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Abstract. Transmission electron microscopy investigations were carried out to study the structural-
phase state of ultra-fine grain (UFG) titanium with the average grain size of ~0.2 µm, implanted 
with aluminum ions. Implantation was carried out on MEVVA-V.RU ion source at room 
temperature, exposure time of 5.25 h and ion implantation dosage of 1⋅1018 ion/cm2. UFG-titanium 
was obtained by a combined multiple uniaxial compaction with rolling in grooved rolls and further 
annealing at 573 К for 1h. The specimens were investigated before and after implantation at a 
distance of 70-100 nm from the specimen surface. Concentration profile of aluminum implanted with 
α-Ti was obtained. It was revealed that the thickness of implanted layer was 200 nm, while 
maximum aluminum concentration was 70 at.%. Implantation of aluminum into titanium has 
resulted in formation of the whole number of phases having various crystal lattices, like β-Ti, TiAl3, 
Ti3Al, TiC and TiO2. The areas of their localization, the sizes, distribution density and volume 
fractions were determined. Grain distribution functions by their sizes were built, and the average 
grain size was defined. The paper investigates the influence of implantation on the grain anisotropy 
factor. It was revealed that implantation leads to the decrease in the average transverse and 
longitudinal grain size of α-Ti and decrease in the anisotropy factor by three times. The yield stress 
and contributions of separate strengthening mechanisms before and after implantation were 
calculated. The implantation has resulted in increase in the yield stress by two times.  

1. Introduction 
Titanium has been known to possess good mechanical properties, such as high mechanical 

strength, high corrosion resistance, and relatively low density. Due to that, titanium and its alloys 
are currently occupying the leading position among structural materials in various fields of modern 
industry. Surface modification is used to enhance mechanical, physical and operational properties of 
titanium. The methods of materials processing with metal ion beams are one of the most intensively 
developing directions of new materials synthesis [1–4].  

It is known that introduction of aluminum into titanium alloys is accompanied by the formation 
of nanoparticles of intermetallic phases, such as Ti3Al and TiAl [3]. Intermetallic phases of Ti-Al 
system have high mechanical strength, hardness; wear and corrosion resistance [5–6]. Formation of 
nano-particles of intermetallic phases in the structure of titanium-based alloy under conditions of 
ion implantation leads to significant strengthening of this material conditioned by both disperse 
strengthening and by occurrence of internal stress fields [7]. Therefore, based on intermetallic 
compounds, such as Ti3Al and TiAl, it is possible to create corrosion- and heat-resistant materials of 
a new type which can operate within the temperature interval of 600-900°С and are able to replace 
even super-alloys. It is also known that introduction of aluminum into titanium alloys improves not 
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only their mechanical properties under various temperatures but it also significantly increases their 
oxidation resistance [8]. 

The present work aims to conduct quantitative comparative analysis of microstructure and phase 
composition of titanium target in ultrafine grain (UFG) state before and after implantation with 
aluminum ions and to calculate the strength components of ion-doped UFG-titanium layers 
comprising the yield stress. 

2. Materials and Methods 
Commercially pure titanium VT1-0 (Russian grade) with the average grain size of ~0.2 µm was 

used as the material under study. The alloy has hexagonal close-packed (hcp) crystal lattice (α-Ti). 
Ultra-fine grain state in titanium specimens was formed using combined method of multiple 
uniaxial compaction [9]. The number of press moldings was equal to three. The temperature of 
compaction in each cycle was constant, but at transition from the previous compaction to the next 
one it decreased gradually within the interval of 500 – 400 К. Deformation velocity at compaction 
was 10–2−10–1 s–1. Deformation value at single compaction was equal to 40‒50 %. With each next 
compaction the specimen was rotated by 90°. The value of cumulative deformation е = 2.12. After 
the compaction stage titanium specimens were subjected to deformation by multipass rolling in 
grooved rolls at room temperature. The value of cumulative deformation at rolling was 75 %. In 
order to increase titanium plasticity annealing was held at the temperature of 573 К during 1 h. The 
structural state of titanium was almost not changed following annealing, however its tensile 
ductility increased by 6‒8 % [10–11].  

Ion implantation of titanium with aluminum ions was conducted using MEVVA-V.RU ion 
source at temperature of 623 К, accelerating voltage of 50 kV, current density of ion beam of 
6.5 mA / cm2, the distance of 60 cm from ion-optical system, implantation time 5.25 h and ion 
implantation dosage of 1⋅1018 ion / cm2. The analysis of chemical composition of implanted 
materials was held using Augen electron spectrometer 09IOS. Microstructure and phase 
composition were investigated using transmission electron microscopy (TEM) by means of electron 
microscope EM-125 at accelerating voltage of 125 kV. Working increase in microscope column 
was equal to 25000 – 76000 times. The specimens were investigated in two states: 1) before 
implantation (original state) and 2) after implantation at the distance of 70‒100 nm from the 
specimen surface. 

