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Abstract – The objects of the investigation were 
chemical and phase compositions, structure and 
mechanical properties of titanium in different 
structural states before and after implantation of 
Al ions. Temperature stability of the titanium grain 
size was considered. The Hall–Petch coefficient for 
the titanium samples annealed at region 573–
1073 K was found. The decrease of the grain size of 
titanium targets leads to the increase in the thick-
ness of ion-alloyed layers due to diffusion proc-
esses. It was shown that the aluminium ion implan-
tation results in considerable increase of 
mechanical properties of the titanium materials 
according to the crystalline state of targets. 

1. Introduction 

Titanium and its alloys have been widely used as 
structural materials in many fields of industry. How-
ever, the mechanical and other properties of these al-
loys can be substantially improved through their sur-
face modifications. One of the promising methods to 
control mechanical, tribological and corrosive proper-
ties of metals and alloys is considered to be the ion 
implantation method. It is necessary to notice that ion 
implantation can be beneficial by modifying not only 
surface properties, such as corrosion resistance, mi-
crohardness, tribological properties, but also bulk 
properties as yield strength, hardness and plasticity. 
Moreover, there is another way to increase mechanical 
properties of metals and alloys at present. It is the 
grain size decrease in the bulk of polycrystalline billet 
from coarse-grained state up to structures transferring 
to ultrafine-grained and/or nanostructural states. Se-
vere plastic deformation methods are well used for the 
production of the ultrafine-grained and nanostructural 
states in bulk of metallic materials [1]. At present a set 
of severe plastic deformation methods has been devel-
oped.  

It is well known that the grain size decrease is ac-
companied by mechanical properties increasing, spe-
cifically the yield strength and the microhardness. The 
relation between the yield strength and grain size for 
polycrystalline metals and alloys is the Hall–Petch 
dependence [2, 3]: 

 1/2
0.2 0 kd−σ = σ + , (1) 

where 0.2σ  is the yield strength of a polycrystal, 0σ  is 
the yield strength for a single crystal or a polycrystal 
with an infinitely large grain size, d is the average 
grain size, and k is the Hall–Petch coefficient. The 
Hall-Petch dependence is not well investigated for the 
titanium prepared by the severe plastic deformation. 

Thus, there are two associated ways of increasing 
mechanical and physical properties of metallic materi-
als. The first one is the severe plastic deformation. The 
second one is the ion implantation. It should be noted 
that the ion implantation has not been used for modifi-
cation of titanium in the ultrafine-grained and nanos-
tructural states. The ion implantation can significantly 
influence the properties of nanostructural materials 
due to the special features of the grain structure in 
nanolevel. This is specified with the large volume 
fraction of the grain boundaries and nonequilibrium 
state of grain boundaries. Both features can play an 
important role in the physical-mechanical properties 
formation of ultrafine-grained and nanostructural ma-
terials. Especially, diffusion phenomena can have a 
greater importance in nanostructural materials in com-
parison with coarse-grained materials. 

Titanium in ultrafine-grained and nanostructural 
states with high mechanical properties in comparison 
with the titanium alloys properties can have high prac-
tical applications as the construction material [4]. The 
aim of the present paper is the comparable investiga-
tion of the titanium implanted by Al ions in respect to 
the different target structural states (coarse-grained, 
ultrafine-grained and nanostructural states) that were 
produced in titanium by severe plastic deformation 
and annealing. 

 2. Experiment 

The commercial pure coarse-grained titanium (VT1-0, 
Russia, or Grade 1, USA) was used for the investiga-
tion. Preliminarily the titanium samples were annealed 
at 1123 K for 1 h. Nanostructural state was produced 
by using the combined severe plastic deformation 
method including two stages. At the first stage the 
titanium billets were subjected to a multiple uniaxial 
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pressing in a press-mold at the speed range of  
10–3–10–2 s–1 under stepwise temperature decreasing 
from 773 to 673 K. The uniaxial pressing was gradu-
ally performed at fixed temperatures along three de-
formation axes. At the next stage the plastic deforma-
tion with grooved rollers at room temperature was 
applied to get a further grain refinement and to reach 
the nanostructural state. Then the nanostructural tita-
nium samples were preliminarily annealed at 573 K 
for 1 h. After that the part of samples were annealed at 
the temperatures of 773 or 1073 K for 1 h to obtain the 
different grain size. 

