40–

50 nm and smaller, namely, SPD-consolidation of

powders, including nanostructured ones, as well as

SPD-induced nanocrystallization of amorphous alloys.

We also consider microstructural features of SPD-

processed materials that are responsible for enhance-

ment of their properties.

Introduction

Recent years have seen growing interest in developing

severe plastic deformation (SPD) processing to fabri-

cate bulk nanostructured metals and alloys with unique

properties [1–4]. This approach is based on SPD which

is defined as a metal forming method under an

extensive hydrostatic pressure that may be used to

impose a very high strain on a bulk solid without the

introduction of any significant change in the overall

dimensions of the sample and having the ability to

produce exceptional grain refinement [4]. SPD-pro-

duced nanomaterials are fully dense and their large

geometric dimensions make it possible to perform

thorough mechanical tests, and this is attractive for

efficient practical applications. Fabrication of bulk

nanostructured materials by severe plastic deformation

is becoming one of the most actively developing areas

in the field of nanomaterials [5–7]. SPD materials are

viewed as advanced structural and functional materials

of the next generation of metals and alloys.

Today, SPD techniques are emerging from the

domain of laboratory-scale research into commercial

production of various ultrafine-grained materials. This

change is manifested in several ways. First, it is

characterized by the fact that not only pure metals

are investigated, but also commercial alloys for various

applications; second, by developing several approaches

to enhance properties of ultrafine-grained metals and

alloys. This paper considers these new trends in SPD

processing and highlights some recent results on these

developments. We also report here recent results on

finding new SPD processing routes used to produce

bulk ultrafine-grained materials with a small grain size

refined down to a typical nanorange of 40–50 nm and

less.

Enhanced properties in SPD-produced nanomaterials

It is well known that grain refinement promotes mechan-

ical strength, and thus one can expect ultrafine-grained
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materials to possess very high strength. Moreover,

introduction of a high density of dislocations in SPD-

processed nanometals may result in even greater

hardening.

During the last decade it has been widely demon-

strated that a major grain refinement, down to the

nanometer range, may lead to a very high hardness in

various metals and alloys but nevertheless these

materials invariably exhibit low ductility under tensile

testing [8, 9]. A similar tendency is well known for

metals subjected to heavy straining by other processes

such as rolling, extrusion or drawing. Strength and

ductility are the key mechanical properties of any

material but these properties typically have opposing

characteristics. Thus, materials may be strong or

ductile but they are rarely both.

The reason for this dichotomy is of a fundamental

nature. As discussed in more detail in [10], the plastic

deformation mechanisms associated with the genera-

tion and movement of dislocations may not be effective

in ultrafine grains or in strongly-refined microstruc-

tures. This is generally equally true for SPD-processed

materials. Thus, most of these materials have a

relatively low ductility but they usually demonstrate

significantly higher strength than their coarse-grained

counterparts. Despite this limitation, it is important to

note that SPD processing leads to a reduction in the

ductility which is generally less than in more conven-

tional deformation processing techniques such as

rolling, drawing and extrusion. For example, experi-

ments were conducted to compare the strength and

ductility of the 3004 aluminum alloy processed by

equal-channel angular pressing (ECAP) and cold-

rolling [11]. As illustrated by the data plotted in

Fig. 1, the yield strength increased monotonically with

the increasing equivalent strain imparted into the alloy

by either cold rolling or ECAP [12]. However, it is

apparent also that the overall ductility exhibits differ-

ent trends for these two processing, methods. After one

ECAP pass, equivalent to a strain of ~1, the elongation

to failure or the ductility of the alloy decreases from

~32% to ~14%. However, there is no additional

reduction in the ductility with additional ECAP passes

and therefore with the imposition of even larger

strains. By contrast, cold-rolling decreases the ductility

by a similar magnitude initially but thereafter the

ductility continues to decrease with increasing rolling

strain although at a slower rate. Consequently, it has

been concluded that processing by ECAP leads

ultimately to a greater retention of ductility than

conventional cold-rolling.

In this connection, recent findings of extraordinary

high strength and ductility in several bulk ultrafine-

grained metals produced by severe plastic deformation

are also of special interest (Fig. 2) [7, 13–16]. Let us

consider in detail the different approaches that were

used in these investigations.