Phase analysis was conducted upon the images proved by micro-diffraction patterns and dark-
field images obtained in respective reflexes. All the parameters were determined using standard 
methods. The obtained data was processed statistically.   

3. Results and Discussion 
TEM investigations revealed that in the original state the structure of material has grains of 

anisotropic shape with clearly distinguished texture (Fig.1а). Anisotropic shape of grains is 
attributed to the method of UFG-titanium formation. Bar charts of distribution of transverse (d) and 
longitudinal (L) grain sizes are given in Fig. 1b-c. 

Transverse grain size (Fig.1b) is within the interval of 0.05‒0.30 µm. About 75 % of the bulk is 
occupied by the grains sized less than 0.2 µm. The average grain size is 0.15±0.02 µm. 
Longitudinal grain size (Fig.1c) lies within the interval of 0.1‒6.0 µm. The average longitudinal 
size has the value of 1.9 ± 0.6 µm. Anisotropy factor k = L/d is 12.9. Cumulative distribution curve 
for transverse and for longitudinal grain sizes is unimodal; its maximum is close to the average 
value.  
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Figure 1. Electron-microscopic image (а) and distributions upon sizes of transverse d (b) and 
longitudinal L (c) grains in VT1-0 alloy before implantation 

 
TEM investigations have established that in the initial stage VT1-0 alloy is presented by the 

grains of α-Ti phase (spatial group P63/mmc). Along with the grains of α-Ti in the alloy structure 
other grains were found in the smaller amount (0.9% of the material bulk), those grains have bcc 
crystal lattice (spatial group Im3m) and have the shape of lamellar precipitates. Formation of β-Ti 
phase occurs during the alloy manufacturing, i.e. in the conditions of intensive plastic deformation 
and further annealing at 573 К at transformation of α-Ti → β-Ti. β-Ti precipitations locate along 
the longitudinal grain boundaries α-Ti (Fig.2). Their average grain size is 50 × 200 nm, volume 
ratio is ~1 %. 

 

  

 
 
 
Figure 2. Electron-
microscopic image of the 
original structure of 
UFG-titanium: а – 
bright-field image; b – 
dark-field image, 
obtained in the [ 011 ] 
reflex of β-Ti phase; c – 
micro-diffraction pattern 
obtained from the area 
(a); d – its indicated 
scheme 
 

a b 

  
c d 

 
The value of average scalar dislocation density in α-Ti grains equals to 7.5·10–14 m–2. Such high 

scalar dislocation density is attributed to the fact that in longitudinal section titanium specimen after 
compaction and multipass rolling fine structure of α-Ti has the form of band-type substructure. As 
known in [12], band-type substructure is always characterized by high value of scalar dislocation 
density. The average value of shear internal stresses in the original state of α-Ti is 390 MPa. 

Excess dislocation density and internal moment (local) stresses, induced by excess dislocation 
density, were not found. It is proved that inside the α-Ti grains bend extinction contours were not 
revealed.  
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4. Phase composition and the structure of UFG-titanium after ion implantation 
Implantation with aluminum ions has led to modification of the surface layer of VT1-0 alloy. 
Concentration profile of aluminum obtained by Augen spectrometer is illustrated in Fig. 3, in the 
course of removing from the surface of alloy.  

 

 
 
Figure 3. Concentration profile of 
aluminum obtained in the course 
of removing from the implanted 
surface of the alloy  

 

As can be seen from Fig. 3, the maximum aluminum concentration at implantation dosage of 
1·1018 ion / cm2 is about 70 at. %; the thickness of implanted layer is 200 nm. Implantation resulted 
in the change in grain composition of the alloy (Fig. 4a). Particularly, the average longitudinal grain 
size α-Ti decreased and now has the value of <L> = 0.7 ± 0.1 µm. In this case, grain distribution 
upon the L sizes remains unimodal. The maximum of distribution function is still close to the 
average value (Fig.4b). The average transverse grain size remained almost unchanged (<d> = 0.12 ± 
0.02 µm). Grain distribution along the d sizes also remains unimodal, and the maximum of 
distribution function also lies close to the average value (Fig. 4c). Anisotropy factor decreased by 
over two times and now has the value of k = 5.7, i.e. the grains α-Ti become more equiaxial. Thus, 
aluminum implantation into titanium primarily leads to the formation of transverse boundaries in 
the grains; afterwards, longitudinal grains are formed. 

