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Nanostructuring of various materials is a key for obtaining extraordinary
properties that are very attractive for different structural and functional
applications. During the last two decades, the production of bulk nanostruc-
tured materials (BNMs) by severe plastic deformation (SPD) techniques has
attracted special interest since it offers new opportunities for the fabrication of
commercial nanostructured metals and alloys for various specific applications.
Very significant progress has been made in this area in recent years, which is
evident by the first production of advanced pilot articles from nanostructured
metals with new functionality. These aspects of innovations of BNMs pro-
cessed by SPD are discussed in this overview.

INTRODUCTION

Nanostructuring is the new and promising meth-
od of enhancing the properties of metals and alloys
for advanced structural and functional application.1

To date, it is well established that bulk nanostruc-
tured materials (BNMs) can be produced success-
fully via microstructural refinement using severe
plastic deformation (SPD), which is heavy straining
under high imposed pressure.2 SPD processing is an
attractive procedure for many advanced applications
as it significantly enhances the properties of a wide
range of metals and alloys. Metallic materials sub-
jected to SPD can possess not only an ultrafine-
grained (UFG) structure but also specific nano-
structural features, such as nonequilibrium grain
boundaries (GBs), nanotwins, GB segregations, and
nanoparticles. As a result, a generation of new and
unusual properties has been demonstrated for a
wide range of different metals and alloys, including
enhanced functional (electric, magnetic, corrosion,
etc.) and mechanical properties.

Since the pioneering works on producing UFG
materials via SPD,3 two SPD techniques have at-
tracted close attention and have lately experienced
further development.2 These techniques are high-
pressure torsion (HPT) and equal-channel angular
pressing (ECAP). Over the last 10–15 years, there

appeared a wide diversity of new SPD techniques:
for example, accumulative roll bonding (ARB),
multiaxial forging, twist extrusion, and others.2,4

Nevertheless, processing by HPT and ECAP has
remained the most popular approach, and recently,
this has acquired a new impetus through the mod-
ification of conventional die-sets and demonstra-
tions that new opportunities are now available for
using these procedures in industrial processing.5

A transition from laboratory-scale research to
industrial applications is now starting to emerge,
and many companies worldwide are involved in the
research and development activities in this area.
Therefore, in this article, a special emphasis is
placed on the new trends in BNMs processing and
forming, the principles of nanostructuring by SPD
processing for superior properties, as well as the
fabrication of advanced pilot articles from nano-
structured metals with new functionality.

THE NEW TRENDS IN SPD PROCESSING
FOR NANOSTRUCTURING OF METALS

During the last decade, SPD processing has been
used successfully for a very wide range of metals
and alloys2–7 and appropriate SPD processing
routes have been developed for many commercial
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alloys. The important steps required for the com-
mercialization of SPD materials are a reduction in
the processing costs and a decrease in the wastage.
These two requirements have been fulfilled through
the introduction of continuous processing tech-
niques5 as in a combination of ECAP with the well-
established conform process (ECAP-C) for the pro-
duction of rods and wires. This process is illustrated
in Fig. 1, and it is based on using a rotating shaft
containing a groove so that the work piece is fed into
the groove and is driven forward by frictional for-
ces.8 This approach has a potential for processing
BNMs on a commercial scale through continuous
large-scale production, and this was demonstrated
by establishing in Ufa a start-up company Nano-
MeT Ltd. (www.nano-titanium.com) for the fabri-
cation of nanostructured Ti rods for medical use.

Recently, an alternative procedure named con-
tinuous high-pressure torsion (CHPT) was devel-
oped that may be used for the processing of strip
samples as shown in Fig. 2.9 It was demonstrated
that this as a feasible approach for extending HPT
for the fabrication of larger samples. Although it is
possible to achieve a nanocrystalline structure with
a grain size less than 100 nm in various metals and
alloys by means of HPT, for SPD processing, it is
typical to form UFG structures with mean grain
sizes within the submicrometer range so that, usu-
ally, the grain sizes are �200–500 nm.6,7 However,
other nanostructural elements are formed during
SPD processing and they also affect the properties
of these materials. In general, four types of nano-
structured elements may be identified in SPD-
processed metals and alloys using high-resolution

Fig. 1. (a) A schematic illustration of an ECAP-Conform setup. (b) An Al work-piece in the process of ECAP-conform where the arrow denotes
the transition to a square cross-section. (c) A TEM micrograph from the longitudinal section of Al wire processed by ECAP-C through four
passes.8
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transmission electron microscopy and atom probe
tomography.3,10 These types include the following:

