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Abstract: Experimental and theoretical studies helped to reveal patterns of surface roughening and
the microstructure refinement in the surface layer of commercial pure titanium during ultrasonic
impact treatment. Applying transmission electron microscopy technique, a gradient microstructure
in the surface layer of the ultrasonically treated sample, where the grain size is varied from nano-
to micrometers was revealed. It was shown that the surface plastic strains of the titanium sample
proceeded according to the plastic ploughing mechanism, which was accompanied by dislocation
sliding, twinning, and the transformations of the microstructure and phase composition. The
molecular dynamics method was applied to demonstrate the mechanism of the phase transformations
associated with the formation of stacking faults, as well as the reversible displacement of atoms from
their sites in the hcp lattice, causing a change in coordination numbers. The role of the electronic
subsystem in the development of the strain-induced phase transformations during ultrasonic impact
treatment was discussed.

Keywords: titanium; phase transformation; electronic structure; microstructure; molecular dynamics;
ultrasonic impact treatment; transmission electron microscopy

1. Introduction

Ultrasonic impact treatment (UIT) is an effective method of surface hardening that
significantly improves the functional properties of structural materials, as well as their
welded joints [1]. Surface processing with a high-strength striker vibrating at an ultrasonic
frequency results in a notable change in the microstructure of metals and alloys due
to the refining of existent grains and the formation of new ones. Also, it enhances the
density of dislocations and curvature of slip planes, promotes the transformation of the
martensitic microstructure, the partial decomposition of supersaturated solid solutions,
and the precipitation of second phase particles, as well as raises elastic micro- and macro-
stresses, etc. As a result, the surface layer microhardness of the structural materials is
increased, and the strength, wear, creep, and corrosion resistance (in addition to other
characteristics) are improved [2–5]. Generally, the nature of morphological changes taken
place in the materials during the UIT processing is determined not only by the temperature–
rate parameters, but also by their microstructures, phase compositions, the presence of
carbide-forming elements, possible polymorphic transformations under severe plastic
strains, etc.

As a rule, the microstructure evolution in the structural materials during the UIT
processing is discussed within the framework of a one-level approach based on the the-
ory of dislocations. In particular, it has been shown that strains of the surface layer of
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titanium and its alloys (which are widely used in the aerospace, nuclear and other in-
dustries) are developed according to the plastic ploughing mechanism during repeated
penetrations of a striker into the treated specimen [6–8]. In this case, intense sliding and
twinning of dislocations take place, causing the formation of sub-grains with low-angle
misorientations, as well as their subsequent transformation into nanocrystalline grains
with high-angle misorientations.

According to [9,10], under conditions of strong deviations from equilibrium, self-
organized processes with the formation of new space-dissipative structures take place,
which provide significant changes in the initial mechanical properties of materials. It
has been convincingly shown in the papers of V.E. Panin [11,12] that the nucleation and
propagation of all strain defects in a loaded crystal (regardless of their dimension) is based
on the development of local transformations of the microstructure and phase composition
controlled by the electronic subsystem of the crystal. In the space of interstices of the crystal
lattice characterized by a high degree of distortion, new (possible) microstructural states can
be formed, which ensure the development of diffusionless shear strains of the crystal under
external applied stresses. In doing so, computer simulation is an effective tool for studying
atomic mechanisms underlying structural and phase transformations in a loaded solid.
Earlier, the authors of the article, using the molecular dynamics method, demonstrated the
development of β→α→β phase transformations in the Ti-6Al-4V titanium alloy during
scratch testing, which made it possible to explain the experimentally observed recovery of
a scratch [13].

This paper opens a new series devoted to the study of transformations of the mi-
crostructure and phase compositions of titanium alloys during the UIT processing. In
particular, the roles of dislocation slips, twinning, and phase transformations in refining the
microstructure in the surface layer of commercially pure titanium (CP-Ti) are considered
experimentally and using molecular dynamic simulation. The CP-Ti is used as a model
material, in which the effect of alloying elements (aluminum, vanadium, etc.) on the
instability of the crystal lattice of the α phase solid solution is not taken into account.