 
  

a b c 
Figure 4. Electron-microscopic image (a) and grain distribution along sizes in VT1 - 0 
alloy after implantation: transverse d (b) and longitudinal L (c) 

 
TEM investigations revealed that the implanted layer is given, like in the original state, by α-Ti 

phase grains with hcp crystal lattice and spatial group P63/mmc. Along with the α-Ti grains in the 
structure of alloy there are β-Ti grains. β-Ti grains also have the form of lamellar precipitates, 
located along the longitudinal boundaries of α-Ti grains. The width of separate plates is 50 nm on 
average, the  
length is 200 nm, and volume ratio is 0.9%. Therefore, concentration areas, the shape, sizes and 
volume ratio of β-Ti grains are the same as in the original state of the alloy (Fig. 2). 

Conducted studies demonstrated that aluminum ion implantation into titanium resulted in 
formation of the number of phases: Ti3Al, TiAl3, TiO2, TiC. 

Ti3Al phase is an ordered phase with D019 superstructure and it has hcp crystal lattice. Particles of 
Ti3Al phase have lamellar shape and are located along the longitudinal boundaries of α-Ti grains 
(Fig.5). The average particle size is 15 × 70 nm, volume ratio is 1.5%. 
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a b c 
Figure 5. Electron-microscopic image of UFG-titanium after 
implantation: a – bright-field image; b – dark-field image, obtained 
in coinciding reflexes [100] α-Ti + [200] Ti3Al + [ 012 ] TiO2; c – 
micro-diffraction pattern of the area (а); d – its indicated scheme. 
White arrows in (a) and (b) indicate lamellar particles of Ti3Al 
phase; in (b) particles of round shape – TiO2 phase 

d 

 
TiAl3 phase is also an ordered phase with D022 superstructure, having body-centered tetragonal 

crystal lattice with spatial group I4/mmm. It is predominantly formed in the shape of rounded 
particles, their average size being 120 nm. The particles of this phase are located in the joints and 
along the boundaries of α-Ti grains (Fig. 6). The volume ratio of this phase does not exceed 2% of 
the material bulk. 

Along with the aluminide phases in the implanted layer there are also oxide and carbide 
precipitations. Titanium oxide TiO2 (or brookite), has orthorhombic crystal lattice (spatial group 
Pbca). TiO2 particles have rounded shape and are separated on dislocations (Fig.7) and along the 
boundaries of α-Ti grains (Fig.5). TiO2 particles on dislocations have the size of 15 nm. Their 
volume ratio is 0.8 %. Along the grain boundaries particles have the size of 10 nm, and their 
volume ratio is 0.3%. 

a b c 
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Figure 6. Electron-microscopic image of UFG-titanium after implantation: a – bright-field image; b 
– micro-diffraction pattern of the area (a); b – its indicated scheme. Black arrows in (a) indicate 
rounded particles of TiC phase, white arrows show rounded particles of TiAl3 phase 
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a b 
Figure 7. Electron-microscopic image of UFG-titanium after 
implantation: a – bright-field image; b – micro-diffraction 
pattern of the area (a); c – its indicated scheme. White arrows 
in (a) indicate particles of TiO2 phase 
 c 

Titanium carbide TiC has fcc crystal lattice (spatial group Fm3m). The particles of titanium 
carbide TiC have rounded shape and are located inside the α-Ti grains (Fig. 6). The average particle 
size of TiC phase equals to 15 nm, their volume ratio is 0.5%.  

In the implanted layer in α-Тi grains there are dislocations. Dislocation substructure is mainly 
lattice-like. The average scalar dislocation density is higher than in the original state and it has the 
value of 8.5⋅1014 m-2. The formed dislocation density creates internal stresses (shear stresses). The 
amplitude of internal stresses was equal to 410 MPa, which is higher than in the original state. 
Long-range stress fields are still not found.  

5. Calculation of Yield Stress 
According to the obtained quantitative data for the original and implanted states calculation of 
strength components comprising the yield stress was carried out. It was calculated by the formula 
where contributions of strengthening from internal stresses (shear and moment stresses) are added 
quadratically, the other contributions are summed additively [13]: 

22
IFOrgsolfr σσσσσσσ ∆+∆+∆+∆+∆+∆= ,      (1) 

where ∆σfr is friction stress of dislocations in crystal lattice of α-Ti; ∆σsol is strengthening of UFG-
Ti solid solution with atoms of alloying elements (Al, С, О); ∆σF is strengthening of “forest” 
dislocations which are intersecting gliding dislocations (internal shear stresses); Δσl is strengthening 

with long-range stress fields, formed by excess dislocation density (internal moment stresses); ∆σOr 
is material strengthening with non-coherent particles when they are by-passed by dislocations 
according to Orowan mechanism; ∆σg is strengthening due to grain boundaries.  

