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Abstract—The main approaches to the formation of modern functional materials for medical implants, includ-
ing the principles of material choice on the criteria of their biochemical and biomechanical compatibility and
their technological effectiveness, are represented in this review. Titanium alloys are considered the most pro-
spective and extended materials for implants in traumatology, orthopedics, and stomatology. The trend over the
last decade has been to exclude alloying components that may cause local allergic reactions on living tissues or
general toxic effects on an organism from the structure of titanium alloys. One compromise to preserve high bio-
chemical compatibility with the necessary increase in the mechanical properties of titanium alloys is based on
the formation of submicrocrystalline (SMC) or nanostructured (INS) states in commercially pure titanium. The
prospect of using SMC and NS titanium as a material for manufacturing implants is proven. An analysis of the
results of experimental and theoretical research of the diffusion features on intergranular areasis carried out, and
the role of diffusion-controlled processes in the formation of a microstructure of metals and alloys, as well as the
microstructured state, is discussed. The efficiency of computer simulation on an atomic level in establishing the
dependence of diffusion characteristics on intergranular areas from the average grain size and the structural state
of internal boundaries of section is proven. A short description of simulation and semi-industrial methods of the
formation of SMC and NS states in metals and alloys by means of severe plastic deformation—which are known
as materials related to the “top-down approach,” assuming the initial structure is crushed to nanosized compo-
nents—is presented. Special attention is given to the recent developed of low-cost and high-efficiency techno-
logical schemes for the mass production of nanostructured titanium alloys for medical purposes, including
radial-shift and screw rollings, along with a combination of traditional methods of mechanical-thermal process-
ing, which make it possible to receive an assortment of the titanium and its alloys necessary for the mass produc-

tion of medical implants and tools.

INTRODUCTION

One of the most important spheres of nanomaterial
use in medicine is the formation of next-generation
implants. The actual need for affordable implants
(stomatological, traumatological, and orthopedic) in
Russia exceeds the existing amount by 3—5 times. For
example, the annual increase in the need for dental
implants in Russia now reaches 30%. The market for
the products under question is filled by foreign compa-
nies. The materials (mostly metals and alloys) used for
implants need an increase in the biochemical and bio-
mechanical compatibility with body tissues, an
improvement of the functional characteristics, and the
use of energy-efficient and ecologically pure techno-
logical processes in manufacturing.

The development of new structural and functional
materials with improved characteristics is mainly
determined by the results of fundamental studies of the
formation of their structure and the nature of the
physic-chemical processes that occur in materials
under different operation conditions. A special role
influencing the physical—mechanical, chemical, elec-

trophysical, and other properties of materials is played
by the internal surfaces of division (boundaries of grain
(GB), subgrains, and phases) and by the free surfaces
and pores and cracks that are connected with them.
This is why the increase in the boundaries’ length with
a decrease of cristallites’ size and the transition from
usual polycrystalline materials to nanostructures lead
to a principal change in the development of processes
of thermal and electric transfer, plastic deformation
and destruction, and degradation of structure.

Thus, it is an urgent problem to develop a complex
approach to the formation of new innovative products
in medicine: implants made of nanostructured materi-
als with biocoatings, including all the stages of
research, design, and development work, from funda-
mental research (that based on computer simulation),
new technological and constructive solutions, and
industrial production and metrological control. In this
review we present the main results of developing and
studying submicrocrystalline and nanostructured tita-
nium and bioactive coatings whose practice in use as









properties with low elastic modulus. The metastable bcc
lattice of titanium has low strength when the effective
method of strengthening by ageing increases the Young
modulus up to normal values. Also, there are many prob-
lems at the stage of casting such materials: the lack of
ready mixtures for alloying (ligature) and the complexity
of obtaining the precise chemical content and its homog-
enization in alloying. Nowadays, with the severe defi-
ciency of affordable and available medical implants in the
Russian market, approaches which assure the fast
progress of ideas for creating highly technological pro-
ductions subject to the present metallurgical and medical
manufacturing are the most prospective.

One of'this ideas was developed over the last decade
by this author with collaborators that included replac-
ing the titanium alloys widely used in medicine with
high-strength SMC or NS unalloyed titanium (alloy
VT1-0) [27].

It is known that the formation of submicroc-
rystlline (SMC) and nanostructured (NS) conditions
in titanium alloys leads to a significant improvement of
their mechanical properties, including those necessary
for use as materials for medical implants [27, 28].

For example, the formation of the above-men-
tioned conditions in commercially pure titanium
(VT1-0) by the impact of severe plastic deformation
using methods of equal-channel angular pressing in an
aggregate with cold rolling and annealing enables us to
reach high homogeneity in grain-size distribution as
opposed to a heterogenous band fine-grained struc-
ture formed in titanium rolling under usual condi-
tions. Also, the localization of the deformation is sup-
pressed in such a structure on the macro level. As a
consequence, the strength level increases with the
preservation of high plasticity and the endurance limit
increases under cyclic loading [27]. In particular this
let us obtain ultrafine high-strength titanium foils with
thicknesses less than 10 pm, which are necessary for
use in medical and technical products [29].