2. Materials and Methods

The as-received CP-Ti (the VT1-0 according to the Russian classification) was inves-
tigated with the following chemical composition (wt.%): 0.2 Al, 0.4 Zr, 0.3 Mn, 0.01 Cr,
0.06 Si, 0.2 Fe, 0.02 Cu, and 98.8 Ti. The average grain size was 70 µm.

The UIT processing of a plate 50 mm × 50 mm × 1 mm in size was carried out using a
spherical striker 10 mm in diameter, fabricated from the hard alloy with composition WC-8
wt.% Co. During the UIT processing, the striker vibrated at a frequency of ~22 kHz and an
amplitude of ~40 µm. Its movement speed was 0.2 m/s and load was 200 N.

After the UIT processing, the surface morphology of the sample was examined using
a NewView 6200 optical profilometer (Zygo Corp., Middlefield, CT, USA) and a Solver
HV atomic force microscope (NT-MDT, Moscow, Russia). A microstructural analysis
was performed using a JEM 2100 (JEOL, Akishima, Tokyo, Japan) transmission electron
microscope (TEM) with an electron acceleration energy of 200 kV. The cross-sectional TEM
samples were manufactured, using a JEOL Ion Slicer EM-091001S (JEOL, Akishima, Tokyo,
Japan). During preparation, argon was used as the working gas, the accelerating voltage
was 8 kV, and the etching angle was 1.5 to 4◦.

Microhardness was measured using a ‘PMT-3′ hardness tester (LOMO, St. Petersburg,
Russia) with a load on the diamond pyramid of 50 g.

The dislocation density p was determined by the rectangular grid method using the
following expression:

p = (n1/l1 + n2/l2)·M/t, (1)

where n1 and n2 were the numbers of intersections; l1 and l2 were line lengths; M was
magnification; t was the foil thickness.

A computer simulation of the UIT processing was carried out using the LAMMPS
software package [14]. On the atomic scale, the simulation of the process was carried
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out by successive triple indentations of a spherical indenter into an initially defect-free
titanium crystallite in the form of a parallelepiped. The indenter was a sphere with a radius
of 6.5 nm. The load was directed from the indenter center to atoms within this sphere.
The load value was calculated by the F = −k(R− r)2 ratio, where k was the indenter
stiffness coefficient; R was the sphere radius; r was distance between the centers of the
indenter and atoms [15]. The indenter was moved along the Z axis at a fixed depth of
3.5 nm with a constant indentation rate of 15 m/s. The indentation depth was chosen
so that the maximum load on the indenter did not exceed 12 GPa. The crystallographic
orientation of grains in the model crystallite was chosen as follows: the X, Y, and Z axes
coincided with the [2110], [0110], and [0001] directions, respectively. The equilibrium
atomic configuration of the model crystallite was determined by the minimum potential
energy calculation. The interaction between atoms was described by the potential [16]
assessed within the framework of the embedded atom method. The simulated system
was considered as an NVE ensemble, in which the number of atoms, energy and volume
were conserved. The movement equations were integrated using the high-speed Verlet
algorithm with a time step of 0.001 ps. The total number of atoms exceeded 4.1 million. The
Common Neighbor Analysis (CNA) and Dislocation Extraction Algorithm (DXA) of the
OVITO software [17] were used to identify the crystal lattice defects produced by multiple
indentations of the spherical indenter. The simulation of strains of the model crystallite
was carried out considering the nucleation and movement of dislocations along certain
crystallographic planes.

3. Experimental Research Results of Changes in the Surface Morphology and the
Microstructure of the CP-Ti Sample during the UIT Processing
3.1. Patterns of the Surface Layer Roughening

The penetration of the spherical striker, vibrated at the ultrasonic frequency, into the
CP-Ti surface layer was accompanied by extrusion of the material along its perimeter. Since
the plate movement was relative to the vibrated striker during the UIT processing, pile-ups
of the displaced titanium were strained and re-strained again along the striker perimeter at
each subsequent impact [8]. At the ultrasonic frequency of 22 kHz and the movement speed
of ~0.2 m/s, the distance between the centers of impact spots was ~10 µm. Since the impact
spots were much larger (about 500 µm in diameter), most of the material was plastically
displaced at the front of the moved striker at each subsequent impact. Small semicircular
pile-ups remained behind the moved striker (Figure 1a,b), the distance between which
corresponded to that between the centers of the impact spots, and their height reached 1 µm.
In general, dimensions of the pile-ups and the distances between them were determined
by the UIT processing parameters and the CP-Ti mechanical properties.