The above mentioned thermal and mechanical 
treatments with single-step and double-step annealing 
allowed to produce titanium samples in nanostruc-
tural, the ultrafine-grained and the coarse-grained 
states. The high-temperature annealing of the initial 
samples at 1123 K was made to produce the coarse-
grained state of titanium with the great grain size of 
38 μm. The structural-phased state and morphology of 
the titanium samples were studied with transmission 
electron microscopy (TEM) and scanning electron 
microscopy (SEM). The grain size of investigated 
samples was obtained by using dark field TEM images 
for titanium in nanostructural and ultrafine-grained 
states, and SEM images for the coarse-grained sam-
ples. The phase analysis was carried out with the iden-
tification of the selected area diffraction patterns. 
Type and temperature of annealing, the mean grain 
size and the titanium structural states are presented in 
the Table. The microhardness of the samples was 
measured with a PMT-3M device using Vikkers in-
denter. The load on the indenter varied from 0.015 to 
0.28 N. 

Titanium samples in the different structural states 
were used as a target for the aluminum ion implanta-
tion. The Al ion implantation was carried out by the 
“Diana-2” ion source at the accelerated voltage of 60 kV. 
The ion irradiation duration was 80 min and the dose 
of the implanted ions was 5 ⋅ 1017

 ion/cm2. The con-
centration profiles of the elements across the surface 
layers of the implanted samples were determined by 
the Auger electron spectrometry (AES) method. The 
structural-phased state and morphology of the titanium 
samples after implantation were studied with TEM. 

3. Results and discussion  

The single-step and double-step annealing led to the 
formation of the titanium with a different structural 
state, and the mean grain size varied within 0.1–38 μm 
(see the Table). Microstructure of titanium sample 
annealed at 573 K consists of structural elements 
(grains and subgrains), the size of which is not more 
than 180 nm. Distribution of structural elements has 
one peak. The mean size of structural elements is 
100 nm. Here the main part (~ 70%) consists of grains 
and subgrains with the sizes less than 100 nm. Thus, 
following the classification [5] it can be suggested that 
titanium is in nanostructural state. Annealing of the 

titanium in nanostructural state at 773 and 1073 K 
allows to produce samples in the ultrafine-grained 
state with the mean size of structural elements equal to 
1.4 μm and the coarse-grained state with mean grain 
size of 15 μm respectively. Titanium samples in the 
second coarse-grained state had mean size equal to 
38 μm.  
 
Type and temperature of annealing, mean grain size and 
structural states 

No. Type and temperature  
of annealing, K 

Mean grain 
size, μm 

Structural 
state 

1 Single-step annealing, 573 0.1 Nanostructural

2 Double-step annealing, 
573+773 1.4 Ultrafine-

grained 

3 Double-step annealing, 
573+1073 15 Coarse-

grained 

4 Single-step annealing, 1123 38 Coarse-
grained 

 

The dependence of the microhardness (Hv) of the 
titanium in the different structural states on the grain 
size (d 

–1/2) was obtained by using experimental data of 
the microhardness and the mean grain – subgrain size 
(d) of titanium samples (presented in Fig. 1, line 1). 
 

 
0                 1                 2                3          d 

–1/2, μm 
Fig. 1. Influence of the grain size (d 

–1/2) on microhardness 
(1) of presented titanium samples. The referred data from [6]  
  are shown for comparison 

It is evident that the increase of the grain size leads 
to a sharp decrease in microhardness. The Hall–Petch 
relation has been evaluated. The Hall–Petch coeffi-
cient was found from cline of line. It is equal to 
0.4 МPа ⋅ m1/2. The titanium samples in the nanostruc-
tural, ultrafine-grained and coarse-grained states were 
implanted with Al ions. The elements concentration 
profiles with the respect to the depth from the irradi-
ated surface of the examined specimens implanted 
with aluminum ions are presented in Fig. 2. 

As follows from the concentration profiles, in ad-
dition to implanted element (Al) the surface layers of 
the irradiated samples contained oxygen and carbon 
impurities adsorbed on the target surface from the 
residual atmosphere of the vacuum system and mixed 
into the surface layers by the ion beam. It should be 
noted that the second cause of the O and C impurities 
presence in subsurface layer is the nature of titanium 
material. In common, it contains a thin titanium oxide 
layer on the surface. 

1

2

d, μm 
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Fig. 2. AES spectra surface layers of titanium implanted by Al ions: а – Ti–NC (Тannl = 300 °С); b – Ti–UG (Тannl = 500 °С);  
  c – Ti–MP (Тannl = 800 °С); d – Ti–MP (VT1-0 initial state) 

It is evident from Fig. 2 that the scattering effect 
by the ion beams is minimal. The AES spectra of Al 
ions have one maximum. For the polycrystalline tita-
nium (Figs. 2, c, d) distributions of Al ions have 
Gauss shape. From AES spectra of Al ion in the 
coarse grain titanium the mean projective range of Al 
ions in target can be obtained. This value was found to 
be equal to ~ 80–90 nm, if scattering is taken into ac-
count. Follow theoretical calculation the mean projec-
tive range is 90 nm at accelerative voltage 60 kV and 
average charge of Al ions 1.7. One can see that ex-
perimental and theoretical data coincide. This indi-
cates that in case of the coarse-grained titanium the 
basic effects of ion radiated physics (radiation-
enhanced diffusion) have influence on surface layer 
formation. 