The peculiarity of submicrocrystalline and nano-
structured states obtained in metals and alloys by the
influence of severe plastic deformations is activization
of diffusion [30]. A number of experiments show that
the increase of diffusion influence on the structure
evolution connected with the migration of grains
boundaries, grainboundary segregation of impurity
atoms, changes in micropores size, relaxation of inter-
nal stress, and isolation of secondary phase in such
conditions is connected not only with the large area of
grain regions but also with increased speed of diffusion
in grain boundaries in comparison with macrocrystal-
line condition [30]. This peculiarity is a reason for the
decrease in the temperature manifesting “high-tem-
perature” diffusion-controlled mechanisms of plastic
deformation, for example, such as grain boundary
sliding up to a temperature close to room temperature
[27]. The latter allows to use processes controlled by
diffusion to achieve superplasticity and the controlled
formation of structural-phase composition, which

assure an increase in strength with the preservation or,
in some cases, increase of plasticity under a suffi-
ciently thermally stable structure. However, in order to
use of the above-mentioned peculiarities, the depen-
dencies that the diffusion characteristics, according to
their grain regions, have on temperature, average size
of grains, chemical composition, and structural state
of internal boundaries need to be established. Inter-
preting the results of experiment in this case is very
complicated due to, first and foremost, the complexity
of the full description of the defective structure of
SMC and NS materials obtained by the influence of
plastic deformation. The latter is connected with the
presence of unrelaxed residual stresses in such struc-
ture and, possibly, the heterogeneity of content and
other peculiarities of observed heterosystems. These
problems may be avoided by the abilities of contempo-
rary computer simulation on an atomic level, which is
actively used in the study of diffusion processes on the
grain boundaries of metals [31]. The second section of
this review is devoted to examining such investiga-
tions.

For natural reasons, the working temperature for
titanium of medical use is the temperature of human
body, with the exception of heating materials when
sterilizing implants up to a temperature usually no
higher than 200°C. For this reason, the problem of the
thermal stability of a structure made out of common
titanium and titanium alloys for medical use in the lit-
erature is not considered. However, activization of dif-
fusion processes in SMC and NS titanium, requires a
special study of this issue. At the same time, this very
factor of diffusion penetrability may be purposefully
used for the formation, for example, of a fine-dis-
persed precipitates which block the migration of grain
boundaries and, for this reason, inhibit the development
of the recrystallization process [27, 31, 32]. The simulta-
neous decrease in the resistance of low-temperature
creep, which is connected with an increase in the dif-
fusion penetrability, allows to decrease residual
stresses in half-finished products up to safe level, for
example, by conducting low-temperature prerecrys-
tallization annealing after the whole cycle of techno-
logical redistribution of half-finished products.

One of the most important conditions for a well-
grounded prediction of stability of the structure and
the mechanical properties of titanium under condi-
tions of long-term operation in a biological medium is
to consider its interaction with hydrogen. The latter is
known can diffuse into the material from the environ-
ment and worsen the mechanical properties up to
embrittlement near-surface layers, which is encoun-
tered for titanium and titanium alloys used nowadays,
including that of medical use. We may expect that
SMC and NS state formation allows to reduce the
influence of hydrogen due to a significant increase in
the extent of grain boundaries in the submicro- and,
especially, nanostructure. In such structures, incom-
ing hydrogen is known to be redistributed by many



traps, i.e., nonequilibrium grain boundaries and defor-
mation defects. This allows to avoid achieving and
exceeding the maximum solubility of hydrogen in a
crystal lattice. For this reason we may expect that the
hydrides particles, if they appear, will be smaller and
uniformly distributed in the material volume, mostly
in grain boundaries. From the point of view of hydro-
gen brittlement, such a state of the hydride phase is the
least dangerous, and it allows to increase the value of
the maximum permissible concentration of hydrogen
in titanium and its alloys. However, the problem of
SMC and NS influence on the interaction of titanium
alloys with hydrogen in the process of operation has
not yet been studied very well and needs to be investi-
gated, Based on the results of fundamental research on
the formation and evolution of SMS and NS states
(obtained by the influence of severe plastic deforma-
tion) in commercially pure titanium (alloy VT1-0),
which does not contain any alloying elements harmful
for a living body, showed the possibility of and methods
for reaching strength properties under static and cyclic
loading which correspond to the level of alloyed tita-
nium alloys commonly used in medicine [29, 33, 34].
The strength properties that were reached make it pos-
sible to use unalloyed SMC and NS titanium as medical
implants in traumatology and orthopedics [35].

However, most methods of formation of the above-
mentioned states using the influence of severe plastic
deformation (which will be discussed in the third sec-
tion of the article) are inefficient and significantly
increase the cost of the materials. Metals and alloys in
SMC and NS states, as a rule, have lower thermal sta-
bility, high strength, and reduced plasticity when there
is no special thermal treatment. This restricts the possi-
bility of processing them using pressure when obtaining
the necessary industrial assortment of half-finished
products, and it increases the labour input of making
products on an automatic mill in mass production.

In connection with the aforesaid, the development
of highly effective and low-cost technology for obtain-
ing an industrial assortment of half-finished products
of SMC and NS titanium and alloys on its basis with
improved mechanical and functional characteristics
for manufacturing medical products in commercial
production is an urgent problem. Nowadays, as part of
the large set of projects under the federal target pro-
gram “Nanoindustry and Nanomaterials” with the
topic “The Development of Experimental Industrial
Technologies of Forming Next-Generation Medical
Implants on the Basis of Titanium Alloys,” such tech-
nology was elaborated, and shaped sections and rods
made out of commercially pure titanium (alloy VI'1-0)
with SMC structures were manufactured. At the
industrial base of one of the participating organiza-
tions of the project (SUE All-Russian Research and
Design Institute of Medical Instruments (Kazan)), a
pilot batch of implants for traumotology (plates and
screws) were manufactured from the mentioned mate-
rials. These products successfully underwent preclini-

cal tests and the whole set of products is now undergo-
ing clinical tests. The third section is devoted to
describing these works.

