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Abstract—The physicomechanical properties of the VT1-0 titanium surface modified by a pulsed carbon ion
beam at a pulse duration of 80 ns, an energy of 200 keV, a current density of 120 A/cm?, an energy density of

1.92 J/cm?, and various numbers of pulses (four regimes) are studied. Irradiation by the beam leads to hard-
ening of a 1.8-um-thick surface layer in titanium, a decrease in the hydrogen sorption rate, a decrease in the

grain size, and the formation of twins.
DOI: 10.1134/S1063784215070099

INTRODUCTION

Titanium-based alloys are widely used in medicine,
shipbuilding, and aerospace and chemical engineering
due to their low density, good biocompatibility, and
high corrosion resistance. In addition, these alloys are
hydride-forming materials: the penetration of hydro-
gen into the material volume leads to a decrease in the
ductility, the fracture toughness, and subsequent frac-
ture. Therefore, the protection of a part made of these
alloys against the penetration of hydrogen is a chal-
lenging problem. The use of ion beams is one of the
promising methods for creating protective coatings,
since they increase the wear resistance, the strength,
and the corrosion resistance of a part [1—15]. The
authors of [11—14] studied the effect of a pulsed elec-
tron beam (PEB) and a pulsed ion beam (PIB) of car-
bon on the properties of a Zr—1% Nb alloy, and the
influence of PEB on a titanium alloy was investigated
in [15]. The results obtained demonstrate that irradia-
tion leads to the formation of a modified surface layer,
which has a high hardness and wear resistance and
decreases the penetration of hydrogen into the alloy
volume as compared to the initial unirradiated state
(i.e., it increases the hydrogen resistance of the alloy).

The purpose of this work is to study the physicome-
chanical properties of the commercial-purity VI'1-0
titanium surface modified by a pulsed beam of charge
particles. As the beam, we used a pulsed carbon ion
beam to initiate high-rate heating to the melting tem-
perature of the material and to introduce carbon atoms
into the near-surface region of the material.

EXPERIMENTAL

We analyzed rectangular 20 x 10 x 1 mm samples of
commercial-purity VT'1-0 titanium in the as-delivery
state without preliminary annealing. The material was
modified using a pulsed carbon ion accelerator at a
pulse duration of 80 ns, an energy of 200 keV, a current
density of 120 A/cm? and an energy density of
1.92J/cm?. The following four regimes, which had
different numbers of carbon beam pulses, were stud-
ied: regime 1 (n = 1), regime 2 (n = 3), regime 3 (n =4),
and regime 4 (n = 6). The structure of titanium was
examined with scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) on
Philips SEM 515 and EM-125K microscopes, respec-
tively. The structure—phase composition was deter-
mined by X-ray diffraction (XRD) on a Shimadzu
XRD 7000 diffractometer using CuK, radiation. The
nanohardness of the modified layer was measured with
a NanoHardnessTester (CSEM) nanohardness tester.
Samples were saturated by hydrogen on a PCI GasRe-
actionController setup by the Sieverts method at a
temperature of 820 K for 1 h.

RESULTS AND DISCUSSION

Figure 1 shows the surface structure of VT'1-0 tita-
nium as a function of the number of PIB pulses. The
surface relief points to heating, melting, and partial
evaporation of the material in the ion-beam-affecting
zone. The surface is seen to be heterogeneous and to
have a developed relief with pronounced concentric
traces of an ion beam and microcraters. In particular,
the formation of microcraters is caused by gas release
from the near-surface region of the metal.
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Fig. 1. SEM images of the titanium alloy modified by car-
bon PIB: (a) initial alloy, (b) after 1 pulse, (c) after 3 pulses,
and (d) after 6 pulses.

Fig. 3. TEM micrograph of the VT1-0 alloy surface after
the action of 3 pulses.

