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The results of theoretical and experimental studies of the mechanisms of diffusion-controlled processes in
nanostructured metals and alloys available in the literature and obtained by the authors are discussed. The
molecular dynamic method was used in the context of a modified embedded-atom method was used to
investigate the process of collective recrystallization of nanocrystalline titanium. An analytical description of
the recrystallization kinetics has been proposed which takes into account the contributions of triple joints to the
thermodynamic driving force. Methods of transmission, including high-resolution, electron microscopy were
used to examine the kinetics of collective recrystallization in nanostructured titanium VT1-0. The temperature
dependence and values of the activation energy for collective recrystallization have been determined. Problems
of practical implementation of nanostructured unalloyed titanium in medicine are discussed.

INTRODUCTION

Production of new constructional and functional materials with improved properties relies on the results of
basic research of the mechanism of formation of their structure and of the nature of the physicochemical processes that
occur in materials of this type in actual conditions of their production and use. The physicomechanical, electrophysical
and other properties of the materials are largely dictated by intercrystalline interfaces (grain boundaries (GBs),
subgrains and phases), and also by internal free interfaces related to the presence of pores and cracks) [1-8]. In
particular, the lengthening of the boundaries due to a decrease in sizes of grains and phases in going from conventional
polycrystalline to submicrocrystalline (SMC) and, especially, to nanocrystallineline (NC) and nanostructured (NS)
materials results in substantial changes in heat and charge transfer, plastic deformation and fracture, structure
degradation and other processes [3, 7, 8]. In the literature, the terms submicrocrystalline and nanocrystallineline
generally refer to materials whose grain size is 0.1-1 and less than 0.1 pm, respectively. Materials (including
composites) produced, as a rule, by using an external action (e.g., intense plastic deformation (IPD)) or by other
methods are called nanostructured. The structure elements of materials of this type have even one dimension less than
0.1 um. For the metal materials produced by IPD methods the structure dispersion is often characterized by the size of
grain-subgrain structure clements measured experimentally (e.g., by using transmission or scanning electron
microscopy) which generally does not coinside with the spacing between high-angle boundaries, i.e. with the grain size
of the polycrystal. Therefore, this factor should be specially discussed when comparing experimental data with
predictions of theoretical models of the processes occurring in materials of this type.

In this paper the discussion is focused on the features and mechanisms of the diffusion-controlled processes
developing at intercrystalline interfaces in metal systems with SMC structure in the NS state, and also on the



contribution of the mentioned processes to the structure formation and properties. It can be supposed that the science of
diffusion-controlled processes occurring at internal interfaces is a research field in which close interaction between
experiment, theory, and computer simulation is of principal importance [9]. This is due to a variety of factors that affect
the development of the mentioned processes at the atomic level. In the present paper the basic attention is given to the
discussion of the results of investigations of the features and mechanisms of diffusion-controlled growth of grains
during recrystallization of SMC and NC titanium, which find wider and wider use in traumatology, orthopedy, and
stomatology. Original results obtained by the authors and a review of previous studies are presented. The authors do not
pretend to give a comprehensive analysis of the problems involved and rely mainly on the results of their own studies.
The review is finished by a discussion of the practical implementation of the materials investigated and of the
technologies developed largely based on intended harnessing of the revealed features of diffusion-controlled processes.