As was mentioned above, another urgent question
of medical material science is developing technology
for the formation of bioinert and bioactive coatings.
Bioactive coatings include polymers, metal oxides
(e.g. TiO,, Al,O;) and some other types of ceramic
compounds. Bioactive coatings not rejected by an
organism, but they also speed up the growth of bone
tissue, thus promoting the quickest implantation in
the body. Bioactive coatings include calcium-phos-
phate (tribasic calcium phosphate, hydroxylapatite,
et al.) and fluorine-apatite ceramics.

RESULTS OF EXPERIMENTAL
AND THEORETICAL STUDIES
OF GRAIN BOUNDARY DIFFUSION
IN SUBMICROCRYSTALLINE
AND NANOCRYSTALLINE METALS

To analyze the results of diffusion experiments in
microcrystalline, SMC, and NS materials, the diffu-
sion coefficient on grain boundaries D¢ and diffusion
coefficient by triple junction Dy, [36] are introduced.
In this case Dy and Dy are parameters of the diffu-
sion model using GB and TJ, which are presented in
model as homogeneous phase and their values are
determined by a square of the diffusion displacement

of atoms A?’,- according to the Einstein relation for a
diffusion coefficient in a three-dimensional medium

D= ZL(A%)Z/(GNt). Here, N is the number of

atoms in the corresponding phase and f is the time of
the atoms. In the range of large amounts of time, the
tilt of the dependency of the average square atoms on
time is supposed to be constant for the studied area.
But Dy and Dy do not have physical sense out-of-
frame of chosen diffusion models along GB and TJ.
Therefore, for a diffusion description in NS materials,
independent from the model presentation about the
structure of GB and TJ, the following characteristics
were introduced [37]: (g is the average excess of the
sum of atoms squares per time unit connected with the
formation of grain boundaries and reckoned to the
grain boundaries square unit and {; is the average
excess of the sum of atoms squares per time unit reck-
oned to the length unit of triple junction. These char-
acteristics are determined through the rate of the
increase in AZ, where the excess of the sum of the dif-
fusion displacement of atoms squares accumulated in
NS sample for the time #; this is presented as sum of
the contribution of GB and TJ (AZ/t = {;pdgs +
Crilry), where Agp and /qy is the total area of grain
boundaries and the total length of triple joints in NS
materials respectively.

It follows from the Einstein relation that the intro-
duced characteristics of GB and TJ are connected with
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Fig. 3. Arrhenius dependence of coefficients of grain boundary self-diffusion of nickel and heterodiffusion of copper in nickel

with a different structure [25].

corresponding diffusion coefficients Dy and Dy; by
relationS (DGB - DV)8 = (Q/6)CGB and (DTJ - DV)R2 =
(Q/6m)C, if we accept that GB and TJ are homoge-
neous phases in material in a form of plate with a
thickness 6 and a cylinder with radius R respectively.
Here Dy is a diffusion coefficient in grains volume and
Q is the average volume per one atom. This relation
allows to compare the coefficient of grain boundary
diffusion Dsp determined from the analysis of diffu-
sion experiments discussed below and the excess in the
sum of atoms squares estimated from the results of
molecular-dynamic simulation of diffusion processes
in grain boundaries.

The parameters of grain boundary diffusion (diffu-
sion coefficients and energy of diffusion activation), as
a rule, are formed from experimental profiles of distri-
bution by the depth of the layer concentration or con-
centration in the grain boundary (GB) of diffusant
(impurities or isotope) after diffusion annealing under
conditions when volume diffusion is “frozen” (D= 0)
and there is no outflow of the diffusant from the
boundaries to the volume of grains. The main results of
the experimental studies of grain boundary diffusion in
SMC materials obtained by influence of plastic defor-
mation and in NS and SMC materials obtained by
electric deposition according to [30, 38—44] are show
in Fig. 3 in comparison with coefficients of grain dif-
fusion Dgp and their temperature dependence for
coarse-grained polycrystals. Experiments showed that
D for polycrystalls in coarse-grained and in NS and
SMC states may coincide or differ by 1—5 orders of
magnitude. The fluctuation of Dy under the same
temperature in different experiments is 2—3 orders of
magnitude. The value of activation energy of grain
boundary diffusion Qgp in SMC metals determined in

[30, 40, 43, 44] from the temperature dependence Dgp
were 1.5—2 times less than the corresponding values
for coarse-grained states and close in their values to
the diffusion activation energies on free surface. The
increased diffusion rate up to 1—2 orders of magnitude
in material with fine grains is indicated by indirectly
estimating the parameters of grain boundary diffusion
from data on the study of diffusion-controlled pro-
cesses such as plastic deformation on the mechanism
of grain boundary sliding and activated recrystalliza-
tion in SMC and coarse-grained polycrystals [37].