A key to meeting the ductility challenge is to use

stabilizing mechanisms to overcome the instabilities

that threaten the tensile elongation of SPD-processed

nano-metals and alloys [17, 18]. The stabilizing strat-

egies that the various researchers have come up with to

combat the unstable deformation are, for the most

Fig. 1 A comparison of yield strength and ductility for an Al-
3004 alloy processed by cold-rolling or ECAP [12]
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Fig. 2 Strength and ductility of the nanostructured metals
compared with coarse-grained metals. Conventional cold rolling
of copper and aluminium increases their yield strength but
decreases their ductility. The two lines represent this tendency
for Cu and Al and the % markings indicate a percentage on
rolling. In contrast, the extraordinarily high strength and ductility
of nanostructured Cu and Ti clearly set them apart from coarse-
grained metals [13]
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part, rooted in two types of mechanisms: strain

hardening and strain-rate hardening [18]. These, as in

conventional metallic materials, prevent the concen-

tration of plastic deformation in local regions that

would otherwise experience excessive deformation to

induce failure.

Strain hardening is typically associated with a

dislocation accumulation. Several ways (strategies)

have been reported effective in blocking and storing

dislocations inside grains and consequently improve

strain hardening rate [19].

Wang et al. [15] created a nanostructured copper by

rolling the metal at low temperature—the temperature

of liquid nitrogen—and then heating it to around

450 K. The result was a ‘bimodal’ structure of micro-

metre-sized grains (at a volume fraction of around

25%) embedded in a matrix of nanocrystalline grains.

The material showed extraordinarily high ductility, but

also retained its high strength. The reason for this

behavior is that, while the nanocrystalline grains

provide strength, the embedded larger grains stabilize

the tensile deformation of the material. Other evidence

for the importance of grain size distribution comes

from work on zinc [20], copper [21], and aluminium

alloy [22]. What is more, the investigation of copper

[21] has shown that bimodal structures can increase

ductility not only during tensile tests, but also during

cyclic deformation. This observation is important for

improving fatigue properties.

Another approach suggested recently [9, 14] is based

on formation of second-phase particles in the nano-

structured metallic matrix, which modify shear-band

propagation during straining, thereby increasing the

ductility. However, a systematic study of both hard and

soft second-phase particles with varying sizes and

distributions is required here, to allow mechanical

properties to be optimized.

The third approach is to use nanoscale twins in lieu

of the nanograins for strengthening. The reasons for

doing so were discussed recently [23, 24]. It has been

argued that a coherent twin boundary, while not much

of a defect in terms of interface (grain boundary)

energy, is very effective in blocking dislocations to

require high stresses for slip transmission across this

special grain boundary. Meanwhile, the twin bound-

aries do not encourage dynamic recovery as general

high-angle grain boundaries or dislocation cells do.

The next approach, using transformation-induced

plasticity (TRIP), is well established for conventional

metals and alloys. It seems that TRIP is operative in

ultrafine grains a few hundred nanometers in size [25,

26], albeit at relatively high flow stresses. In tensile

deformation, strain-induced martensitic transformation

was reported in ultrafine TiNi alloys, at a rate similar to

that in its coarse-grained counterpart so that the strain-

hardening rate is also almost identical [27, 28].

Using SPD processing by high pressure torsion at

room temperature, TiNi alloys can be transformed to

an amorphous state and by further annealing to an

ultrafine-grained structure with an extremely small

grain size of ~20–30 nm [27, 28]. Such a nanocrystalline

structure has a strong influence on the kinetics of the

martensitic transformation and on the functional

properties of the TiNi alloys [29]. However, these

alloys cannot be processed by ECAP at room temper-

ature due to their low deformability and accordingly

several reports have appeared describing the fabrica-

tion of ultrafine-grained alloys using ECAP at elevated

temperatures [28, 30].

The materials under these recent studies, the

Ti49.8Ni50.2 and Ti49.4Ni 50.6 alloys, have temperatures

for the martensitic transformation, Ms, equaling 75–

80 �C. The initial condition was a quenched state with

water quenching at 800 �C for 1 h. In this condition,

the microstructures of the alloys consisted of polyhe-

dral grains with a mean grain size of ~80 lm.

Processing by ECAP leads to considerable micro-

structural refinement and the formation of an ultrafine-

grained structure refined down to ~250 nm after ECAP

through 8 passes at 450 �C. This microstructure is

illustrated in Fig. 3 and the UFG structure is thermally

stable during annealing at temperatures up to 500 �C

[31].