– Nonequilibrium GBs that possess excess energy,
long-range stresses, enhanced free volume, and
with their formation associated with the interac-
tion of lattice dislocations and GBs.3,11

– Nanotwins, stacking faults, and intragranular
dislocation cells that are typical of the materials
after ECAP at lower temperatures and/or those
subjected to additional cold rolling (CR), extru-
sion, or drawing.12

– Clusters or ‘‘clouds’’ of impurity segregations and
alloying elements at GBs in UFG alloys processed
by SPD.10,13 These segregations form ‘‘clouds’’
�3–5 nm in size and influence the formation and
motion of dislocations, which accordingly leads to
additional strengthening of the alloys.

– Nanosized particles and second-phase precipita-
tions that have been observed in many alloys
subjected to SPD after solution quenching.6,7 The

presence of nanoparticles is related to dynamic
aging and provides additional precipitation hard-
ening of the alloys.7

Thus, the UFG metals and alloys processed by SPD
techniques are characterized by a number of nano-
structural elements that considerably influence their
properties. These materials are referred to as a class
of BNMs, and this definition has been accepted by the
international community (www.nanospd.org).

NANOSTRUCTURED METALS AND ALLOYS
WITH SUPERIOR PROPERTIES

The small grain sizes and high defect densities
inherent in BNMs processed by SPD lead to much
higher strengths than in their coarse-grained (CG)
counterparts. During the last decade, it has been
widely demonstrated that a major grain refinement,
down to the nanometer range, may lead to a very
high hardness and strength in various metals and
alloys but nevertheless these materials invariably
exhibit low ductility under tensile testing.4,7,14 The
high strength of SPD-processed materials is usually
related to the formation of the UFG structure via
the well-known Hall–Petch relationship according
to which the yield stress (YS) ry is calculated as

ry ¼ r0 þ kyd�1=2 (1)

where d is a grain size and r0 and ky are constants
for the material. However, it has been found in
many cases that the YS value in UFG materials
processed by SPD can be considerably higher than
calculated according to the Hall–Petch relation.3,15

Figure 3 shows the data for some Al alloys pre-
sented in the form of the Hall–Petch relation in
which the YS (r0.2) is plotted against the inverse
square root of the grain size (d�1/2) for a UFG
AA1100 produced by ARB-rolling as well as for an
ECAP-processed Al-3% Mg alloy.16,17 Data obtained
for the CG and UFG AA1570 and AA747518,19 are
also given in Fig. 3. It is seen that the YS values for
the CG-quenched alloys are close to the results for
the Al-3% Mg alloy. However, for the UFG materials
with a grain size of 100 nm to 130 nm the value of ry

is considerably higher than calculated from the
Hall–Petch relation.

The physical nature of super strength refers to
the features of the GBs formed during SPD and, in
particular, to the formation of a GB segregation of
alloying elements.13,19 In UFG materials with grain
sizes of about 100 nm, the deformation mechanisms
controlling the flow stress change and the process of
dislocation generation occurs at the GBs and is the
most difficult.19 Thus, the formation of GB segre-
gants of alloying elements may considerably harden
the dislocation emission and lead to a high-strength
state.

Using the principles of GB engineering, it is
possible to control the ductility of BNMs. In the
UFG materials produced via SPD, GBs may vary

Fig. 2. Schematic illustration of the CHPT facility.9
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significantly depending on the processing route, and
they can belong to high- and low-angle GBs, special
and random boundaries, equilibrium and nonequi-
librium boundaries, as well as containing GB seg-
regations or precipitations.3,10,11 In this context,
there is a possibility to control and enhance the
properties of UFG materials by using the principles
of GB engineering.11,20

The concept of GB engineering is of special interest
for observations of extraordinary high strength and
good ductility in bulk UFG metals produced by
SPD.21,22 The advanced combination of high strength
and high ductility, which was first revealed for
nanostructured Cu and Ti21 and then in other metals
and alloys after processing by SPD, clearly sets them
apart from other CG metals. Concerning the origin of
this phenomenon, it has been suggested that it is
associated with an increase in the fraction of high-
angle GBs with increasing straining and with a
consequent change in the dominant deformation
mechanisms due to the increasing tendency for the
occurrence of GB sliding and grain rotation.11,21