According to detailed studies performed using atomic force microscopy, the micro-
roughness on the striker surface also caused local plastic ploughing of the processed material,
which resulted in roughening of the semicircular pile-up surfaces due to the formation of
numerous protrusions and depressions of various shapes and heights (Figure 1c,d).
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(Figure 2). High-angle misorientations of the α-Ti phase equiaxed grains were confirmed 
by the quasi-ring structure of an electron diffraction pattern (Figure 2c). The microstruc-
ture with a dislocation density of 1016 m–2 was found inside the α phase grains (Figures 3a 
and 4a). The bend contours in the TEM images are indicative of high residual stresses 
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Figure 2. TEM bright- (a) and dark-field (b) images and associated selected area electron diffrac-
tion (SAED) patterns (c) of the microstructure of the uppermost surface layer of the CP-Ti sample 
after the UIT processing. TEM dark-field images were obtained with the 101(232)α-Ti reflection. 

In addition to a refinement of the α phase grains, a significant change in the phase 
composition was observed in the uppermost surface layer of the CP-Ti sample after the 

Figure 1. The surface morphology (a,c) and corresponding profilograms (b,d) of the CP-Ti sample after the ultrasonic
impact treatment (UIT) processing. Optical profilometry (a,b) and atomic force microscopy (c,d).

3.2. TEM Studies of the Gradient Microstructure in the Surface Layer

TEM cross-sectional analysis of CP-Ti samples after the UIT processing revealed the
gradient microstructure of their surface layers. Inside the uppermost surface layer, a sub-
microcrystalline structure of the α phase with grain sizes of less than 200 nm was observed
(Figure 2). High-angle misorientations of the α-Ti phase equiaxed grains were confirmed by
the quasi-ring structure of an electron diffraction pattern (Figure 2c). The microstructure with
a dislocation density of 1016 m–2 was found inside the α phase grains (Figures 3a and 4a). The
bend contours in the TEM images are indicative of high residual stresses developing inside
the layer under consideration.
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In addition to a refinement of the α phase grains, a significant change in the phase
composition was observed in the uppermost surface layer of the CP-Ti sample after the
UIT processing. It was due to the high chemical activity of titanium and its polymorphism
(the ability to form various crystal microstructures). Theω and α” phase crystallites with
an average transverse size of 10 nm were found in grains and fragments of the α phase
bounded by adjacent shear bands (Figures 3 and 4, respectively).

The α phase grains with an average size of 10 µm were observed in the surface layer
10 µm thick, inside which the banded microstructure and microtwins with an average
transverse size of 100 nm were revealed (Figure 5a). It should be noted the presence of
a large number of extinction contours indicated high internal stresses and distortions of
the crystal lattice in the surface layer of the CP-Ti sample after the UIT processing. The
dislocation density did not exceed 1014 m−2.
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Figure 5. TEM bright-field images of the microstructure of the CP-Ti sample after the UIT processing, TEM images were
obtained at depths of 10 (a) and 50 (b,c) µm below the surface of the sample.

At a depth of 50 µm, the average size of the α phase grains corresponded to that for the
as-received CP-Ti. The transverse dimensions of the fragments separated by adjacent shear
bands increased up to 300 nm. In addition, the boundaries of the banded substructures
were strongly curved (Figure 5b). A large number of extinction contours were observed
inside the fragments. In this case, the dislocation density did not exceed 5× 1013 m−2. Also,
twins with an average transverse size of 300 nm were inside the α phase grains observed
at this depth (Figure 5c) [18]. Finally, at a depth of 70–100 µm, the microstructure consisted
of equiaxed α phase grains, in which dislocations were identical to the as-received CP-Ti.

