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Abstract—The influence of high-power beams of carbon ions (the ion energy is 250 keV; the pulse duration is
~100 ns; the current density in the pulse is 150–200 A/cm2; the surface energy density of a single pulse is j ~
3 J/cm2 under the irradiation of the samples of the VT1-0 titanium alloy and j ~ 1 J/cm2 for the treatment of
the samples of the VT6 titanium alloy; and the number of pulses is 1, 5, 10, and 50) on the surface topography
and structure-phase state of the subsurface layer of submicrocrystalline titanium alloys VT1-0 and VT6 is
studied. The sample surface before irradiation is preliminarily mechanically grinded and polished. It is shown
that surface defects are formed on the alloy surface after irradiation. These are craters of various shapes and
geometry with diameter from fractions of micrometer to 80–100 μm. Herewith, the grain structure in the sub-
surface layer becomes more uniform in size and degree of grain equiaxity. A rather homogeneous structure is
characteristic of the state of the VT1-0 titanium alloy; the average grain size is ~0.31 μm, while that one the
VT6 alloy is ~0.9 μm. The grain growth in the transverse direction to 0.54 μm is observed after one irradiation
pulse in the subsurface layer of the VT1-0 alloy (at j ~ 3 J/cm2), while the grain size for the VT6 alloy (j ~
1 J/cm2) decreases to ~0.54 μm. The average grain size in the subsurface layer after 50 pulses reaches ~2.2 μm
for the VT1-0 alloy and ~1.6 μm for the VT6 alloy. It should be noted that a rather homogeneous grain struc-
ture with equiaxial grains is formed for both alloys already after the effect of one pulse of the high-power
ion beam.
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INTRODUCTION
Titanium and its alloys are some of the most

important construction and functional materials. The
widespread use of titanium alloys in aviation, ship-
building, chemical industry, and medicine is due to
their favorable combination of high mechanical prop-
erties and small specific weight, as well as high corro-
sion resistance. Nevertheless, important application
spheres of titanium alloys require a further increase in
their operational characteristics. It is known that oper-
ational properties of wares made of metallic materials,
including titanium and its alloys, are, in many aspects,
determined by their surface treatment quality and the

state of subsurface layers. One promising direction in
the field of development of new treatment technolo-
gies of materials is the surface modification of metals
and alloys by high-power pulsed beams of accelerated
ions (HPIB) [1–3].

The investigation into the interaction of high-
power pulsed beams of charged particles with metallic
materials has been performed for many years. The pio-
neering investigations into the treatment of tool alloys
by a high-power pulsed beam of carbon ions (the
TONUS accelerator) were performed in 1981 at the
Research Institute of Nuclear Physics at the Tomsk
Polytechnic Institute [1, 2]. Then, P6M9 tool steel was
590
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selected as a target. Subsequently, experiments on the
irradiation of both pure metals such as beryllium,
Armco iron, electrolytic purity copper, titanium, alu-
minum single crystals, and steels of various brands, as
well as hard alloys, were started [3–6]. The goal of
these studies was to investigate the possibility of the
process application of high-power pulsed electron and
ion beams for varying not only the structural phase
state of the surface and subsurface layer, but also phys-
icomechanical and physicochemical properties of
wares made of metals and alloys. The experiments on
studying processes associated with the structural
reconstruction, physicochemical transformations,
and changes in the surface topography and subsurface
material layers after the HPIB effect were continued in
subsequent works of both domestic and foreign scien-
tists, and the possibility of improving the complex of
operational characteristics of various metals and alloys
after such surface treatment was shown [7–14].
Despite the continuing active development of this
direction, many fundamental questions of the interac-
tion of HPIB with metallic materials remain currently
poorly studied. In particular, one important question
is the revelation of the formation mechanism of
microcraters on the surface of metallic and semicon-
ductor materials, which is still unclear and has not
been studied in detail experimentally. The peculiarities
of the influence of nanosecond pulsed HPIBs on the
surface and subsurface layers of submicrocrystalline
and nanostructured materials and alloys, which are
known to have low thermal stability of the structure
and properties, are also almost unstudied.