In addition, the strength and ductility are funda-
mental properties that are closely connected with
many engineering properties of the materials, in
particular fatigue, fracture toughness, durability,
wear resistance, creep, and superplasticity. Such
superior mechanical properties are highly desirable
in the development of the next generation of ad-
vanced structural materials and during the last
several years, they have been the object of innumer-
able investigations in the sphere of nanoSPD mate-
rials.2,23 The overall success of this approach means
that closer attention is now directed to research into
the enhancement of physical and chemical proper-
ties, such as the magnetic, electrical, and elastic
properties, as well as diffusion, corrosion, and radi-
ation resistance in UFG metals produced by

SPD.10,23 The origin of these properties is associated
with not only the formation of UFG structure but also
other microstructural elements such as nonequilib-
rium GBs, GB segregations, and nanophase precipi-
tations that are characteristic of processing by SPD.

The complex structure of SPD-processed materi-
als may result also in multifunctional properties.
For example, the nanostructured TiNi alloy dem-
onstrates an extraordinary combination of very high
mechanical and functional properties including su-
perelasticity and a shape-memory effect.24 Such a
combination of properties in the TiNi alloy is in
contrast to its conventional CG counterpart.
Another example is SPD-processed bulk magnetic
materials such as Fe-Co.25 Not only does the nano-
meter grain size of these materials induce advanced
mechanical properties, but also it leads to enhanced
soft magnetic properties due to the interaction of
magnetic moments across the GBs.

The very high density of interfaces and short
diffusion paths for point defects may result in a
significantly enhanced kinetics of annealing of
irradiation-induced defects in nanomaterials. In
experiments with nanostructured TiNi, Ni, and
Cu-0.5Al2O3 produced by SPD and irradiated by
protons to high doses, no defects except stacking
fault tetrahedra were observed, and the density of
the latter was much lower than in CG polycrys-
tals,10,26 illustrating clearly that nanomaterials of-
fer an efficient resistance to radiation swelling and
embrittlement. Presently, the engineering of mul-
tifunctional materials is rapidly becoming a new
direction in the area of SPD nanomaterials.

RECENT DEVELOPMENTS OF BNMs
FOR NEW APPLICATIONS

The application and commercialization of BNMs
is associated with three potential advantages: the
superior properties of BNMs, their efficient fabri-
cation, and the possibility to produce cutting-edge
products from these materials. Over the last decade,
active development has been underway for fabri-
cating pilot articles from BNMs, the shaping of
which included successful realization of mechanical
processing, electrochemical treatment, and super-
plastic forming.27,28 Recent reports documented
more than 100 specific market areas for nano-
structured metals,23,29 and it is evident that many
of these new structural and functional applications
involve extreme environments where exceptional
strength and other specific properties are needed. It
is interesting to consider examples of BNMs devel-
opment for their innovation applications in engi-
neering and medicine.

Nanotitanium and Ti Alloys for Biomedical
Applications

Pure Ti possesses the highest biocompatibility
with living organisms, but it has limited use in
medicine due to its low strength. High-strength

Fig. 3. The Hall–Petch relation for the AA1100,16 Al-3%Mg alloy,17

and data on the YS of the UFG AA157018 and AA7475.19
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nanostructured pure Ti via SPD opens new avenues
and concepts in medical device technology.30 First,
expensive and toxic alloying elements are absent in
the material so that implants have better biocom-
patibility. Second, the implant size can be reduced
to decrease the level of surgical intervention. Third,
the materials exhibit improved biological reactions
on their surfaces.

A new SPD-based technology has been developed
recently for the fabrication of nanostructured Ti for
dental implants. The processing route consists of
ECAP-C, leading to grain refinement and secondary
processing (swaging/drawing) providing shaping

and additional strengthening.30,31 Long rods with
lengths up to 3 m, diameters of 4–8 mm, and accu-
racy grade h8 suitable for automation of implant
machining can be produced using this method.
These rods show a homogeneous nanostructure with
a grain/subgrain size of �150–200 nm (Fig. 4). The
effect of this SPD processing on mechanical prop-
erties of Ti is demonstrated in Table I. It is seen
that the formation of a nanostructure increases
strength properties by a factor of nearly two. Fati-
gue studies of this material showed that fatigue
strength after 107 fatigue cycles increases from
400 MPa in CG material up to 620 MPa in the SPD-
processed material.31 It is noted that the mechani-
cal properties of this nanostructured Ti are higher
compared to those of conventional high-strength Ti
alloys used in biomedical engineering. Nanostruc-
turing of Ti also positively affects its biomedical
properties. It accelerates colonization of the surface
by fibroblast cells30 and leads to increased adhesion
and proliferation of bone cells due to a change of
surface topography at the nanoscale.32