The increase of diffusion speed in SMC metals is
qualitatively explained by contemporary views on the
structure of GB in them. Numerous researches indi-
cate that the SMC structure of metallic materials
formed by the method of severe plastic deformation is
characterized along with small size of grains by the
extremely nonequilibrium state of GB. Boundaries in
such state have a high density of defects with deforma-
tion origins and higher energy and surplus volume
than the minimum under given conditions, and they
create distortions in the border zone of the crystal lat-
tice [45, 46]. This explains the increase in the grain
boundary diffusivity by such GBs. The degree of non-
equilibrity of the GBs of submicrocrystalline structure
is determined by the material characteristics and
method and conditions of acquisition. Therefore the
detected dispersion of D¢y values at the same temper-
ature in different experiments may be connected with
the different degree of nonequilibrity of GB [37].

In spite of the great volume of experimental infor-
mation about grain boundary diffusion and the diffu-
sion-controlled processes in materials with an average
grain size of less than 100 nm, this data is insufficient
for providing a definite answer to the question about



























alloys obtained under the influence of plastic defor-
mation were considered. It was shown that an indus-
trial assortment of titanium and titanium alloys
needed for serial manufacturing medical implants and
instruments may be obtained using recently developed
low-cost technological methods of metal processing
by pressure, including radial-shift and screw rolling in
combination with traditional methods of mechanical
thermal processing.

A number of methods of microarc deposition of
coatings using electrolytes with nanohydroxylapatites
(with crystal sizes less than 100 nm) for the formation
of nanocrystalline bioactive coatings on the surface of
medical implants were discussed.

ACKNOWLEDGMENTS

The author is grateful to A.G. Lipnitskii, M.B. Iva-
nov, and E.V. Golosov, members of the Center of
nanostructured Materials and Nanotechnologies at
Belgorod State University, for providing the materials
used in the work and for participating in the composi-
tion and design of this review. This work was supported
by the Federal task program (contracts 02.523.11.3007
and 02.513.11.3402) and the Russian Foundation for
Fundamental Research (grant 09-02-00857-a).

REFERENCES

1. L. L. Hench and J. R. Jones, Biomaterials, Artificial
Organs, and Tissue FEngineering (CRC Press, Boca
Raton, FL, United States, 2005; Tekhnosfera, Moscow,
2007), p. 304.

2. Matthias Epple, Handbook of Biomineralization: Medi-
cal and Clinical Aspects (Wiley, New York, 2007; Veter,
Tomsk, Russia, 2007).

3. D. P Kiryukhin, I. P. Kim, and V. M. Bouznik, “Radi-
ation-Chemical Processes for Fabrication of Protective
Coatings and Composite Materials with the Use of Flu-
orinated Monomers,” Khim. Vys. Energ. 42 (5) 346—
353 (2008) [High Energy Chem. 42 (5), 346—353
(2008)].

4. Yu. R. Kolobov, A. V. Karlov, I. S. Bushnev, and
E. E. Sagymbaev, “Untersushung von Structur und
Phasenzustand und Mechanishen FEigenschatten der
bioinerten und bioactiven schichten auf titanfegierun-

gen fur Traumatologie und Ortopedie,” Biomed. Tech.
41 (1), 417 (1996).
5. S. M. Barinov and V. S. Komlev, Calcium Phosphate

Based Bioceramics for Bone Tissue Engineering (Nauka,
Moscow, 2005; Trans Tech, Zurich, Switzerland, 2008).

6. Yu. D. Tret’'yvakov, A. V. Soin, A. V. Kuznetsoy,
M. N. Pul’kin, A. G. Veresov, and V. I. Putlyaev, “Cal-
cium Phosphate Biomaterials: A Pathway to Enhanced
Bioactivity Passes through the Anion Modification of
the Chemical Composition of Hap,” Tekhnol. Zhivykh
Sist. 2 (1-2), 11-17 (2005).

7. V. 1. Kalita, “Physics and Chemistry of the Formation
of Bioinactive and Bioactive Surfaces on Implants” Fiz.
Khim. Obrab. Mater., No. 5, 28—45 (2000).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. V. E. Gyunter, G. E. Dambaev, P. G. Sysolyatin,

R. V. Zigan’shin, and N. A. Molchanov, Medical Mate-
rials and Shape-Memory Implants (Tomsk State Univer-
sity, Tomsk, Russia, 1998) [in Russian].

M. Z. Mirgazizov, V. E. Gyunter, and V. L. Itin, Super-
elastic Implants and Devices of Shape Memory Alloys in
Dentistry (Quintessenz, Berlin, 1993).

D. V. Shtansky, N. A. Glushankova, A. N. Sheveiko,
M. A. Kharitonova, T. G. Moizhess, E. A. Levashov,
and F Rossi, “Design, Characterization, and Testing of
Ti-Based Multicomponent Coatings for Load-Bearing
Biomedical Applications,” Biomaterials 26 (16),
2909—-2924 (2005).

A. A. Tl’in, S. V. Skvortsova, A. M. Mamonoyv, and
V. N. Karpov, “Application of Materials Based on Tita-
nium and Its Alloys for the Fabrication of Medical
Implants,” Metally, No. 3, 97—104 (2002).

M. V. Kostina, O. A. Bannykh, V. M. Blinov, E. V. Bli-
nov, and V. N. Karpov, “A Novel High-Strength Corro-
sion-Resistant Alloy for Surgical Instruments,” Al'm.
Klin. Med. 17 (2), 92—95 (2008).