1. FEATURES OF DIFFUSION AND DIFFUSION-CONTROLLED PROCESSES IN NANOSTRUCTURED
METAL MATERIALS

Bulk submicrocrystalline and nanostructured metals, alloys and composites based on them, which are produced
by using intense plastic deformation in combination with conventional mechanical and thermal treatments, have been
actively developed and studied in the last one and a half decades. According to the accepted terminology, as mentioned
above, metals and alloys with grain sizes ranging between 100 and 1000 nm are classified as SMC materials and those
with the size of grain-subgrain structure elements less than 100 nm as NS materials. However, in many cases the
fraction of nanosized grains (diameter less than 100 nm) in the structure of SMC metals and alloys with the mean grain
size being several hundreds of nanometers can make up to several tens of percents. In this case, as shown in many
studies [3, 7], the nanosized grains are responsible for unique mechanical, physical and other properties. In this
connection, in our opinion, materials which show unique properties related a significant (tens of percents) fraction of
nanosized grains can be considered as NS metals and alloys. Interest in SMC and NS materials is primarily conditioned
by their physicochemical and mechanical properties that are substantially different from the respective properties of
conventional ultra-fine-grained (grain size 1-10 pm) and, especially, coarse-grained (CG) polycrystals (grain size over
10 um). In particular, metals and alloys in a nanostructured state possess high strength with satisfactory and, in some
cases, even higher plasticity than in a fine-grained state. They show low-temperature and/or high-strain-rate
superplasticity [3, 6, 10-12]. The mentioned propertics of SMC and NS metals and alloys open prospects for their wide
practical use. At the same time, some fundamental, usually structure-insensitive properties of these materials, such as
the elastic modulus, Curie and Debye temperatures, specific heat, etc., are varied [3]. It has been revealed that for SMC
and NS metals produced by plastic deformation the grain-boundary diffusion coefficients are several orders of
magnitude greater compared to those for individual GBs in bicrystals or GBs in coarse-grained polycrystals [13—19].
The increased diffusion coefficient for the state under discussion makes the structure highly sensitivitve to the action of
the environment. Thus, for instance, the diffusion flows of impurities from the surface into the bulk of SMC and NS
metals substantially increase the rates of their creep and deformation until fracture occurs [20, 21]. Thus, the processes
of grain-boundary diffusion play the key part in the formation of structure-sensitive properties of materials of this type,
and this is related to the great length and high diffusion conductance of their grain boundaries.

However, a commonly accepted view on many problems relevant to the features of diffusion and diffusion-
controlled processes in NS and NC materials is not available in the literature. Most of the experiments on direct
measuring of diffusion parameters presented in the literature have been performed for NC materials. In particular,
a wide spread in experimental data on diffusion coefficients and activation energies for diffusion in metals in the NC
and NS states has been revealed. Supposedly, this is related to various technological modes of nanostructure formation,
to varied concentrations of uncontrolled impurities, and to other factors. For these and other reasons the features of the
physical mechanisms underlying the diffusion-controlled processes in NC materials are still not understood in detail.
Till now it is debatable whether the grain-boundary diffusion coefficients for NC metals and alloys are different from
those for coarse-grained metals or the features of the diffusion-controlled processes in an NC state are related only to
a greater portion of grain-boundary matter compared to that in conventional materials [3].



A problem in comparing the results of investigations of the grain-boundary diffusion in NS and NC metals and
alloys mentioned by different authors is grain-boundary porosity, which is often detected in materials produced by using
intense plastic deformation [22-24]. The porosity can be responsible for ultra-high-rate diffusion along free surfaces of
grain-boundary pores and cracks. With this mass transfer mechanism the effective values of measured diffusion
coefficients can be many orders of magnitude greater than the corresponding values for grain-boundary diffusion in
coarse-grained polycrystals.

However, it can be supposed that the probability of the pore formation depends on the mode and conditions of
realization of intense plastic deformation. With participation of the authors of this paper it has been shown that, for
instance, the formation of SMC and NC structures due to intense plastic deformation realized by the method of
transverse-screw rolling in conical rollers in an optimum deformation mode does not give rise even nanoporosity [26,
27].

To improve the operating characteristics and estimate the lifetime of NC and NS materials under actual survice
conditions calls for solving the problem of thermal stability of the nanostructured state and developing methods for
inhibiting recovery and recrystallization processes. The reduced temperature of the onset of these processes and their
high-rate development in the state under consideration are due to the high excess energy related, as mentioned above, to
the developed internal surface of grain boundaries, which are nonequilibrium defects in a polycrystalline material and
possess higher energy in comparison with the grain bulk. Traditionally this problem is considered in the context of
elucidating the part played by the energy and mobility of grain boundaries in the presence of grain-boundary segregates
or finely dispersed second phases in the bulk and at the boundaries of grains [1, 3, 28]. As a result of numerous
investigations two basic mechanisms of the inhibition of grain growth have been revealed: a decrease in mobility of
GBs due to their interaction with particles of dispersed phases and impurity atoms and a decrease in energy of grain
boundaries (and, hence, in the force driving the growth of grains) upon segregation of low-soluable impurities on them.
At the same time, the effect of so-called "return” growth kinetics has been found out, such that the growth rate decreases
(compared to that estimated from interpolated values for a coarse-crystal state) with the mean grain size being below
some critical value [29]. The nature of this effect is yet far from being completely understood. Here it should also be
noted that the contribution of triple joints (TJs) of grains is commonly neglected in considering the effects related to the
excess energy of the nanocrystalline state. Conflicting data on the energy of triple joints are reported in the publications
of many authors. It can be supposed that the discrepancy in data can be accounted for by the use of different models to
describe the structure of GBs and TJs [30, 31].