The company Timplant (Ostrava, Czech Republic)
used this nanostructured Ti to design and fabricate
a new generation of dental implants under the
trademark Nanoimplant (Timplant). These new
generation implants are smaller in diameter
(2.4 mm) than conventional implants (3.5 mm)
(Fig. 5). Therefore, they can be successfully inserted
into thin jawbones where larger implants are not
feasible. Smaller dental implants also introduce less
damage during the surgical intervention. To date,
these implants have been certified according to the
European standard EN ISO 13485:2003.

Another very promising group of materials for
medical applications is nanostructured Ti-based al-
loys with shape memory and superelasticity effects,
such as TiNi (nitinol). Nitinol is a biocompatible
nickel-titanium alloy with a low elastic modulus
closer to that of bone than the modulus of any other
surgical metal. The low stiffness makes nitinol
especially attractive as a bone replacement material
since it prevents stress shielding of the ingrown and
peri-implant bone. Recently, significant advances

Fig. 4. TEM images of microstructure of Ti (grade 4) after ECAP-C followed by drawing (a) bright field and (b) dark field.

Table I. Mechanical properties of CP Ti (grade 4)
before and after SPD processing

Condition

Yield
strength

(MPa)

Ultimate
tensile

strength
(MPa)

Elongation
to failure

(%)

As-received
condition (certificate)

589 724 27

ECAP + swaging +
drawing

1150 1240 12

ECAP-C + drawing 1220 1300 11

Fig. 5. Dental implants Ø 3.5 mm Timplant (top) and Ø 2.4 mm
Nanoimplant (bottom).30
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have been made in nanostructuring TiNi alloys
using HPT and ECAP techniques and in increasing
the mechanical and functional properties of nano-
structured TiNi alloys.33–35 TiNi alloys are already
in use as stents, vena-cava filters, and orthodontic
devices. Numerous research groups around the
world have been working on the development of
implantable artificial sphincters from TiNi alloys.
Nanostructured, high-strength TiNi alloys are
promising for further minituarization of these
medical devices.

Nanostructured Cu and Al Alloys for
Prospective Electroconductors

Electrical conductivity and mechanical strength
are the most important properties of conducting
materials. Electrical conductivity is very sensitive
to the microstructure of the material since it is
determined by the scattering of electrons due to
disturbances in the crystal structure including
thermal vibrations, impurities, and defects. There-
fore, high electrical conductivity and high strength
are usually mutually exclusive in metallic materi-
als. Pure Cu and pure Al having high electrical
conductivity but very low strength serve as good
examples. The alloying of these metals, strain
hardening, or precipitation strengthening leads to a
dramatic degradation of their electrical conductiv-
ity. For example, the electrical conductivities of
some Cu alloys range from 50% to 80% of Interna-
tional Annealed Copper Standard (IACS) (Fig. 6). It
has been demonstrated that intelligent microstruc-
tural design based on nanostructuring of Cu, Al,
and their alloys via SPD processing is an attractive
strategy for increasing their mechanical strength
without compromising their electrical conductiv-
ity.36–41 Two main approaches for microstructural
design have been developed.

The first approach is based on grain refinement
down to an ultrafine scale and/or the introduction of
nanotwins leading to increased strength. ARB was
successfully utilized for grain refinement in oxygen-
free copper (99.99%), in deoxidized low phosphorous
Cu (Cu-0.02wt.%P-0.017wt.%Pb), and in Cu con-
taining iron (Cu-1wt.%Fe-0.017wt.%Pb) down to
200 nm to 400 nm.37 The 0.2% proof strength of
these materials was increased by a factor of �5 with
just a few percent reduction in electrical conduc-
tivity, as shown on Fig. 6. Another example is bulk
Cu (99.995%) having a mixed microstructure of
nanograins (grain size of 66 nm) and nanoscale
twins (interlamellar thickness of 44 nm) produced
via dynamic plastic deformation at liquid nitrogen
temperature.38 Cu with this microstructure showed
a yield strength an order of magnitude higher than
CG materials at nearly the same electrical conduc-
tivity.