By comparison with the initial coarse-grained state,

processing by ECAP leads to a considerable change in

the mechanical properties of TiNi alloys including

increases in the coefficient of strain hardening, the

yield strength and the ultimate strength. For example,

the ultimate strength, rB, of the Ti49.8Ni50.2 alloy

Fig. 3 Microstructure of the Ti49.8Ni50.2 alloy on the transverse
section after ECAP at 450 �C for 8 passes [31]

123

J Mater Sci (2007) 42:1483–1490 1485



increases with increasing numbers of ECAP passes at a

temperature of 450 �C and reaches a maximum value

of 1250 MPa after 8 passes while the yield strength

increases by more than two times reaching a maximum

of 1150 MPa. These results are shown in Fig. 4 and it is

important to emphasize that the maximum ultimate

strength is 30% higher and the yield strength is two

times higher than in the initial coarse-grained state

[31]. Additional annealing after ECAP at a tempera-

ture of 500 �C for 1 h associated with some micro-

structure recovery without any grain growth leads to an

increase in ductility, with values of elongation to

failure d up to ~50% and only a minor change in the

strength properties (Curve 2, Fig. 4). Such high

strength and ductility in the UFG alloy are attributed

to strain-induced martensite transformation that could

be observed at the beginning of straining. Tensile tests

at elevated temperatures suppressed the martensite

transformation, and there was observed a decrease in

ductility.

The strain rate hardening is the alternative approach

to enhance ductility. This approach introduced in [7, 13]

is based on formation of ultrafine-grained structures

with high-angle and non-equilibrium grain boundaries

capable of grain-boundary sliding (GBS). It is well

known that sliding, which increases ducility, normally

cannot develop at low-angle boundaries. The impor-

tance of high-angle grain boundaries was verified in

work [13] on the mechanical behavior of metals

subjected to different degrees of severe plastic defor-

mation resulting in formation of various types of grain

boundaries. As was noted above, sliding can be easier

when non-equilibrium boundaries are present. Another

example of this is the extraordinary influence of

annealing temperature on mechanical behavior found

recently in nanostructured titanium produced by HPT

[16]. Here, a short annealing at 300 �C results in a

noticeable increase in strength combined with greater

ductility than in the HPT-produced state or after

annealing at higher temperature. The growth of strength

and ductility was associated with higher strain-rate

sensitivity of flow stress. An increased strain-rate

sensitivity has also been reported in other works

investigating high strength and ductility in nanometals

[1, 13, 32]. High strain-rate sensitivity indicates viscous

flow and plays a key role in superplasticity in materials

[33], but on the other hand it is associated with the

development of grain-boundary sliding, and therefore

depends on grain-boundary structure. This fact is in

agreement with the recent results of computer simula-

tion and studies of deformation mechanisms active in

nanostructured metals. Such molecular dynamics simu-

lations have provided valuable insight into the defor-

mation behavior of nanometals [34–36].

For coarse-grained metals, dislocation movement

and twinning are well-known primary deformation

mechanisms. But the results of simulation show that

ultrafine grains may also aid in specific deformation

mechanisms such as grain-boundary sliding or nucle-

ation of partial dislocations [35–38]. Moreover, the

sliding may have a co-operative (grouped) character

similar to that observed in earlier studies on superplas-

tic materials [39, 40]. It should be stressed that recent

experiments investigating deformation mechanisms in

nanostructured materials have confirmed a number of

the results of computer simulation [16, 41, 42].

However, there is a question: why should grain-

boundary sliding in nanostructured materials, in par-

ticular in those produced by SPD, take place at

relatively low temperatures? GBS is a diffusion-

controlled process and usually occurs at high temper-

atures. A possible explanation is that diffusion may be

faster in SPD-produced ultrafine-grained materials

with highly non-equilibrium grain boundaries. Exper-

iments have shown that, in SPD-produced metals, the

diffusion coefficient grows considerably (by two or

three orders), and this is associated with non-equilib-

rium grain boundaries [43, 44]. So perhaps grain-

boundary sliding is easier in these ultrafine-grained

metals and develops during straining even at lower

temperatures, producing increased ductility. It is well

known that enhanced sliding in nanostructured metals

Fig. 4 Engineering stress–strain curves in tension for the
Ti49.8Ni50.2 alloy (1) after ECAP at 450 �C for 8 passes and
after ECAP and subsequent annealing for 1 h at temperatures of
(2) 500 �C and (3) 600 �C, related to some grain growth up to a
mean size of about one micrometer [31]
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can lead even to superplasticity at relatively low

temperatures [45].

Processing of nanomaterials to improve both

strength and ductility is of primary importance for

fatigue strength and fracture toughness [21, 46, 47]. An

extraordinary increase in both low-cycle and high-cycle

fatigue-strength may take place; there exists a theoret-

ical explanation and the first experimental evidence of

this interesting phenomenon [46, 47].

Thus, both strain hardening and strain rate harden-

ing appear to be very important for attaining high

strength and ductility of UFG metals produced by SPD

processing.