The AES spectra of Al in titanium with nanostruc-
tural and ultrafine grained states have differing shapes 
(Figs. 2, a, b). Concentration profile of Al ions has 
large thickness and sharper than concentration profile 
of Al ions in the coarse grained titanium. It is evident 
(see Fig. 2) that the thickness of the surface implanted 
layer in ultrafine grain state is close to 150 nm and for 
nanostructural titanium it is 220 nm. The above men-
tioned thicknesses of the ion-alloyed layers is signifi-
cantly higher than projective ion range. It could be due 
to increase of diffusion from surface layer inside tita-
nium target. One can see that the decrease of the tita-
nium grain size is accompanied with the increase of 
ion-alloyed layer thickness. The influence of the grain 
size is more significant in ultrafine-grained and nanos-
tructural titanium. 

This is the result of the change in the grain struc-
ture of the implanted materials. It should be noted that 
the concentration profile of the implanted ions de-
creases more smoothly with the decrease of the grain 
size due to the diffusion processes. The concentration 
maximum is shifted towards larger depths. 

The set of physical processes such as scattering of 
materials by ion beam, ion mixing, radiation-enhanced 
diffusion and thermal diffusion, diffusion along the 
migrating and static structural extended defects, in-
cluding the grain boundaries, can influence the im-
planted ions concentration profiles. It is obvious that 
the decrease of the grain size in titanium materials up 
to the ultrafine-grained and nanostructural states for-
mation can influence on the diffusion processes during 
ion implantation due to the great part of grain bound-
ary and their nonequilibrium state in bulk. The grain-
boundary processes are significant for the nanometer 
region. Small grain sizes, the possibilities of the over-
lapping of the diffusion flows moving from neighbor-
ing grains, relaxation and movement of grain-
boundaries and also not uniform structure of the grain 
bodies can significantly influence on the diffusion 
processes kinetics. 

It should be noted, that the coefficient of the grain 
boundary diffusion for nanostructural materials ex-
ceeds the coefficient of macropolycrystalline materials 
in several times. In [7, 8] papers on base of theoretical 
and experimental data it was shown that in polycrys-
talline materials with low grain size the mobility of 
diffusing atoms along the migrating structural ex-
tended defects plays the main role. In case of poly-
crystalline materials with the coarse grains the im-
planted impurities are distributed statistically in 
surface layer. 

TEM images of the implanted surface layer of tita-
nium samples annealed at 773 and 1073 K before ion 
implantation are presented in Fig. 3. A set of single 
reflexes which belong to the titanium (111) are pre-
sented in the SED. Some diffraction rings of the tita-
nium oxides can also be seen in the SED picture. 
Since the oxygen concentration in the surface layer 
after implantation does not exceed the concentration 
before implantation; it is obvious that the titanium  
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Fig. 3. TEM images of the surface layer microstructure implanted with Al ions in ultrafine-grained (Тannl = 773 K) and the 
   coarse-grained titanium samples (Тannl = 1073 K): a) and c) bright field images; b) and d) SED patterns 

oxides could be found in the titanium before implanta-
tion. The analysis of the SED picture shows that the 
solid solution of the aluminum in the titanium with the 
concentration of 15–20 at.% Al and with the lattice 
parameters а = 0.2914–0.2902 nm and с = 0.4658–
0.4646 nm is formed in the subsurface layer. The in-
termetallic compounds (TiAl и Ti3Al) were not ob-
served. One can note two reasons of the intermetallic 
compounds non-formation in the ion alloyed layer. 
The first is a low Al concentration to produce titanium 
aluminides. The second is a low temperature of im-
plantation of Al ions in titanium targets, not more than 
373 K. 

4. Conclusion 

The microstructure of the titanium in different crystal-
line states before and after implantation by Al ions 
was investigated. The annealing of the nanostructural 
titanium in two ways allows to produce the titanium 
with the different structural states (nanostructural, 
ultrafine-grained and coarse-grained states) in the 
mean grain/subgrain size range of 0.1 to 38 μm. The 
dependence between the microhardness and the mean 
grain/subgrain size, and the Hall-Petch coefficient 
(0.4) were determined. The decrease of the grain size 
in the titanium target leads to the diffusive distribution 

of the implanted Al due to the diffusion through the 
grain boundaries and migrated expended defects. 
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