A. A. Tager, Physical Chemistry of Polymers (Khimiya,
Moscow, 1968; Mir, Moscow, 1978).

G. Brankov, Fundamental Problems of Biomechanics
(Bulgarian Academy of Sciences, Sofia, 1978; Mir,
Moscow, 1981) [in Bulgarian and in Russian].

I. V. Knets, G. O. Pfafrod, and Yu. Zh. Saulgozis,
Deformation and Fracture of Solid Biological Tissues
(Zinantne, Riga, 1980) [in Russian].

Mitsuo Niinomi, “Mechanical Biocompatibilities of

Titanium Alloys for Biomedical Applications,” J. Mech.
Behav. Biomed. Mater. 1, 30—42 (2008).

M. Long and H. J. Rack, “Titanium Alloys in Total
Joint Replacement—A Materials Science Perspec-
tive,” Biomaterials 19, 1621 (1998).

R. Thull, “Naturwissenschaftliche Aspekte von Werkst-
offen in der Medizin (Natural-Science Aspects of
Materials in Medicine),” Naturwissenschaften 81,
481488 (1994).

V. I Itin and Yu. S. Naiborodenko, High-Temperature
Synthesis of Intermetallic Compounds (Tomsk State Uni-
versity, Tomsk, Russia, 1989) [in Russian].

V. E. Gyunter, V. L. Itin, L. A. Monasevich, Yu. A. Paskal’,
and V. V. Kotenko, Shape-Memory Effects and Their
Applications in Medicine (Nauka, Novosibirsk, 1992)
[in Russian].

V. L. Itin, V. E. Gyunter, S. A. Shabalovskaya, and
R. L. C. Sachdeva, “Mechanical Properties and Shape
Memory of Porous Nitinol,” Mater. Charact. 32 (3),
179—189 (1994).

Yoshimitsu Okazaki, Sethumadhvan Rao, Yoshimasa
Ito, and Tetsuya Tateishi, “Corrosion Resistance,
Mechanical Properties, Corrosion Fatigue Strength,
and Cytocompatibility of New Ti Alloys without Al and
V,” Biomaterials 19 1197—1215 (1998).

A. K. Mishra, J. A. Davidson, R. A. Poggie, P. Kovacs,
and T J. Fitzgerald, “Mechanical and Tribological
Properties and Biocompatibility of Diffusion Hardened
Titanium—13Nb—13Zr,” in American Society for Testing
and Materials STP, Vol. 1272: Medical Applications of
New Titanium and Its Alloys: The Material and Biologi-
cal Issues, Ed. by S. A. Brown and J. E. Lemons (Amer-



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

ican Society for Testing and Materials, West Consho-
hocken, PA, United States, 1996), pp. 96—113.

L. D. Zardiackas, D. W. Mitchell, and J. A. Disegi,
“Characterization of Titanium—15Mo Beta Titanium
Alloy for Orthopedic Implant Applications,” in Ameri-
can Society for Testing and Materials STP, Vol. 1272:
Medical Applications of New Titanium and Its Alloys:
The Material and Biological Issues, Ed. by S. A. Brown
and J. E. Lemons (American Society for Testing and
Materials, West Conshohocken, PA, United States,
1996), pp. 60—75.

M. A. Khan, R. L. Williams, and D. E Williams, “Con-
joint Corrosion and Wear in Titanium Alloys,” Bioma-
terials 20, 765—772 (1999).

T. Zhou, M. Aindow, S. P. Alpay, M. J. Blackburn, and
M. H. Wu, “Pseudo-FElastic Deformation Behaviorin a
Ti/Mo-Based Alloy,” Scr. Mater. 50, 343—348 (2004).

Yu. R. Koloboy, R. Z. Valiey, G. P. Grabovetskaya,
A. P. Zhilyaev, and E. E Dudarev, Grain-Boundary Dif-
Sfusion and Properties of Nanostructured Materials
(Nauka, Novosibirsk, 2001; Cambridge International
Science, Cambridge, United Kingdom, 2007).

M. B. Ivanov, Yu. R. Kolobov, and T N. Vershinina,
“Structure and Mechanical Properties of the Ultrafine-
Grained VT6 Titanium Alloy after Thermal Mechani-
cal Treatment in Combination with Reversible Alloying
with Hydrogen,” Titan 19 (2), 60—62 (2000).

Yu. R. Kolobov, G. P. Grabovetskaya, N. V. Girsova,
R. 7. Valiev, Zh. Yu. Teodor, V. V. Stolyarov, and
A. 1. Zharikov, “The Method for Fabricating a High-
Strength Foil from Titanium,” RF Patent No. 2 243 835
(July 17, 2003), Byull. Izobret., No. 1 (2005).

Yu. R. Kolobov, G. P Grabovetskaya, M. B. Ivanoy,
A. P. Zhilyaev, and R. Z. Valiev, “Grain-Boundary Dif-
fusion Characteristics of Nanostructured Nickel,” Scr.
Mater. 44 (6), 873—878 (2001).

Yu. R. Kolobov, I. V. Ratochka, K. V. Ivanov, and
A. G. Lipnitskii, “Characteristic Features of Diffusion-
Controlled Processes in Ordinary and Ultrafine-
Grained Polycrystalline Metals,” Izv. Vyssh. Uchebn.
Zaved., Fiz., No. 8, 49—-64 (2004) [Russ. Phys. J. 47 (8),
840856 (2004)].