The gradient microstructure of the surface layer of CP-Ti samples after the UIT process-
ing makes itself evident in the microhardness variation across the sample. The uppermost
surface layer of the samples exhibits the highest microhardness (2.2 GPa). As the depth
below the sample surface increases, the microhardness gradually decreases down to a
value characteristic of the base metal (1.6 GPa) at a depth of ~100 µm [18].

4. Molecular Dynamics Simulation of Strains of the Surface Layer of the Titanium
Crystallite during the UIT Processing

Molecular dynamics simulation enabled a clear demonstration of the patterns of the
surface layer roughening on the CP-Ti sample and the development of the microstructural
transformations under repeated penetrations of the spherical striker. According to Figure
6, a pile-up of the strained material was crumpled and re-pushed back along its perimeter
with each subsequent penetration of the indenter. In this case, small semicircular pile-ups
were formed behind the moved indenter. The distance between them, as shown above,
corresponded to that between the centers of the impact spots.
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The indenter penetration into the titanium crystallite was accompanied by the nucle-
ation of dislocations in the area of its contact with the sample surface and their translational
movement in easy-sliding directions, as well as the formation of twins (Figure 7a). The
density of dislocations and twins increased continuously during its subsequent penetration
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in the sample, causing fragmentation and reorientation of the crystal lattice (Figure 7b,c).
In this case, the crystal lattice of the surface layer at the contact spot, as well as at the
boundaries between twins and between misoriented fragments, was not identified as a
regular atomic structure by the OVITO software due to the fact that some atoms had been
displaced from their sites. Inside the fragments, local fcc regions (represented stacking
faults) had been formed. However, other areas with the bcc lattice were at the boundaries
of the fragments (Figure 8).

Metals 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 

penetration in the sample, causing fragmentation and reorientation of the crystal lattice 
(Figure 7b,c). In this case, the crystal lattice of the surface layer at the contact spot, as well 
as at the boundaries between twins and between misoriented fragments, was not identi-
fied as a regular atomic structure by the OVITO software due to the fact that some atoms 
had been displaced from their sites. Inside the fragments, local fcc regions (represented 
stacking faults) had been formed. However, other areas with the bcc lattice were at the 
boundaries of the fragments (Figure 8). 

 
(a) 

 
(b) 

 
(с) 

Figure 7. The microstructure of a layer of the titanium crystallite in the YZ plane 2 nm thick with X coordinates of 31 (a), 
47 (b), and 63 nm (c) after the first (a), second (b) and third (c) penetrations of the indenter. Atoms that had formed the 
crystal lattice, in which some of them were displaced from their sites, are marked in light gray. 

 
(a) 

 
(b) 

 
(с) 

Figure 8. The formation of a stacking fault (a) and a local region with the bcc crystal lattice (b) in the titanium crystallite 
after three penetrations of the indenter. The color of atoms corresponds to different local configurations of the atomic 
lattice: blue is bcc, green is fcc, red is hcp, gray is an unidentified microstructure. Figure (c) corresponds to the central 
region fragment in (b) marked by a dotted line, depicting bonds between nearest atoms. 

Figure 9 shows a local region with an unidentified crystal lattice (gray). It could be 
concluded from the analysis that the displacement of atoms from their sites in the hcp 
lattice was accompanied by a change in their coordination numbers (the number of near-
est neighbors), which was an indirect evidence of the microstructure transformation in 
this defect area. 

Figure 7. The microstructure of a layer of the titanium crystallite in the YZ plane 2 nm thick with X coordinates of 31 (a), 47
(b), and 63 nm (c) after the first (a), second (b) and third (c) penetrations of the indenter. Atoms that had formed the crystal
lattice, in which some of them were displaced from their sites, are marked in light gray.

Metals 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 

penetration in the sample, causing fragmentation and reorientation of the crystal lattice 
(Figure 7b,c). In this case, the crystal lattice of the surface layer at the contact spot, as well 
as at the boundaries between twins and between misoriented fragments, was not identi-
fied as a regular atomic structure by the OVITO software due to the fact that some atoms 
had been displaced from their sites. Inside the fragments, local fcc regions (represented 
stacking faults) had been formed. However, other areas with the bcc lattice were at the 
boundaries of the fragments (Figure 8). 