Calculation of the yield stress was carried out before and after implantation. In the original state 
the alloy under study with the average grain size of ~0.2 µm is completely single-phased, therefore 
the contribution into strengthening attributed to the presence of secondary phases ∆σOr was not 
found. Also, in the original state bend extinction contours were not observed, which testify on the 
presence of internal moment stresses and therefore strengthening with long-range stress fields ∆σl is 
completely absent. The components ∆σfr and ∆σsol contribute to the general strengthening to the 
minimum extend, as according to Augen spectroscopy and X-ray crystallographic analysis [14], in 
the solid solution carbon and oxygen were not found. Therefore, strengthening of material before 
implantation will be determined only by ∆σg (grain boundary strengthening) and ∆σF (“forest” 
dislocations strengthening). Grain boundary strengthening ∆σg is described by Hall-Petch-type 
relationship [15]: ∆σg= k × d-0.5, where k is coefficient (0.3 МПа⋅м1/2), d is the grain size α-Ti. 

It was mentioned above that implantation of α-Ti has lead to the decrease in the grain size. 
Thus, contribution of the grain boundary strengthening after implantation slightly increases (Table 
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1). Great contribution into strengthening of implanted α-Ti is given by “forest” dislocations. It is 
known that non-charged dislocation ensemble is an ensemble without excess dislocations, when ρ+ 
= ρ- and then excess dislocation density ρ± = ρ+ - ρ- = 0. In this case non-charged dislocation 
ensemble induces shear stress (stress fields, created by dislocation structure), which is determined 
by the formula [13]:  

ρασ Gbml =∆ ,         (2) 

where m is orientation multiplying factor, α is proportionality factor, characterizing the intensity of 
interdislocation interactions  (depends on the type of dislocation substructure), G – shear modulus, b 
– Burgers vector, ρ – dislocation density. 

In case of charged dislocation ensemble, when ρ± = ρ+ - ρ- ≠ 0, excess dislocation density 
results in occurrence of long-range stresses which are indicated by the presence of bend extinction 
contours in material. It has been revealed that after α-Ti  implantation like in the original state, bend 
extinction contours are not found in the material, therefore Δσl = 0. 

Implantation has lead to the formation of a number of secondary phases. Specifically, the 
particles Ti3Аl TiAl3, TiC, TiO2 are formed, along with β-Ti, located along the boundaries and 
inside the grains. Contribution of dispersion strengthening is calculated as in [16]: ∆σOr = Gb/r, 
where G – shear modulus, b – Burgers vector, r – distance between particles. 

As a result, material strengthening after implantation will be defined as follows: ∆σg, ∆σF 
and ∆σOr. 

 
Table 1. Yield stress and dispersion strengthening before and after implantation of VT1-0 alloys 

 
∆σ, MPa 

σ ∆σg ∆σF ∆σl ∆σOr 
Original state 

925 537 388 0 0 
Implanted α-Ti 

1517 537 414 0 566 
 

As can be seen from the table the yield stress after implantation increased. In UFG-titanium in 
the original state the yield stress was 925 MPa, and after implantation it increased by almost twice.  

6. Conclusion 
Conducted TEM investigations established that implantation of titanium with aluminum ions 

results in reduction of grain anisotropy and in the formation of poly-phase implanted layer  based  
on UFG-titanium grains containing aluminide ordered phases (Ti3Al and TiAl3), as well as oxide 
phases (TiO2) and carbide phases (TiC). Ti3Al phase is formed in the shape of lamellar precipitates 
along the grain boundaries α-Ti. TiAl3 phase is localized in the shape of rounded particles in triple 
joints and along the grain boundaries of α-Ti. The particles of TiO2 have rounded shape and are 
located on the dislocations inside the α-Ti grains, as well as on their boundaries. TiC particles are 
located inside the α-Ti grains. A significant change in the structure is connected, primarily, with the 
energy impact in the conditions of implantation, specifically with the local temperature rise in 
implantation conditions.  

It has also been found that implantation results in increase in the scalar dislocation density and 
internal stresses, induced by dislocation structure, however they do not lead to polarization of 
dislocation structure.  

The research has been carried out with the financial support of Russian Foundation for 
Basic Research, Project № 19-08-01041. 
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