The new SPD processing of bulk nanocrystalline
materials

Since the first works dating back to the early 1990s [48,

49], SPD techniques have been used mostly because of

their ability to produce ultrafine-grained materials

through microstructure refinement in initially coarse-

grained metals [1– 4]. The final grain size produced

depends strongly on both processing regimes and the

type of material. For pure metals the mean grain size is

typically about 100–200 nm after processing by HPT

and about 200–300 nm after processing by ECAP. For

alloys and intermetallics the grain size is usually less

and in some cases it equals 50–100 nm. However, it is

very important for fundamental tasks and many

advanced applications to have bulk nanocrystalline

materials with a mean grain size less than 30–50 nm. Is

it possible to produce such materials using SPD

techniques? In recent years this problem has become

the object of special investigations in our laboratory

where we are developing two approaches: SPD con-

solidation of powders and SPD-induced nanocrystalli-

zation of amorphous alloys.

SPD consolidation

Already in the early work on consolidation of powders

[50, 51] it was revealed that during HPT high pressures

of several GPa can provide a rather high density close

to 100% in the processed disc-type nanostructured

samples. For fabrication of such samples via severe

torsion straining consolidation not only conventional

powders but also powders prepared by ball milling can

be used.

HPT consolidation of nanostructured Ni and Fe

powders prepared by ball milling [50, 51] can be taken

as an example. The conducted investigations showed

that the density of the samples processed at room

temperature is very high and close to 95% of the

theoretical density of bulk coarse-grained metals. After

HPT consolidation at 200 �C or 400 �C the samples

density is even higher and reaches 98%. TEM exam-

inations showed the absence of porosity. The mean

grain size is very small; it is equal to 17 nm and 20 nm

for Ni and Fe, respectively. It is also very interesting

Fig. 5 TEM image of rapidly-
quenched alloy
Ti50Ni25Cu25: (a) initial
state (dark field); (b) after
annealing at 450 �C 10 min;
(c) after HPT (dark field); (d)
after HPT and annealing at
390 �C for 10 min
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that the value of microhardness of the Ni samples

produced by HPT consolidation was 8.60 ± 0.17 GPa,

the highest value of microhardness mentioned in

literature for nanocrystalline Ni.

SPD-induced nanocrystallization

Recent investigations also show that SPD processing

can control crystallization of initially amorphous alloys

that may result in the formation of bulk nanocrystalline

alloys with a very small grain size and new properties

[52, 53]. In the present paper this approach is used to

produce and to investigate nanocrystalline Ti-Ni alloys

widely known as alloys with shape memory effects.

As the material for this investigation, two alloys of

the Ti-Ni system were used: melt-spun Ti50Ni25Cu25

alloy [52, 54] and cast Ti49.4Ni50.6 alloy [27, 55].

The amorphous structure of Ti50Ni25Cu25 alloy was

confirmed by TEM and X-ray investigations (Figs. 5

and 6) [52, 54]. However, after HPT at room temper-

ature, although the diffraction methods still indicated

the amorphous structure of the alloy, TEM studies

showed the appearance of many nanocrystals with very

small sizes of about 2–3 nm (Fig. 5c).

The essential difference in behavior of this alloy in

the amorphous state and after HPT was revealed

during subsequent annealing. As it can be seen in

Fig. 6, the amorphous alloy was crystallized at 450 �C,

then, while cooling, a martensite phase B19 was

forming. According to TEM, the microstructure of

the alloy after annealing is rather non-uniform and

together with small grains it contains large grains with

a size of almost about 1 micron (Fig. 5c). At the same

time after HPT crystallization occurs below 390 �C and

it appears possible to produce a uniform nanocrystal-

line structure with a grain size of under 50 nm

(Fig. 5d). It is rather interesting that the structure

after cooling is an austenitic B2-phase; in other words,

imposing severe plastic deformation on the amorphous

alloy has effected the alloy crystallization during the

heating process and changed its phase composition

after the annealing and further cooling to the room

temperature.

In the coarse-grained alloy Ti50Ni25Cu25, the tem-

perature of martensite transformation upon cooling

equals ~80 �C, that is why there is a martensite phase

in the alloy at room temperature. In this connection,

the existence of only austenitic phase after HPT and

nanocrystallization can be related to the delay in the

martensitic transformation in the alloy with a nano-

crystalline grain size. This fact was previously reported

in the literature for ultrafine-grained Ti-Ni alloys [29].

Speaking about the alloy Ti50Ni25Cu25, the critical

point is the grain size of about 100 nm. Martensite

transformation does not take place at room tempera-

ture below this size.