 
(a) 

 
(b) 

 
(с) 

Figure 7. The microstructure of a layer of the titanium crystallite in the YZ plane 2 nm thick with X coordinates of 31 (a), 
47 (b), and 63 nm (c) after the first (a), second (b) and third (c) penetrations of the indenter. Atoms that had formed the 
crystal lattice, in which some of them were displaced from their sites, are marked in light gray. 

 
(a) 

 
(b) 

 
(с) 

Figure 8. The formation of a stacking fault (a) and a local region with the bcc crystal lattice (b) in the titanium crystallite 
after three penetrations of the indenter. The color of atoms corresponds to different local configurations of the atomic 
lattice: blue is bcc, green is fcc, red is hcp, gray is an unidentified microstructure. Figure (c) corresponds to the central 
region fragment in (b) marked by a dotted line, depicting bonds between nearest atoms. 

Figure 9 shows a local region with an unidentified crystal lattice (gray). It could be 
concluded from the analysis that the displacement of atoms from their sites in the hcp 
lattice was accompanied by a change in their coordination numbers (the number of near-
est neighbors), which was an indirect evidence of the microstructure transformation in 
this defect area. 

Figure 8. The formation of a stacking fault (a) and a local region with the bcc crystal lattice (b) in the titanium crystallite
after three penetrations of the indenter. The color of atoms corresponds to different local configurations of the atomic lattice:
blue is bcc, green is fcc, red is hcp, gray is an unidentified microstructure. Figure (c) corresponds to the central region
fragment in (b) marked by a dotted line, depicting bonds between nearest atoms.

Figure 9 shows a local region with an unidentified crystal lattice (gray). It could be
concluded from the analysis that the displacement of atoms from their sites in the hcp
lattice was accompanied by a change in their coordination numbers (the number of nearest
neighbors), which was an indirect evidence of the microstructure transformation in this
defect area.
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region of the titanium crystallite after three penetrations of the indenter.

During repeated penetrations of the indenter into the initially defect-free titanium
crystallite, a nonlinear increase in the number of atoms took place, which had a coordination
number different from 12. As shown in Figure 10, the number of atoms belonged to the hcp
structure gradually decreased that was visualized by computer simulation of the process.
However, the number of such atoms slightly increased again at moments when the effect
of an impact ceased and the next one began (0.4 and 0.8 ns).
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5. Discussion

An impact of the spherical WC-Co striker on the CP-Ti sample surface, when only the
normal compressive load was applied, could be described in the framework of the typical
Hertz problem on the contact of a ball with an elastic half-space. The solution of the Hertz
problem enabled the estimation of the contact spot radius a and the striker penetration
depth δ using the following expressions [19]:(

3FnR
4E∗

)1/3

, (2)

δ =a2/2R, (3)

where Fn was the normal compressive load; E∗ =

(
1−v2

1
E1

+
1−v2

2
E2

)−1
was the reduced

Young’s modulus of the striker–sample system (E1, E2 and ν1, ν2 were the Young’s modulus
and Poisson’s ratio values of the striker and the CP-Ti sample, respectively); R was the
curvature radius of the spherical striker.

The reduced Young’s modulus of the “WC-Co-CP-Ti” system was 104 GPa. Accord-
ingly, the striker 10 mm in diameter penetrated in the CP-Ti sample to a depth of 3.6 µm
with the formation of a pile-up of displaced material along the contact spot perimeter at the
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initial moment (when the magnetostrictor was turned off and the load was 200 N). In this
case, the contact spot radius was 190 µm. During the UIT processing, the magnetostrictor
elongation was 20 µm, and, therefore, the striker penetrated the surface layer of the sample
to a great depth. Since the contact spot radius observed in the experiment was 500 µm,
the penetration depth reached 6.25 µm according to Expression (3). It worth noting that
the mathematical model of a cyclic random process [20] can be successfully applied to
quantitative estimate the parameters of morphological structures.