Yu. R. Kolobov, O. A. Kashin, E. E. Sagymbaey,
E. E Dudarev, L. S. Bushnev, G. P. Grabovetskaya,
G. P. Pochivalova, N. V. Girsova, and V. V. Stolaroy,
“Structure and Mechanical and Electrochemical Prop-
erties of Ultrafine-Grained Titanium,” Izv. Vyssh.
Uchebn. Zaved., Fiz., No. 1, 77—85 (2000) [Russ.
Phys. J. 43 (1), 71-78 (2000)].

Yu. R. Koloboy, E. E Dudarey, O. A. Kashin, Yu. R. Ko-
lobov, E. E Dudarev, O. A. Kashin, G. P. Grabo-
vetskaya, 3. P. Pochivalova, and R. Z. Valiev, “The
Method for Fabricating Ultrafine-Grained Titanium
Intermediate Products,” RF Patent No. 2 251 588
(June 3, 2003), Byull. Izobret., No. 13 (2005).

O. A. Kashin, E. E Dudarev, Yu. R. Koloboy, et al.,
“Evolution of the Structure and Mechanical Properties
of Nanostructured Titanium in the Course of Thermal
Mechanical Treatments,” Materialovedenie, No. 3,
2530 (2003).

Yu. R. Kolobov, G. P. Grabovetskaya, E. E Dudarey,
and K. V. Ivanov, “Preparation, Structure, and

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Mechanical Properties of Nanostructured Bulk Com-
posite Materials for Medicine and Engineering,” Vopr.
Materialoved., No. 1 (2004).

Y. Chen and Chr. Schuh, “Contribution of Triple Junc-
tions to the Diffusion Anomaly in Nanocrystalline
Materials,” Scr. Mater. 57, 253 (2007).

Yu. R. Kolobov, A. G. Lipnitskii, I. V. Nelasov, and
G. P Grabovetskaya, “Investigations and Computer
Simulations of the Intergrain Diffusion in Submicro-
and Nanocrystalline Metals,” Izv. Vyssh. Uchebn.
Zaved., Fiz., No. 4, 47—-60 (2008) [Russ. Phys. J. 51
(4), 385399 (2008)].

V. Bokstein, M. Ivanov, Yu. Kolobov, and A. Ostovsky,
“Grain-Boundary Diffusion in Consolidated Nanoma-
terials: Stress Effect on Grain-Boundary Diffusion,” in
Nanodiffusion: Diffusion in Nanostructured Materials,
Ed. by D. L. Beke, J. Metastable Nanocryst. Mater. 19,
69—107 (2004).

R. Wiirschum, A. Kiibler, S. Gruss, P. Scharwaechter,
W. Frank, R. Z. Valiev, R. R. Mulyukov, and H.-E. Scha-
efer, “Tracer Diffusion and Crystalline Growth in
Ultra-Fine-Grained Pd Prepared by Severe Plastic
Deformation,” Ann. Chim. (Paris) 21 (6—7), 471482
(1996).

G. P. Grabovetskaya, I. V. Ratochka, Yu. R. Kolobov,
and L. N. Puchkareva, “A Comparative Study of Grain-
Boundary Diffusion of Copper in Ultrafine-Grained
and Coarse-Grained Nickel,” Fiz. Met. Metalloved. 83
(3), 112116 (1997) [Phys. Met. Metallogr. 83 (3),
310—313 (1997)].

H. Tanimoto, P. Farber, R. Wiirschum, R. Z. Valiev,
and H.-E. Schaefer, “Self-Diffusion in High-Density
Nanocrystalline Fe,” Nanostruct. Mater. 12, 681684
(1999).

H. Tanimoto, L. Pasquini, R. Primmer, H. Kron-
miller, and H.-E. Schaefer, “Self-Diffusion and Mag-
netic Properties in Explosion Densified Nanocrystal-
line Fe,” Scr. Mater. 42 (10), 961—966 (2000).

Y. R. Kolobov, G. P. Grabovetskaya, K. V. Ivanoy,
R. 7Z. Valiev, and Y. T Zhu, “Grain-Boundary Diffu-
sion and Creep of Ultra-Fine-Grained Titanium and
Ti—6A1—-4V Alloy Processed by Severe Plastic Defor-
mation,” in Proceedings of the Symposium on Ultrafine
Grained Materials 111, Charlotte, North Carolina, United
States, March 14— 18, 2004 (Charlotte, 2004), pp. 621—
628.

G. P. Grabovetskaya, I. P Mishin, 1. V. Ratochka,
S. G. Psakhie, and Yu. R. Kolobov, “Grain-Boundary
Diffusion of Nickel in Submicrocrystalline Molybde-
num Processed by Severe Plastic Deformation,” Pis’ma
Zh. Tekh. Fiz. 33 (4), 36—38 (2008) [Tech. Phys. Lett. 33
(4), 136—138 (2008)].

Yu. R. Koloboy, R. Z. Valiev, G. P. Grabovetskaya,
A. P. Zhilyaev, E. E Dudarev, K. V. Ivanov, M. B. Ivanoy,
O. A. Kashin, and E. V. Naidenkin, Grain-Boundary
Diffusion and Properties of Nanostructured Materials
(Cambridge International Science, Cambridge, United
Kingdom, 2007).

N. I. Noskova and R. R. Mulyukov, Submicrocrystalline
and Nanocrystalline Metals and Alloys (Ural Brunch of
the Russian Academy of Sciences, Yekaterinburg,
2003) [in Russian].