The structure of the surface layer of VT'1-0 titanium
before and after irradiation by PIB was analyzed by
TEM and XRD. The electron-microscopic investiga-
tions of commercial-purity VT1-0 titanium showed
that the initial state before the action of carbon PIB
consists of equiaxed grains 6—8 pum in size with dislo-
cations inside them (Fig. 2). Irradiation by carbon PIB
changes the structure of the surface layer of VI1-0
titanium (Figs. 3, 4). An analysis of bright- and dark-
field TEM images showed that the grains acquire a
nonequiaxed shape after irradiation by PIB. The non-
equiaxed shape can be related to different mobility of
grain boundaries after PIB irradiation. The physical
cause of the influence of PIB on the grain boundary
mobility needs to be investigated. The grain size after
PIB irradiation decreases with respect to the initial
state, and the decrease in the grain size depends on the
PIB irradiation conditions. During PIB irradiation
according to regime 2, the grain size decreases insig-
nificantly with respect to the initial state: the grain
length is 2.5—3.5 um and the grain width is 1.5—2 pm
(Fig. 3). During PIB irradiation according to regime
4, the grain size decreases substantially with respect to
the initial state: the grain length is 1—1.8 pm and the
grain width is 0.4—0.8 um (Figs. 4a, 4b). Electron-
microscopic examination (electron diffraction pat-
terns, dark-field images) demonstrates that grains
contain twins after PIB irradiation according to
regimes 2 and 4. Diffraction analysis shows that twins

develop on (1210) planes. During PIB irradiation
according to regime 2, the twin length is 2.5—3.5 pm
and the twin width is 0.08—0.12 um (Fig. 3). During
PIB irradiation according to regime 4, the twin length
is 0.4—0.8 um and the twin width is 0.04—0.06 um
(Fig. 4).

The decrease in the grain size during PIB irradia-
tion is mainly related to titanium recrystallization after
high-rate heating and cooling. During recrystalliza-
tion, rapid cooling from the melting temperature of
VT1-0 titanium causes internal stress fields in new
grains, and twins, which occupy almost the entire
grain volume after the first carbon beam pulse, are
likely to be induced by relaxation of these internal
stresses. After the first pulse, a titanium sample repre-
sents a composite material consisting of a modified
layer 1.8 um in depth and the retained unmelted initial
layer, which can play the role of a substrate and can
remember a structure due to the long-range interac-
tion effect. Therefore, as the number of PIB pulses
increases (regime 4), the decrease in the grain size can
be associated with recrystallization and twinning. The
grain size in a titanium alloy was found to decrease
upon twinning after low-temperature deformation
[16]. The detection of twins in a titanium alloy after
carbon PIB irradiation does not contradict the data on
twinning in hcp alloys obtained to date. It is known
[17] that the sensitivity of hcp alloys to deformation by
twinning is explained by a low ¢/a ratio as compared to
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Fig. 4. TEM images of VT 1-0 alloy surface after the action of 6 pulses: (a) bright-field image, (b) dark-field image, and (c) elec-

tron diffraction pattern from separated region A.

bce and fce alloys. XRD data demonstrate that, after
PIB irradiation according to regimes 2 and 4, the c/a
ratio (¢/a = 1.587) insignificantly exceeds this ratio
(¢/a = 1.585) in titanium before PIB irradiation
(Table 1).

Table 1 presents the phase composition of com-
mercial-purity VT1-0 titanium, which was deter-
mined by XRD, after PIB irradiation under various
conditions. The X-ray diffraction pattern of VI1-0
titanium in the initial state consists of lines of hcp a-Ti
over the entire angular range (Table 1). The introduc-
tion of carbon atoms leads to distortion of the titanium
lattice. After one pulse (regime 1), carbon atoms do
not manifest themselves. An increase in the number of
pulses (regimes 3, 4) results in the formation of a car-
bon phase with a cubic lattice.

To study the mechanical properties of the modified
surface layers of commercial-purity VI'1-0 titanium,
we applied nanoindentation at a load of 5—300 mN.
Figure 5 shows the nanohardness of titanium versus
the indenter penetration depth. Surface modification
is seen to increase the hardness of titanium, and the
thickness of the hardened layer is ~2 um. The harden-
ing of titanium by PIB is mainly caused by the struc-
ture—phase changes in the surface layer of the material
due to high-rate heating to the melting temperature
and subsequent cooling during irradiation by a pulsed
beam. The formation of twins and introduced carbon
atoms during PIB irradiation also contribute to the
increase in the nanohardness of commercial-purity
VT1-0 titanium.