As shown by molecular dynamics simulation, the spherical indenter penetration
into the titanium crystallite was accompanied by intense dislocation slipping, which
caused the crystallite fragmentation into sub-grains with the low-angle misorientation
and twinning. During the repeated indenter penetrations, the lengths of the low-angle
boundaries gradually increased, and the grain and sub-grain microstructure was formed
in the surface layer of the titanium sample. Combined with high compressive residual
stresses, this hindered the movement of dislocations into the bulk material along easy-slip
planes. As a result, the plastic strain zone gradually narrowed around the indenter. In
addition, the material transfer from the contact spot to the free surface was significantly
enhanced, causing the formation of pile-ups. According to experimental data, the surface
layer thickness, in which dislocation slipping and twinning had been developed during
the UIT processing, did not exceed 100 µm. At the same time, the CP-Ti phases had been
also transformed in the uppermost surface material due to strains by the plastic ploughing
mechanism. This fact was confirmed by the observedω and α” nanocrystalline phases.

According to the results of molecular dynamics simulation, the phase transformations
developed even after triple indenter penetrations into the titanium crystallite. This was
associated with the formation of both stacking faults and local regions with a disordered
arrangement of atoms at the boundaries between misoriented fragments of the hcp lattice.
In particular, the formation of a stacking fault caused by the movement of a partial dislo-
cation resulted in the appearance of several layers with the three-layer packing (the fcc
microstructure) in the hcp titanium crystallite (two-layer packing) [21]. In turn, clusters
with the bcc lattice could be formed at the boundaries between the misoriented hcp frag-
ments. It could be assumed that the presence of impurity atoms in the real CP-Ti crystallite,
as well as the strong crystal lattice curvature could facilitate the transformation of local bcc
regions into theω and α“ nanocrystalline phases (with the hexagonal and orthorhombic
lattices).

During the UIT processing, intense surface strains of the CP-Ti sample was accom-
panied by the strong distortion of the crystal lattice, mainly at the boundaries of the α
phase fragments. In the present studies, the χ curvature-torsion of the α phase lattice
was estimated by assessing the bending extinction contours in the TEM images using the
following expression:

χ =
360
2π ×M
〈L〉 , (4)

where M was magnification of the TEM images; <L> was the average contour width. It
was found that the χ curvature-torsion of the crystal lattice in the surface layer reached
18 deg/µm under strains by the plastic ploughing mechanism, while χ did not exceed
4 deg/µm in the pronounced shear strain regions (at the depth of 70 µm).

The strong distortion of the α phase crystal lattice, accompanied by a perturbation of
the electron density, was the cause of the microstructure and phase transformations in the
surface layer of the CP-Ti sample during the UIT processing. The electronic configuration
of a Ti atom could be written as [Ar] 3d24s2. Accordingly, in the ground state, it had four
valence electrons in the 3d and 4s orbitals. With an increase in the electron gas energy due
to the crystal lattice distortion, the 4s electrons could be decoupled. As a result, one or
both s electrons could occupy the valence orbital of the higher 3d sublevel. Thus, it was the
transition of electrons from the 4s orbital to the 3d one that caused a change in the method of
overlapping electron shells and, respectively, the strain-induced α phase transformations.
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A clear manifestation of the role of the electronic subsystem in the development of the
phase transformations was the change of the low-temperature hcp titanium phase to the
high-temperature bcc one upon heating up to 882 ◦C. Fractions of the d-orbitals in bonds
of the hcp and bcc crystals were 0.7 and 0.9, respectively [22]. An increase in the kinetic
energy of the electron gas with rising temperature caused the transition of electrons from
the s-orbital to the d-one. It enhanced the proportion of electrons in the d-orbital of the
bond between titanium ions that was the reason for the change in the degree of the bond
orientations and, accordingly, the crystal lattice transformation.