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

T. Surholt and Chr. Herzig, “Grain Boundary Self-Dif-
fusion in Cu Polycrystals of Different Purity,” Acta
Mater. 45 (9), 3817—3823 (1997).

A. G. Lipnitskii, A. V. Ivanoy, and Yu. R. Kolobov,
“Grain Boundary and Triple Junction Energies and
Stability of Nanocrystalline Materials,” in Proceedings
of the Second International Symposium “Physics and
Mechanics of Large Plastic Strains,” St. Petersburg, Rus-
sia, June 4—9, 2007 (St. Petersburg, 2007), p. 37.

A. G. Lipnitskii, A. V. Ivanoy, and Yu. R. Kolobov,
“Investigation of Grain-Boundary Stresses in Nanoc-
rystalline Face-Centered Cubic Metals by the Molecu-
lar Statistics Method,” in Proceedings of the XVI Inter-
national Conference “Physics of Strength and Plasticity of
Materials,” Samara Russia, June 26—29, 2006 (Samara,
2000), Vol. 1, pp. 190—-196.

T. Hammerschmidt, A. Kersch, and P. Vogl, “Embed-
ded Atom Simulations of Titanium Systems with Grain
Boundaries,” Phys. Rev. B: Condens. Matter 71, 205
409 (2005).

V. V. Rybin, Severe Plastic Deformations and Fracture of
Metals (Metallurgiya, Moscow, 1986) [in Russian].

V. I Trefilov, Yu. V. Mil’man, and S. A. Firstov, Physical
Fundamentals of the Strength of Refractory Metals
(Naukova Dumka, Kiev, 1975) [in Russian].

Yu. R. Kolobov, Diffusion-Controlled Processes at Grain
Boundaries and Ductility of Metallic Polycrystals
(Nauka, Siberian Branch of the Russian Academy of
Sciences, Novosibirsk, 1998) [in Russian].

V. E. Panin, “Physical Fundamentals of Mesomechan-
ics of Plastic Deformation and Failure of Solids,” in
Physical Mesomechanics of Heterogeneous Media and
Computer-Aided Design of Materials, Ed. by V. E. Panin
(Nauka, Siberian Branch of the Russian Academy of
Sciences, Novosibirsk, 1995; Cambridge International
Science, Cambridge, United Kingdom, 1998), Vol. 1,
pp. 7—49.

V. A. Pavloy, “Severe Plastic Deformation and the
Nature of Amorphization and Dispersion of Crystalline
Systems,” Fiz. Met. Metalloved. 67 (5), 924944
(1989).

H. Gleiter, “Nanocrystalline Materials,” Prog. Mater.
Sci 33, 223 (1989).

R. 7. Valiev and I. V. Aleksandrov, Nanostructured
Materials Produced by Severe Plastic Deformation
(Logos, Moscow, 2000) [in Russian].

E J. Humphreys, P. B. Prangnell, J. R. Bowen, A. Gho-
linia, and C. Harris, “Developing Stable Fine-Grain
Microstructures by Large Strain Deformation,” Philos.
Trans. R. Soc. London, Ser. A 357, 1663—1681 (1999).

P. W. Bridgman, Studies in Large Plastic Flow and Frac-
ture (McGraw-Hill, New York, 1952; Inostrannaya Lit-
eratura, Moscow, 1955).

V. A. Zhorin, 1. E Makarova, M. Ya. Gen, and
N. S. Enikolopyan, “Formation of Metal Solid Solu-
tions in the Course of Plastic Flow under High Pressure,”
Dokl. Akad. Nauk SSSR 261 (2), 405—408 (1981).

N. A. Smirnova, V. I. Levit, V. 1. Pilyugin, P. I. Kuz-
netsov, L. S. Davydova, and V. A. Sazonova, “Evolution
of the Structure of Face-Centered Cubic Single Crys-
tals in the Course of Large Plastic Deformations,” Fiz.
Met. Metalloved. 61 (6), 1170—1177 (1986).

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ultrafine-Grained Materials Prepared by Severe Plastic
Deformation: Special Issue, Ed. by R. Z. Valiev, Ann.
Chim. (Paris) 21 (6—7), 369 (1996).

V. M. Segal, V. 1. Reznikov, V. I. Kopylov, D. A. Pavlik,
and V. E Malyshev, Processes of Plastic Structure For-
mation of Metals (Navuka i Tekhnika, Minsk, 1994) [in
Russian].

V. N. Varyukhin, V. Z. Spuskanyuk, N. 1. Matrosov,
A. B. Dugatko, B. A. Shevchenko, E. A. Medvedskaya,
L. E Sennikova, A. V. Spuskanyuk, and E. A. Pav-
lovskaya, “Equal-Channel Multiangular Extrusion,”
Fiz. Tekh. Vys. Davlenii (Donetsk, Ukr.) 11 (1), 31-39
(2001).

R. Z. Valiev, “Preparation of Nanostructured Materials
and Alloys with Unique Properties under Severe Plastic
Deformations,” Ross. Nanotekhnol. 1 (1), 208—216
(2006).

G. A. Salishchey, O. R. Maliakhmetov, R. M. Galeey,
and S. P. Malysheva, “Formation of a Submicrocrystal-
line Structure in Titanium in the Course of Severe Plas-

tic Deformation and Its Influence on the Mechanical
Properties,” Metally, No. 4, 86—91 (1996).