In view of the preceding, to develop and implement in practice optimum modes of nanostructurization of
various materials, production of nanocomposites, and analysis of the features of degradation of their structure under
actual operating conditions, it is of great importance to understand the mechanisms of diffusion-controlled processes in
materials of this type. Experimental investigations on this line are difficult in view of the small size of structure
elements and of the atomic scale of the processes involved. The same circumstance necessitates the study of the
mechanisms of diffusion-controlled processes in NC materials by methods of computer simulation at the atomic level
[16]. Investigations at this level form a basis for developing models which would allow one to predict the behaviour of
NC materials by using the methodology of multiscale simulation of materials and processes [9] in combination with
methods of mesomechanics [32]. These approaches also allow one to test the models by using computer
experimentation. The recent experimental and theoretical investigations of the structure and properties of nanomaterials
and of the mechanisms of the physicochemical processes occuring in them strongly suggest that computer simulation is
extremely urgent in carrying out basic research and, especially, in developing NC materials [9, 16, 32].

Most of the well-known methods of formation of SMC and NC states by intense plastic deformation [3, 33] are
low-output and they considerably increase the material cost. In this connection the perfection of the high-efficiency and
low-cost technology of production of an industrial assortment of semifinished SMC and NS titanium and titanium-base
alloys with improved mechanical and functional characteristics, developed with participation of the authors of this
paper, for using this technology in industrial manufacturing of medical-purpose products with the use of the above-
mentioned method of transverse-screw rolling [26, 27, 34] is an urgent task.

Such technology, including, as mentioned, transverse-screw rolling, has been developed and mastered on
a small enterprise “Metal-Deform™ of Belgorod National Research State University in the framework of a recent
complex project “Development of experimental-industrial technologies for production of a new generation of medical



implants based on titanium alloys” of Ministry of Education and Science on the priority line “Nanoindustry and
Nanomaterials”. Batch production of structural shapes and plates from commercially pure titanium (alloy VT1-0 and
Grade-4) with SMC structure has been run in. Batches of implants for traumatology (plates and screws) are produced
from this material on the production basis of one of the project executors (State Unitary Enterprise “All-Russia
Research and Design Institute of Medical Tools”, Kazan). These products have successfully passed clinical trials, have
been certificated, and now they are delivered to clinics of the Russian Federation.

It is well-known that semifinished submicrocrystalline materials produced by intense plastic deformation
feature high internal stresses whose sources are strain-induced grain boundaries, dislocations, and dislocation
subboundaries. These stresses make the production of articles laborous and can result in warpage, which may hinder
their subsequent use. The simplest way of relieving internal stresses in a metal semifinished item is its heating and
soaking at a certain temperature. In semifinished items produced from SMC titanium VT1-0, Grade-4 the residual
stresses are reduced to a safe level (with high mechanical properties retained) by pre-recrystallization annealing after
the cycle of their technological revision. It is supposed that this opportunity can be realized due to the formation of
finely dispersed segregates, which block the migration of grain boundaries and thus inhibit recrystallization [3, 35, 36].
However, this problem demands a special discussion, which will be presented in the next sections.