The second approach refers to minimization of the
negative effect of conventional strengthening
mechanisms (such as solid-solution hardening or

dislocation hardening) on electrical conductiv-
ity.39,40 It can be applied to both Cu- and Al-based
alloys. A solution-treated AA6060 was subjected to
HPT processing at different temperatures resulting
in homogeneous nanostructures containing meta-
stable or stable Mg2Si particles, a varying concen-
tration of solute atoms, and dislocation density in
the microstructure.39 Electrical conductivity of the
processed material correlated with the concentra-
tion of solute atoms and dislocation density. The
UFG material processed at 180�C showed the
highest electrical conductivity very close to that of
commercially pure Al that was attributed to a de-
creased concentration of alloying elements and the
lowest dislocation density in the Al matrix, whereas
its mechanical strength was significantly enhanced
compared to that of the CG T6 material (Fig. 6).
Similar tendencies were observed with an AA6063
alloy,39 and Cu-0.7%Cr and Cu-0.7%Cr-0.9%Hf al-
loys.40

Thus, nanostructuring of Cu, Al, and their alloys
can significantly increase their mechanical proper-
ties with no, or very low, reduction of their electrical
conductivity. HPT may be used for fabrication of
small parts for electrical engineering applications
whereas continuous SPD methods (such as ECAP-
C) can be used for fabrication of long-length rods/
wires.

Nanostructured Mg Alloys for Hydrogen
Storage

The term hydrogen storage relates to methods for
use H2 as energy carrier for mobile applications.
The methods cover many approaches, including
high pressures, cryogenics, and chemical com-
pounds that reversibly release hydrogen upon
heating. Storing hydrogen in the solid state remains
a significant technological challenge. Magnesium
and magnesium alloys are considered the most
attractive hydrogen storage materials because of

Fig. 6. Room-temperature electrical conductivity (in IACS) versus
yield strength for CG Cu, CG Al, CG AA6060, some CG and Cu
alloys, and their nanostructured counterparts processed via SPD.
The data are taken from Refs. 37–39, and 41.
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their high storage capacity (7.6 wt.%), light weight,
and low cost. Nevertheless, high thermodynamic
stability (DH = � 75 kJ/mol), high hydrogen
desorption temperature (‡400�C), and relatively
poor hydrogen absorption–desorption kinetics at
temperatures £350�C impede the use of Mg in
industrial applications.

Grain refinement can be used to improve the
hydrogen storage properties of Mg. Nanosized Mg
powders have been produced by mechanical alloy-
ing. Ball milling (BM) of Mg/MgH2 gives a fine
nanopowder with a grain size in the range of
10–30 nm.42 By reducing the grain size to nano-
crystalline dimensions, the H-sorption kinetics are
accelerated substantially due to the increased vol-
ume fraction of GBs, and the hydrogen desorption
temperature is decreased by about 100�C.43

Improved hydrogen storage capacity and kinetics
are also achieved in bulk Mg-based samples via
ECAP44 and HPT.45,46 Figure 7 illustrates hydrat-
ing kinetic data for the nanocrystalline Mg70Ni30

powders milled for 1 h and 10 h, as well as for the
HPT consolidated disk.46 The as-milled powders and
the HPT samples absorb hydrogen without activa-
tion, as the maximum capacity is reached after the
first two absorption–desorption cycles. The maxi-
mum capacity of the powders increases with
increasing milling time due to the finer micro-
structure and enhanced density of defects. A
noticeable improvement in the H-uptake (3 wt.%) is
observed in the HPT-consolidated disk. The capacity
of 3 wt.% corresponds to the composition of
Mg2NiH3.3 and means nearly complete hydrating.

Despite major progress in using metal hybrids as
hydrogen carriers, SPD may offer new technological
solutions in this area. ECAP is a relatively cheap
process for processing nanocrystalline elements for
hydrogen batteries in the shape of cylindrical rods,
and HPT may be used for processing metal hybrid
tablets.

Microdevices from BNMs

In conventional CG metallic materials, the
decreasing sample size may significantly affect the
fundamental mechanisms of plasticity. While the
plasticity of macroscopic samples appears as a
smooth process, in the plastic deformation of
microscopic samples, specific dislocation avalanches
are formed leading to an uncontrolled deformation
process including also the possibility of catastrophic
failure. Therefore, fabrication of miniaturized parts
or tools, particularly components for biomedical
devices or microelectromechanical systems (MEMS)
having geometrical features of a few micrometers,
requires very careful scaling of their internal
structures. The average grain size in the microparts
should be smaller than the smallest dimension of
the geometrical features in order to ensure their
reliable property control.