To estimate the hydrogen resistance of the initial
and PIB-modified samples, we studied the hydrogen
sorption rate during saturation from a gas phase. Fig-
ure 6 shows the kinetic curves of the pressure in a measur-
ing chamber during hydrogen sorption by the initial and
PIB-modified samples. A decrease in the pressure in the
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measuring chamber points to hydrogen absorption by a
material. The slope of the kinetic curve characterizes the
hydrogenation intensity. Our results demonstrate that the
hydrogen sorption rate is ~0.1 cm? H,/(s cm?) in initial
titanium, 0.03 cm? H,/(s cm?) after three PIB pulses,
and 0.02 cm® H,/(s cm?) after six PIB pulses. Thus, the
modified layer decreases the rate of hydrogen absorp-
tion by VT'1-0 titanium.

To analyze the processes that occur during PIB
irradiation, we performed a numerical simulation of
the surface irradiation. The determination of the ther-
mal action of PIB on the material is reduced to the
solution of a one-dimensional nonstationary heat
conduction equation with an internal heat source [18].
The results of calculation of the temperature fields
during irradiation by carbon PIB at a pulse duration of
80 ns, an energy of 200 keV, a current density of
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Fig. 5. Nanohardness of the titanium alloy vs. depth before
and after irradiation by carbon PIB.
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Fig. 6. Kinetic curves of the pressure in a measuring cham-
ber during the sorption of hydrogen by the samples modi-
fied by carbon PIB: (/) initial material, (2) after 1 pulse,
and (3) after 6 pulses.

120 A/cm?, and an energy density of 1.92 J/cm? are
presented in Fig. 7 and Table 2. According to the cal-
culations, the temperature at the titanium surface by
the end of a pulse (4297 K) exceeds the melting tem-
perature of titanium (7, = 1941 K), the phase-tran-
sition temperature (7., = 1173 K), and the recrystal-
lization temperature (7,.. = 1023 K). The melted layer
depth is r, = 1.249 um.

Asis seen from the simulation results (Table 2, Fig. 7),
the titanium target has no time to cool down in 2.5 ps
from the beginning of irradiation (pulse duration is
80 ns). At this stage, the surface layer temperature is

Table 1. Phase composition of VT1-0 titanium after PIB
irradiation

Phase Lattice parameter
Sample Phase | content, b K
vol %
VT1-0, initial Ti 100 a=2.9489, c = 4.6747
VT1-0, PIB, Ti 100 a=2.9470, c = 4.6868
regime 1
VT1-0, PIB, Ti 97 a=9426,c=4.6709
regime 3 C 3 |a=4.6040
VT1-0, Ti 97 a=2.9406, c = 4.6670
regime 4 C 3 |a=4.6021

Table 2. Depth profiles of the hot rolling temperature in
the target at various times

t Tour K Fuse, M Feoo M
80 ns 4297 1.220 x 1078 1.249 x 107°
1 ps 1660 1.291 x 1078 1.490 x 10~°
2.5us 1097 1.293 x 1078 1.573x 107
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Fig. 7. Depth profiles of the heating temperature ina VT 1-
0 titanium alloy during carbon PIB irradiation at various
times: (/—3) 0.125, 1, and 2.5 ps after the beginning of
irradiation. T is the melting temperature (~1941 K),
T hen is the phase-transition temperature (~1173 K), and
Tfec is the recrystallization temperature (~1023 K).

1097 K, and no structure—phase changes take place in
titanium at this temperature. At a time of 2.5 ps, the
modified layer thickness is 1.573 x 10~° m. Apart from
the calculation of thermal fields, we also estimated the
kinetics of substance evaporation from the titanium
surface. The evaporation layer thicknesses (r,.)
account for several hundredths of a nanometer, which
is negligibly small as compared to the melting depth
(Table 2).

CONCLUSIONS

It was experimentally found that irradiation by a
pulsed carbon ion beam at a pulse duration of 80 ns, an
energy of 200 keV, a current density of 120 A/cm?, and
an energy density of 1.92 J/cm? hardens the surface
layer of commercial-purity titanium to a depth of
~2 um, decreases the grain size, causes the formation
of twins in a structure, and decreases the rate of hydro-
gen absorption by VT'1-0 titanium.

The numerical calculations performed to deter-
mine the depth profile of the heating temperature at
various PIB irradiation times demonstrate that the
surface modification during PIB irradiation at the
parameters given above is caused by the formation of a
liquid phase and its subsequent rapid solidification and
recrystallization. The physicomechanical properties
of the modified layer studied in this work support this
conclusion.
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