2. MOLECULAR DYNAMIC SIMULATION OF THE RECRYSTALLIZATION OF NANOCRYSTALLINE
TITANIUM

Nanocrystalline materials with the mean grain size less than 100 nm are of great practical interest owing to
aunique combination of their physical and mechanical properties [36-38]. By present time several methods of
production of these materials have been developed: nanopowder compaction [39], partial crystallization from
an amorphous state [40], and primary recrystallization of highly strained materials where numerous nuclie of new grains
are formed [41]. Irrespective of the production method, the material features a great fraction of atoms located in
intergrain regions. As the contribution of grain boundaries to the excess energy of a polycrystal in relation to its
crystalline analog rapidly increases in inverse proportion to the mean grain size, a great thermodynamic force exists in
NC materials to reduce the total areca of GBs or, which is the same, to increase the mean grain size (D). Therefore, as
mentioned, one of the most important concerns with practical implementation of NC materials is their thermal stability
in relation to the growth of grains. In this connection, significant attention of researchers is given to studying the
kinetics of grain growth in the NC state and to the possibility to affect this process with the aim of its partial or
complete inhibition at the temperatures of technological processing and practical use of the materials. According to the
classical notions developed for polycrystals, the problem of stability of an NC state in relation to an increase in grain
size D is considered in terms of the mobility and energy of grain boundaries. Two basic mechanisms of inhibition of
grain growth are known: a decrease in mobility of GBs due to fastening them by dispersed phase particles or the
interaction of GBs with inactive impurity atoms and a decrease in GB energy and, hence, in the force driving the grain
growth, during grain-boundary segregation of impurity atoms. Many papers and some reviews and books (see [41] and
the cited works) are devoted to studying the grain growth in NC materials. The existence of an NC state of alloys which
possesses lower energy in comparison with a crystalline state due to a decrease in GB energy resulting from segregation
of low-soluble impurities has been predicted theoretically [42]. The experimental and theoretical data on this effect are
discussed elsewhere [43, 44]. However, as a whole, the theory of stability of NC states is in the making. Here it should
be noted that the structure of NC materials is difficult to describe because of a variety of important factors that may
introduce incorrectness in an interpretation of experimental results. These factors are: distortions of the crystal lattice
and the related stresses, inhomogeneities of chemical and phase compositions, ordering effects, and other factors
inherent in heterogencous systems [41]. In this connection, to identify the features of the calculations of the
thermodynamic force and the kinetics of grain growth in an NC material, it is of interest to perform computer
experiments on simulation of the growth of grains by the method of molecular dynamics. These model experiments
allow one to investigate the process of grain growth in a perfect monoatomic system disregarding the influence of
impurities and to elucidate the effect of the small (tens of nanometers) grain size on the kinetics of grain growth as
a basis for further studying of this process in heterogencous systems. Earlier a molecular dynamic simulation has been












Next we modify relation (5) in view of triple joints. For doing this we note that the effective driving force (3),
to within a geometric factor, represents the specific excess energy of a nanocrystalline material per unit volume with
triple joints neglected. In view of triple joints, the specific excess energy is given by the equation [50]
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Here AH is the excess energy of the nanocrystalline sample in relation to its monocrystalline analog, V” is the volume of
the sample, y?Y is the mean energy of triple joints determined as an excess over the energy of the grain boundaries

converging to one line of their triple joint, and A is the geometrical parameter equal to 2.63 for grains of random shape
and size. For this case, integrating the relation
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with respect to time at constant temperature, using the temperature dependence of the grain boundary mobility (2), and
introducing designations for constants, we obtain
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Here we have neglected the term proportional to ln((D —%) / (DO —%D as it is much less in value than the other two

terms for all mean grain sizes D under consideration.

b .
Introducing the notation a = a—OQ and b = —OQ, we obtain
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The parameters a and b in relation (8) were optimized for each considered temperature proceeding from the requirement
of the best reproduction of the data presented by dots in the plots given in Fig. 3.

The values ¢, and O, of the recrystallization activation energy O, determined from the temperature
dependences of a and b, respectively, were calculated by the least square method from the slope of the plots of In(a) and
In(b) as functions of 1/kg7 presented in Fig. 4. The temperature 1200 K was not considered in the calculation as it is
higher than the temperature of the fcp-bee polymorphic transformation of titanium (1156 K) [53]. In what follows the
temperature 1200 K is considered only in qualitative testing of the results obtained in view of the necessary deviation of
the data obtained for this temperature from the general trend observed for lower temperatures.

As can be seen from the calculation results (see Fig. 4), the values O, and O, of the recrystallization activation
energy O estimated from temperature dependences of a and 5 fit well to one another and are equal to 0.35 eV/atom to
within the error of least square calculations.

