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Abstract – The results of research of wear process 

in titanium alloys with ion - modified surface are 

submitted in the given work. It has been shown, as 

a result of research, that influence of implanted 

ions on to the wear resistance occurs as the surface 

phenomena, such as film formation on a surface 

during friction, change of adhesive properties, etc. 
 

1. Introduction 

High strength-to-weight ratio and resistance of tita-

nium and its alloys give great advantages in their in-
dustrial and medical application. However, low resis-

tance to wear process of titanium alloys restrains their 

use in friction units [1]. High efficiency of ionic im-

plantation for increase of wear resistance has been 

shown for many materials. However, data of influence 
of ionic implantation on the wear processes for the 

titanium and its alloys are rather limited, and practically 

such data are absent for ultrafine-grained materials. 

  The results of research of wear laws in titanium 
alloys with ionic-modified surfaces are presented in 

the article. There were investigated tribological prop-

erties of technically pure titanium VT1-0 and two-

phase α + β alloys PT-3V and VT6 in two conditions: 
usual coarse-grained and ultrafine-grained, the latter 

produced with intensive plastic deformation by means 

of all-round авс-pressing method. 

2. Experiment 

The samples were tested using the scheme “pin-on- 
disk” in the technique of boundary lubrication. As a 

lubricant, industrial oil 1–20 was applied. Parallelepi-

ped-shaped samples had the size of 5×5×40 mm.  
A counter-body was made of steel ShH 15. The sam-

ple weight loss during the wear tests were measured 

by weighing on the analytical weights. The tests were 

carried out by a specially designed friction machine 
similar to UMT-1. The test pressure was 0.25 MPa  

at speed 1 m/s. The samples were implanted by means 

of a DIANA-2 technological ion accelerator operating 

in a pulse-frequency mode at an accelerating voltage 

of 60 kV. The pulse duration was 200 μs and ion flu-

ence for all implanted samples was 1017
 – 5 ⋅ 1017 ion/cm2. 

  Certification of structural-phase state of investi-

gated samples was conducted with transparent elec-

tronic microscope EM-125K. Average data of the 

grain sizes and dislocations density for investigated 

samples are shown in the Table. 
 

Table. The average grain sizes and dislocations density for 

samples VT1-0, PT-ЗV, VT6 at initial conditions and after 

intensive plastic deformation (IPD) 

 
Average size  

of grains dср, μm 

Density of dislo-

cations ρ, cm–2 

An initial condition 

VT1-0 400 1 ⋅ 109 

Ultrafine-grained 

structure VT1-0 0.82 3 ⋅ 109 

An initial condition 

VT6 610 1 ⋅ 109 

Ultrafine-grained 

structure VT6 0.52 1 ⋅ 109 

An initial condition 

PT-ЗV 500 1 ⋅ 109 

Ultrafine-grained 

structure  PT-3V 0.45 1 ⋅ 1010 

3. Results 

Figure 1 shows the wear curves for samples of tita-
nium VT1-0 and alloys PT-3V, VT6 in a coarse-
grained state. 

There was immediate formation on a counterbody 
a layer of abrasive surface consisting of titanium 
transferred from samples, iron from the counterbody 
and their oxides and carbides. Intensive wear process 
began with a small delay from the beginning of tests 
(30÷60 s). Time 30÷60 s is time of abrasive layer for-
mation on the counterbody surface under imposed 
load. There was adhesive-abrasive wear process due  
to character of curves of wear process and topography 
of friction surfaces. The mechanism of wear process 
was identical for all samples, though intensity differed 
strongly. From this follows, that, despite of identical 
mechanisms of wear process for all three materials, 
process has essential differences. 

Ultrafine-grained structure (UFG) creation in tita-
nium increases its strength properties; though wear 
resistance decreases. Thus, increasing strength proper-
ties, we lose in wear resistance.  

Research of an internal friction of the titanium  
alloys with UFG structure has shown that activa- 
tion energy of internal friction decreases after IPD.  
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Decrease of activation energy was the result of struc-
ture defectiveness and bigger energy of grain borders. 
That can lead to increase of adhesive interaction at 
friction. Coupled with decrease of plasticity, that can 
be the reason of wear resistance decrease for alloys 
with UFG structure. 

Alloying titanium allows changing it from a sin-
gle-phase state in to two-phase state. In case of alloy 
VT6 in which titanium is alloyed with Al and V, it 
leads to essential increase of strength characteristics, 
but for all that its wear resistance (Fig. 1) strongly 
falls. There was marked in work [2] that change of 

phase state of titanium from α-phase up to α + β and 

β-phase state changes a little resistance to adhesive 
grip. In this connection it is of interest to find out the 
reasons so sharp fall of wear resistance. With that pur-
pose were implanted elements in to subsurface layers. 