The well-known example of the development of the strain-induced phase transfor-
mations in titanium was the α→ω one at high pressures (from 2 up to 12 GPa). In this
case, the transformation of the hcp α phase (the unit cell volume was 0.0353 nm3) into
the hexagonal ω one (it was 0.0641 nm3) under compressive stresses was caused by the
convergence of positive titanium ions, which resulted in overlapping of the electron orbitals
and a similar increase in the concentration of electrons at the d-sublevel. Along with the
presence of impurities [23], the environment [24], both loading rate and conditions also
affected the pressure level at which the α→ω phase transformation had begun. Thus, the
ω phase formation occurred at a pressure of ~9 GPa upon impact loading of titanium
samples [23]. However, the α→ω phase transition was observed at 4 GPa in the case of
high-pressure torsion [25]. Moreover, theω phase nanoparticles were found in titanium
samples after high-speed channel-angular pressing at 2 GPa [26]. It was shear stresses
that had determined the development of the phase transformations at significantly lower
pressures, and, therefore, enabled to observe the ω and α” phases after the UIT processing.
Obviously, the presence of translational, and even more so, rotational strain modes had
promoted the displacement of atoms in certain directions and had facilitated the formation
of various crystal lattices in the α phase.

The presence of clusters with the bcc lattice at the α phase grain boundaries made
it possible to suggest that the appearance of the ω and α” nanocrystalline phases had
occurred through the intermediate β phase during the UIT processing. Previously, the
predominant precipitation of theω and α” phases at the grain boundaries was associated
exclusively with an increase in stresses [25].

It should be noted that oxygen, which had penetrated into the surface layer of the
CP-Ti sample during the UIT processing [27], suppressed the α→ω transformation [23],
but could contribute to a change in the β phase cluster to theω or α” one during the UIT
processing. This was due to the fact that oxygen could result in raising the total atomic
displacements in the β phase clusters because of the static component and, consequently,
enhancing the instability of their bcc lattice. In this case, the concentration of oxygen
atoms determined the number of atomic displacements and, accordingly, could affect
both type (β→ω or β→α”) and intensity of the martensitic transformation. It was shown
earlier [28] that the β→ω or β→α” transitions developed upon strains of titanium β-alloys
by drawing to ε = 98%. This depended on the size factor of the atomic radii of alloying
elements (δR) and, accordingly, the number of atomic displacements. In the case of low δR
values, the β→α” transformation developed, while the β→ω occurred at high δR levels. In
other words, the β phase was transformed into α” at low numbers of atomic displacements
but changed intoω at large ones. Thus, the α→β→ω phase transformation, highly likely,
was controlled by the process of segregation of oxygen atoms in the studied CP-Ti sample
during the UIT processing.

6. Conclusions

Optical profilometry, atomic force microscopy, and molecular dynamics simulation
helped elucidate the patterns of the CP-Ti surface roughing upon the UIT processing. The
development of the surface plastic strains by the plastic ploughing mechanism caused the
formation of small semicircular pile-ups on the processed plate. The distances between
them corresponded to those between the centers of the impact spots. The presence of mi-
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croroughnesses on the striker surface facilitated roughing of the semicircular pile-ups due
to the formation of numerous protrusions and depressions of various shapes and heights.

It was shown by transmission electron microscopy that plastic strains of the CP-Ti
sample surface were localized in the layer less than 100 µm thick. The refinement of the
α phase grains, caused by intense dislocation slip and twinning, was characterized by
the gradient character. Thus, the α phase submicrocrystalline structure with the grain
sizes of less than 200 nm was observed in the uppermost layer. At the depth of 5–10 µm,
the α phase grains were found with the average size of 10 µm. Inside them, both the
banded microstructure and microtwins with the average transverse size of 100 nm were
identified. The mean dimension of the α phase grains was 70 µm at the depth of 50 µm
that matched the as-received CP-Ti. In this case, the transverse sizes of the fragments
separated by adjacent shear bands increased up to 300 nm. At the depth of 70–100 µm,
the microstructure consisted of the equiaxed α phase grains, in which dislocations were
identical to the as-received CP-Ti.

In the uppermost surface layer of the CP-Ti sample, the ω and α” nanocrystalline
phases that had been formed under the piled-up materials moved along the striker perime-
ter. It was found by molecular dynamics simulation that the development of the phase
transformations was due to the formation of stacking faults, as well as the bcc phase clusters
at the α phase sub-grain boundaries during the UIT processing. It was substantiated that
the formation of theω and α” phases had occurred through the intermediate β phase under
the conditions of the high local curvature of the crystal lattice and had been controlled by
the segregation of oxygen atoms.
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