Before proceeding to a discussion of the obtained simulation results and to their comparison to the available
experimental data, we consider the description of these results by means of the empirical expression (6) often used to
determine the quantitative characteristics of grain growth kinetics at constant temperature [52], including investigation
of the grain growth process in the nanocrystalline titanium produced by forming a highly stressed state in a globe mill
followed by primary recrystallization [54]. For doing this we take the logarithm of expression (6), having substituted for









recrystallization. However, the agreement between the values of the crystallization exponent » suggests that this
characteristic is slightly sensitive to the grain-boundary segregation of nitrogen in fcp titanium when the empirical
expression (6) is used to describe the grain growth kinetics. It should also be noted that, as can be seen from the data
given in the second and third lines of Table 1, the calculated value of the activation energy slightly depends on whether
the physically proved (Model 1) or empirical model (Model 2) is used.

The least recrystallization activation energy O = 13 kJ/mol in Table 1 refers to the submicroscopic titanium
produced by powder compaction. This, rather low, value of O, is probably related to the large excess volume of grain
boundaries, which is typical for this production method.

From Table 1 it can also be seen that the activation energy values 22.2 and 34 kJ/mol obtained by the two
methods are in the range of the lower values of the recrystallization activation energy for commercially pure
titanium: 23, 35, 64, 66, and 88 kJ/mol. In view of the fact that the investigations were performed for perfectly pure
titanium and that the effect of the atoms of residual impurities usually increases the activation energy for grain
boundary migration, it can be concluded that the recrystallization activation energy for titanium without regard for the
effect of impurities is 22—34 kJ/mol. It scams that for the temperature range 700—1150 K the activation energy cannot
be determined more exactly, as it is sensitive to the method of determination. It is interesting that the activation energy
obtained is much less than the activation energy for self-diffusion along random general-type grain boundaries in fcp
titanium [(82 £ 6) kJ/mol] that we have obtained from the simulation of the self-diffusion in nanocrystalline titanium
with the use of the same potentials of interatomic interactions as in the present work. The corresponding method of
calculation of the diffusion characteristics from the results of a molecular dynamic simulation is described elsewhere
[57]. The calculated value is in good agreement with the experimental data on diffusion in nanocrystalline titanium
(96 kJ/mol) [58]. A much lower value of the recrystallization activation energy compared to the self-diffusion activation
energy for nanocrystalline titanium is also mentioned in Ref. 55. To elucidate the physical nature of this unusual
proportion between the activation energies of recrystallization and grain-boundary self-diffusion calls for further
investigation.

Thus, a physically sunstantiated description of the kinetics of grain growth during collective recrystallization
which takes into consideration triple joints of grain boundaries has been given. Using a molecular-dynamic simulation
of nanocrystalline titanium as an example, the kinetics of the collective recrystallization of titanium has been
investigated and its activation energy has been determined in the context of a modified embedded atom method.

3. EXPERIMENTAL INVESTIGATION OF THE KINETICS OF COLLECTIVE RECRYSTALLIZATION
OF NANOSTRUCTURED TITANIUM

Investigation of the recrystallization kinetics for titanium in the initial nanostructured state upon annealings was
performed for unalloyed titanium VT1-0 (chemical composition, wt. %: 0.010 Al — 0.004 C — 0.003 N — 0.120 Fe —
0.002 Si - 0.0008 H, — 0.143 O — base Ti).

In previous studies, modes for mechanical-thermal processing of alloy VT1-0 with the use of longitudinal and
transverse-screw rolling have been developed that allow preparation of nanostructured titanium rods 4-10 mm in
diameter according to TU 1825-001-02079230-2009 [59, 60]. In the present work we used 6-mm diameter rods that
were subject to finishing annealing at a temperature of 623 K for 3 h to relieve internal stresses.

The growth of grains was studied for the temperature range 483-743 K. Structural examinations were
performed for the cross-section longitudinal to the direction of rolling with the use of a Tecnai G2 F20 S-TWIN
transmission electron microscope. The following methods of taking an image were used: light-field and dark-field
images were obtained with transmission, including high-resolution, electron microscopy and light-field images were
obtained with scanning electronic microscopy accompanied by detection of high-angle scattered electrons. Thin foils for
transmission electron microscopy were prepared by mechanical grinding/polishing on a LaboPol-5 installation followed
by jet polishing on a TenuPol-5 “Struers” installation with the use of a 20% HCIO, + 80% CH;CO-H electrolyte.

The microstructure characteristics and mechanical properties of titanium in the initial NS state are given
elsewhere [61]. It should be noted that the material structure contains in the main high-angle grain boundaries whose
fracture makes about 76%. In the present work, to investigate the processes of collective recrystallization, the mean size
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