Nanostructured materials lead to new directions
in the fabrication of complex shape microparts for
microdevices. It was recently demonstrated that hot
embossing on UFG AA1050 processed via ECAP
shows a good potential for the fabrication of micro-
heat exchangers with geometrical features smaller
than 10 lm and high thermal conductivity.47 Hot
embossing provided a very smooth embossed surface
with fully transferred pattern and low failure rate of
the mold, while hot embossing on CG AA1050 gave a
much rougher surface with shear bands.47 Recent
experiments with micropillars of an UFG Cu-30%Zn
alloy revealed a potential for avoiding intermittent
flow and strain avalanches in these materials.48

Downscaling of the SPD processing techniques
together with combinations of other processing
methods can dramatically ease fabrication of
microparts for microdevices. An example is the use
of a miniaturized ECAP die with a millimeter-scale
channel to produce Al wires with grain size of
1–2 lm in a single ECAP step.49 This ECAP

Fig. 7. Hydrogen kinetic absorption curves of Mg70Ni30 powder: (a) milled for 1 h and consolidated by HPT and (b) milled for 10 h and
consolidated by HPT (b).46
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preprocessing can be combined with a final extru-
sion step where a desired axisymmetric profile can
be easily imparted to the final product. An example
of a possible product is a long bar with a cog-wheel
profile that can be chopped into MEMS gears.23

Nanomagnets

Advanced permanent magnets consist of hard and
soft magnetic phases which are exchange-coupled at
the nanoscale and, therefore, provide high storage
energy. Chemical composition of phases, their size,
and spatial distribution of elements in the matrix
determine the magnetic properties of these materi-
als. The SPD methods can be effectively applied for
grain refinement in magnets or consolidation of
magnetic nanopowders. Nanostructured RE2Fe14B
(RE = Nd, Pr)-based alloys with high coercivity HC

up to 2240 kA/m were produced via HPT followed by
annealing at 600�C.50 Similar results were reported
for melt-spun Nd9Fe85B6 alloy.51 Metal–ceramic
powder mixtures consisting of Co (ferromagnetic)
and NiO (antiferromagnetic) phases were com-
pacted by HPT both with and without prior BM.52

Enhanced coercivity of the materials was ascribed
to the Co particle size refinement, the increase of
stacking faults, and the magnetic coupling between
Co and NiO phases.52

Novel high-speed electrical machines require
high-strength magnetic materials with an ultimate
rupture strength ‡900 MPa. However, the maxi-
mum ultimate rupture strength in conventional
magnets processed via rolling or high-temperature
forging does not exceed 700 MPa. Recently, it was
demonstrated that nanostructured Fe-25Cr-15Co
and Fe-30Cr-8Co alloys with good magnetic prop-
erties and excellent mechanical properties (com-
pression stress of 1400 MPa) may be fabricated via
complex two-stage upsetting-torsion under isother-
mal conditions.53,54 These nanostructured magnetic
materials could be used in developing high-speed
electric machines for lower power consumption.
These machines include (I) turbo generators and
turbo compressors, (II) turbo molecular pumps, (III)
inertial energy-storage devices, (IV) technological
and medical centrifuges, and (V) electric spindles
and electric drivers.

SUMMARY

Processing by SPD provides an opportunity to
fabricate BNMs having attractive structural and
functional applications. The latest modifications of
SPD techniques can significantly increase the pro-
duction rate leading to a lower price of the final
(semi)products. Thus, BNMs have been already
successfully used for the first application in bio-
medical engineering as materials for dental im-
plants, and many new applications of BNMs in this
sector are foreseen in the very near future. A very
strong potential to commercialization of BNMs in
electrical engineering as materials for perspective

electroconductors and in fabrication of microdevices
and MEMS can be outlined. Current research
activities show that SPD-processed Mg has a good
potential as a material for hydrogen storage as well
as nanomagnets for high-speed electric machines. It
is evident that the recent considerable progress in
research of BNMs provides the basis for their wide
application in engineering and medicine and labo-
ratory-scale research is now in transition towards
the commercial manufacturing of nanomaterials for
a range of promising products.
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