O. R. Valiakhmetov, R. M. Galeev, and G. A. Sali-
shchev, “Mechanical Properties of the VI8 Titanium
Alloy with a Submicrocrystalline Structure,” Fiz. Met.
Metalloved., No. 10, 204—206 (1990).

O. A. Kaibyshev, G. A. Salishchev, R. M. Galleey,
R. Ya. Litfullin, and O. R. Valiakhmetov, “The Method
for Treatment of Titanium Alloys,” RF Patent
No. 2134308 RU C1 6C 22F 1/18, Byull. Izobret.,
No. 22 (August 10, 1999).

Yu. R. Koloboy, V. A. Vinokurov, E. V. Naidenkin,
1. V. Ratochka, and N. V. Rozhintseva, “The Method
for Preparation of the Material with an Ultra-Fine-
Grained or Submicrocrystalline Structure in the
Course of Severe Plastic Deformation,” RF Patent
No. 2 334582 RU C2 (July 13, 2006), Byull. Izobret.,
No. 27 (January 27, 2008).

Ya. E. Beigel’zimer, V. N. Varyukhin, D. V. Orlov, and
S. G. Synkov, Screw Extrusion—The Process of Deforma-
tion Accumulation (TEAN, Donetsk, Ukraine, 2003)
[in Russian].

V. N. Varyukhin, A. B. Dugadko, N. I. Matrosov,
V. Z. Spuskanyuk, L. E Sennikova, E. A. Pavlovskaya,
B. A. Shevchenko, and O. N. Mironova, “Regularities
in the Hardening of Fibrous Nanomaterials Produced
by Packet Hydrostatic Extrusion,” Fiz. Tekh. Vys. Dav-
lenii (Donetsk, Ukr.) 13 (1), 96—105 (2003).

S. G. Synkov, V. G. Synkov, and A. N. Sapronoy,
“Packet Hydrostatic Extrusion of Microfibers from
Chromium—Nickel Steels,” Fiz. Tekh. Vys. Davlenii
6 (2), 141145 (1996).

M. I. Karpov, V. I. Vukov, K. G. Volkov, N. V. Medved’,
I. I. Khodos, and G. E. Abrosimova, “Capabilities of
the Vacuum Rolling Method as a Tool for Fabricating
Multilayer Composite Materials with Nanometer-
Scale Thicknesses of Layers,” Materialovedenie, No. 1,
48—53 (2004).

A. N. Shapoval, S. M. Gorbatyuk, and A. A. Shapoval,
Intensive Processes of Metal Forming for Tungsten and
Molybdenum under High Pressure (Ruda i Metally,
Moscow, 2006) [in Russian].



75

76.

77.

78.

79.

S. P. Galkin, E. A. Kharitonov, and V. K. Mikhailov,
“Reverse Radial-Shear Rolling: Physical Principles,
Capabilities, and Advantages,” Titan, No. 1, 3945
(2003).

S. Yu. Belyaev, Yu. M. Bagazeev, and V. S. Dushin,
“Enhancement of Technological Possibilities of the
SRVP-130 Mill,” Titan, No. 1, 61-64 (2008).

E. A. Kharitonov, P. L. Alekseev, and V. P. Romanenko,
“Investigation of the Influence of the Technological
Parameters on the Thermal State of Titanium Alloys in
the Course of Reverse Radial-Shear Rolling,” Titan,
No. 1, 43—46 (20006).

S. P Galkin, “The Method of Screw Rolling,”
RF Patent No. 2 293 619 RU C1 (February 20, 2007).

R. Z. Valiev, I. P. Semenova, V. V. Latysh, A. V. Shcher-
bakov, and E. B. Yakushina, “Nanostructured Titanium
for Biomedical Applications: New Developments and
Challenges for Commercialization,” Ross. Nanotekh-
nol. 3 (9—10), 106—115 (2008) [Nanotechnol. Russ. 3
(9—10), 593—-601 (2008)].

80.

81.

82.

83.

V. 1. Kalita, A. G. Gnedovets, A. I. Mamaeyv, V. A. Ma-
maeva, V. B. Pisarev, D. A. Malanin, V. I. Mamonoy,
G. L. Snigur, and E. A. Krainov, “Formation of Porous
Composite Coatings on the Surface of Implants with
the Help of Low-Temperature Plasma,” Fiz. Khim.
Obrab. Mater., No. 3, 39—-47 (2005).

Yu. R. Kolobov, O. A. Druchinina, M. B. Ivanoy,
V. V. Sirota, M. A. Lazebnaya, G. V. Khramov, Ya. V. Tru-
sova, N. S. Sergeeva, and 1. K. Sviridova, “Formation
of Porous Composite Bioactive Coatings on the VI6
and VT16 Titanium Alloys by the Method of Microarc
Oxidation Treatment,” Nano- Mikrosist. Tekh., No. 2,
48—-53 (2009).

Yu. R. Kolobov, N. N. Wlkovnyak, M. B. Ivanov,
A. A. Buzov, and V. P. Chuey, “The Method for Prepa-
ration of Nanosized Hydroxyapatite,” RF Patent
No. 2342938 (January 10, 2009).

Yu. R. Kolobov, N. N. Volkovnyak, and M. B. Ivanoy,
“The Method for Preparation of the Electrolyte

Intended for Deposition of Bioactive Coatings,” Patent
No. 2345181 (January 27, 2009).