The elements as C and Al stabilized α-phase, Ni, Nb, 

Mo, Si stabilized β-phases of titanium. 
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Fig. 1. Kinetic curves of weight loss in titanium alloys sam-

ples in a coarse-grained state at wear tests: 1 – VT6; 2 – 

  PT-3V; 3 – VT1-0 

Wear curves of the titanium samples VT1-0 in a 
usual coarse-grained state and in UFG state after ionic 
implantation by ions of carbon, molybdenum, alumin-
ium, nickel are presented in Fig. 2. 

Implantation titanium samples VT1-0 in initial 
state by carbon ions has caused wear decrease in start 
time compare with samples without implantation 
(Fig. 2, curve 1).  

However in 6 h mechanism of wear process has 
sharply changed, it became adhesive and abrasive, 
intensity of wear process became more intensive, than 
at the raw samples (compare Fig. 1, curve 3 and 
Fig. 2, curve 1). Kinetic curves had similar character 
after implantation by ions of silicon. Implantation of 
silicon has led to sharp reduction adhesive grip and to 
speed reduction of wear process at initial stage of 
tests. However, after ablation of the ionic-implanted 

layer the curve of wear process sharply changed its 
course and further process passed the same way as 
without ionic implantation, adhesive grip was also 
restored. Implantation of titanium samples VT1-0 by 
ions of silicon at tests has led to a delay for 60 min of 
output to adhesive-abrasive wear process. 
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Fig. 2. Kinetic curves of weight loss of titanium VT1-0 
samples at wear test: curves 1–4 – samples in an initial con-
dition implanted: 1 – carbon (average energy of ions Еav = 

= 60 keV, fluence Φ = 1017 ion/cm2), 2 – molybdenum (Еav = 
= 186 keV, fluence Φ = 5 ⋅ 1017 ion/cm2); 3 – implanted by 

ions Al (Еav = 102 keV, fluence Φ = 5 ⋅ 1017 ion/cm2); 4 – 

implanted by ions Ni (Еav = 108 keV, fluence Φ = 
= 5 ⋅ 1017 ion/cm2); 5 – VT1-0 in UFG a condition, im- 

  planted by ions Mo (Еav = 186 keV, Φ = 5 ⋅ 1017 ion/cm2) 

Implantation by ions of molybdenum of titanium 
VT1-0 samples in initial state has led to increase of 
wear resistance. Stable wear process of low intensity 
(Fig. 2, curve 2) was observed for 30 h. Samples im-
planted by ions of nickel (Fig. 2, curve 4) have shown 
similar character of wear process. There was of inter-
est that samples of titanium VT1-0 in UFG condition 
have shown completely opposite result. Their intensity 
of wear process after implantation by ions of molyb-
denum has increased. Implantation by ions of alumi-
num turned out to be the most effective in respect of 
increase of wear resistance for samples VT1-0. Tests for 
about 30 h have not shown decrease (Fig. 2, curve 3). 
  Curves of the wear processes of samples PT-3V in 
initial state after implantation by aluminum, nickel 
and molybdenum are presented in Fig. 3. 
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Fig. 3. Kinetic curves of weight loss of alloy PT-3V samples 
at wear test. Curves: 1 – not implanted samples; 2 – im-
planted by ions Al (average energy of ions Еav = 102 keV, 
fluence Φ = 5 ⋅ 1017 ion/cm2); 3 – implanted by ions Ni  
(average energy of ions Еav = 108 keV, fluence Φ = 
= 5 ⋅ 1017 ion/cm2); 4 – implanted by ions Mo (Еav = 
  = 186 keV, Φ = 5 ⋅ 1017 ion/cm2) 

Implantation by aluminum and nickel ions has es-
sentially decreased wear resistance (Fig. 3, curves 2 
and 3). Implantation by molybdenum ions has changed 
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the mechanism of wear process for some time (about 
4 h). There was a burn-in stage, stable wear process 
and then there was only in 4 h change of mechanism 
and adhesive-abrasive wear process has begun. Inten-
sity of wear process became the same, as for not im-
planted samples. 