The amorphous state in the Ti49.4Ni50.6 alloy can be

obtained directly as a result of HPT processing

(P = 6 GPa, n = 5 revolutions) [27, 55]. Then the

homogenous nanocrystalline structure was produced

by annealing of the HPT material (Fig. 7). For

instance, after annealing at 400 �C for 0.5 h the mean

grain size is about 20 nm (Fig. 7a, b), and after

annealing at 500 �C it is about 40 nm (Fig. 7c, d). It

is worth to mention that according to HREM obser-

vations after such annealing there are no regions of

amorphous phase and grain boundaries are well

defined, although there are still small distortions of

the crystal lattice near some of the boundaries.

Tensile mechanical tests showed that the amorphous

nitinol produced by HPT had much higher strength in

comparison with the initial microcrystalline state [27],

Fig. 6 X-ray diffraction
patterns of the Ti50(Ni, Cu)50
alloy:(a) initial rapidly-
quenched alloy (1); after
annealing at 300 �C 5 min (2);
after annealing at 450 �C
5 min (3) with the phase B19;
(b) alloy after HPT(1); after
HPT and annealing at 300 �C
5 min (2); after HPT and
annealing at 400 �C 5 min,
with the phase B2 (3)
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but it was essentially brittle. Nanocrystallization results

in the record value of strength for this material equal to

2650 MPa with an elongation to failure of about 5%.

Thus, SPD consolidation of powders and SPD-

induced nanocrystallization can be considered as new

SPD processing routes for fabrication of bulk nanocrys-

talline materials. One of the advantages of this tech-

nique is the possibility of producing fully dense samples

with a uniform ultrafine-grained structure having a grain

size less than 40–50 nm. Studies of the properties of

these materials are of great interest for ongoing research

because deformation mechanisms and, as mentioned

above, phase transformations can basically change in

materials with a small grain size [7, 29].

Conclusions

Several new trends in SPD processing for fabrication of

bulk nanostructured materials have been presented in

this article, based on recent results of our works

dealing with microstructural features and properties of

the produced UFG metals. For fundamental studies

the topic of current interest is investigations focusing

on fabrication of bulk nanocrystalline materials using

new SPD processing routes—SPD consolidation of

powders and SPD-induced crystallization—since they

both rise hopes for a successful resolution of the

important manufacturing problem of production of

bulk nanostructured materials having very small grain

sizes of 40–50 nm and full density. Moreover, new

studies have shown that grain boundaries engineering

dealing with tailoring low-angle and high-angle bound-

aries, formation of special random or non-equilibrium

GBs should be an area of ongoing research in order to

produce bulk nanostructured materials with advanced

properties. This conclusion is in agreement with

Gleiter’s pioneer concept stating that nanomaterials

are interface-controlled materials [56]. However,

investigation of the atomic structure and properties

of grain boundaries should be a topic of high-priority

studies of nanoSPD experts aimed at realizing the

potential of attaining unique properties in UFG

materials.

Acknowledgements The present paper was supported in part
by the NIS-IPP Program of DOE (USA) and through grants of
the Ministry for Education and Science of the Russian
Federation. Cooperation with co-authors mentioned in
references is gratefully acknowledged as well.

References

1. Valiev RZ, Islamgaliev RK, Alexandrov IV (2000) Prog
Mater Sci 45:103

2. Langdon TG, Furukawa M, Nemoto M, Horita Z (2000) Jom
52 4:30

3. Zhu YT, Langdon TG, Mishra RS, Semiatin SL, Saran MJ,
Lowe TC (eds) (2002), Ultrafine Grained Materials II (The
Minerals, Metals and Materials Society, Warrendale, PA)

4. Valiev RZ, Estrin Y, Horita Z, Langdon TG, Zehetbauer
MJ, Zhu YT (2006) Jom 58 4:33

5. Zhu YT, Langdon TG, Valiev RZ, Semiatin SL, Shin DH,
Lowe TC (eds) (2004), Ultrafine Grained Materials III (The
Minerals, Metals and Materials Society, Warrendale, PA)

6. Zehetbauer M (ed) (2003) Adv Eng Mater 5 (Special Issue
on Nanomaterials by Severe Plastic Deformation (SPD)

Fig. 7 TEM micrographs of
Ti49.4Ni50.6 alloy after HPT
and annealing at 400 �C (a, b)
and at 500 �C (c, d) for 0.5 h:
(a, c) bright field images; (b,
d) dark field images

123

J Mater Sci (2007) 42:1483–1490 1489



7. Valiev RZ (2004) Nat Mater 3:511
8. Morris DG (1998) Mechanical Behaviour of Nanostructured

Materials (Trans Tech., Uetikon-Zürich, Switzerland)
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