Kinetic curves of wear process for implanted sam-

ples of alloy VT6 have shown a little different behav-
ior (Fig. 4). 
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Fig. 4. Kinetic curves of loss of weight of samples of alloy 
ВТ-6 at test for wear process. Curves: 1 – not implanted 
samples; 2 – implanted by ions Nb (average energy of ions 

Еav = 180 keV, fluence Φ = 5 ⋅ 1017 ion/cm2); 3 – implanted 

by ions Mo (Еav = 186 keV, Φ = 5 ⋅ 1017 ion/cm2); 4 – im-
planted by ions With (average energy of ions Еav = 60 keV, 

fluence Φ = 1017 ion/cm2); 5 – implanted by ions Ni (aver-

age energy of ions Еav = 108 keV, fluence Φ = 

= 5 ⋅ 1017 ion/cm2); 6 – implanted by ions Al (average energy 

of ions Еav = 102 keV, fluence Φ = 5 ⋅ 1017 ion/cm2); 7 – 
implanted by ions Si (average energy of ions Еav = 84 keV,  

  fluence Φ = 5 ⋅ 1017 ion/cm2) 

Implantation of an alloy by niobium, molybdenum, 

carbon and nickel ions leads to decrease in wear resis-
tance, and implantation by aluminum and silicon ions 

detains transition from fatigue to adhesive-abrasive 

wear process. It is interesting to note, that in case of 

PT-3V the same ions influence intensity on wear 

process in the opposite manner. It is not obviously 
possible from the presented results to connect wear 

resistance with stabilization of any phases. 

The discontinuous film of tested material is formed 

on surfaces of the samples which having lower speeds 

of wear process during friction. Thickness of a formed 

film is from 1 up to 10 microns. The more total area of 
a formed film is the less wear is. The upper part which 

had direct contact with a counterbody has a smooth 

surface (like a mirror). Alloy VT6 is more fragile than 

VT1-0, and its plasticity does not suffice for formation 

thin films on friction surfaces. The alloy PT-3V to 

occupy an intermediate position. A discontinuous film 
is formed on friction surfaces, however islet sizes are 

small (∼1 μm) and their total area is not great. In case 
of ionic implantation as well as not implanted sam-

ples, the higher stability was observed for those sam-

ples which friction surfaces and total film areas 

formed during friction, were maximum. 

Element and X-ray analyses of the subsurface lay-
ers of the samples VT1-0 have shown that there was 
only titanium in initial samples. Only structures of the 
titanium are found out in the samples of titanium VT1-0 

implanted by aluminum (fluence Φ = 5 ⋅ 1017 ion/cm2, 
average energy of ions Еav = 102 keV), according to 
X-ray analyses at thickness effective diffraction layer 
more than 2 microns. At reduction of thickness of this 
layer up to 1 micron (a corner = 3) the occurrence of 
diffraction peak which does not belong structure of the 
titanium (dhkl = 0.22 nm) is revealed. At the further 
reduction of thickness of the diffraction layer up to 
0.7 microns (a corner = 2) relative intensity of this 
reflex increases up to 20%. The given reflex is un-
equivocally identified as maximal in standards 9-98 
and 14-451 JCPDS for structure Ti3Al. Other basic re-
flexes of this crystal structure appear are close to reflexes 
of the titanium and on difractogram are not resolved. 
Peaks of the titanium are wide that can be connected 
with the micropressure arising at ionic implantation. 
  After wear tests for all samples there was a carbon 
which got from greasing. There is aluminum in sub-
surface layers of the samples implanted by aluminum. 
At thickness effective diffraction layer more than 
2 microns X-ray analyses find out only structure of the 
titanium with presence of internal pressure. At reduc-
tion of thickness diffraction layer reflexes broadening 
and strongly weaken, thus of any new reflexes it is not 
found out. From this follows, that the superficial layer 
of a material thickness up to 1 micron has no ex-
pressed crystal structure, is in strongly deformed and-
or a particulate condition. 

4. Conclusion 

Implantation of ions in the titanium and its alloys dif-
ferently influences their wear resistance. Correlation 
of the implanted ions promoting stabilization either of 
phases with wear resistance is not revealed. Structure-
phase states of titanium alloys seem to have mediated 
influence on wear resistance. Both at usual alloying the 

titanium and at ionic implantation influence on wear 
resistance occurs through the superficial phenomena, 
such as formation films, change of adhesive properties 
on surfaces of friction, etc. In this connection the fol-
lowing explanation of influence of ion types on wear 
resistance, apparently, is possible.  

In one cases ionic alloying leads to decrease in 
plasticity and faster abrasive layer formation on a fric-
tion surface, and wear resistance sharply falls, in oth-
ers the alloyed ions promote formation of secondary 
structures in the form of film which protects material 
from wear process. 
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