The goal of our work was to investigate the pecu-
liarities of changes of the surface topography and
structure of subsurface layers of titanium submicro-
crystalline alloys after the effect of a high-power
pulsed ion beam.

EXPERIMENTAL
We selected submicrocrystalline (SMC) titanium

alloys VT1-0 and VT6 fabricated by combining meth-
ods of longitudinal and transverse-screw rolling as the
object of the investigation. The sample surface before
irradiation was preliminarily mechanically grinded
and polished to high finish using a LaboPol-5 installa-
tion (Struers, Denmark) applying abrasive paper and
diamond suspensions.

Irradiation by a high-power ion beam (HPIB) con-
sisting of carbon ions and impurity of hydrogen ions
was performed using a TEMP manufacturing acceler-
ator in the strip diode focusing geometry (Tomsk
Polytechnic University) under the following modes:
the ion energy was 250 keV, the pulse duration was
~100 ns at the half-height, and the pulse current den-
sity was 150–200 A/cm2 (the current density in the
working beam region varied considerably weakly,
notably, in limits of 20%; the current density drop was
more abrupt at a distance of >2 cm from the beam
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center). The residual gas pressure in a chamber was in
limits of (3–4) × 10–4 mmHg. The surface density of
the energy of the single pulse was j ~ 3 J/cm2 when
irradiating the samples of the VT1-0 titanium alloy
and j ~ 1 J/cm2 when treating the samples of the VT6
titanium alloy. The number of pulses was 1, 5, 10, and
50. The pulse-to-pulse stability of irradiation modes is
conditioned mainly by the spread of the accelerating
voltage across the diode and, correspondingly, by the
spread of the ion current density in the magnetically
insulated diode. In totality, these factors and others, to
a lesser extent, determine the stability of pulse-to-
pulse parameters of the current density in limits of
±10%. It should be noted that the plasma formation
method applied in the diode [1] does not lead to a
decrease in the current density or its spread with an
increase in the number of pulses after the series of
training shots.

The investigation into the topography of the sur-
face, structure phase state, and crystallographic tex-
ture of subsurface layers of titanium alloys was per-
formed using a Quanta 600 scanning electron micro-
scope (FEI, Netherlands), including the use of the
automatic analysis procedure of diffraction patterns of
backscattered electrons (EBSD analysis).

RESULTS AND DISCUSSION
After the effect of one HPIB pulse, variously

shaped and sized crater-type surface defects are
formed on the titanium alloy surface (Fig. 1). For
example, single one-ring (Fig. 1b) and multiple-ring
(Fig. 1c) craters mainly prevail on the surface of the
VT1-0 titanium alloy. They have the ring-shaped
“overlap” region of the melted material in the HPIB
effect zone (it is marked by a dashed line). The surface
structure of such craters almost does not differ from the
overlap surface structure, and both the rounded hole
(no larger than 100–200 nm in depth) and bulge can
form in the crater center after the HPIB effect
(Figs. 1b–1d). Craters can overlap each other
(Fig. 1d), and extended surface defects appear on the
alloy surface under their multiple overlap (Fig. 1e).
The central part of these defects contains bridges and
particles of the solidified drop phase (Fig. 1f). These
surface defects can be lined in the form of lines
(Fig. 2a). The lines from craters usually coincide with
the deformation direction during the material fabrica-
tion and grinding and polishing direction at the last
stage of preparing the titanium samples before their
HPIB irradiation.

The average crater size for the VT1-0 titanium alloy
after the effect of one HPIB pulse is ~50 μm, while the
surface density of craters reaches ~2 × 104 cm–2.

When irradiating the VT6 titanium alloy by one
pulse with beam energy density j ~ 1 J/cm2, microcra-
ters with a substantially smaller average size (~8 μm) are
formed on the sample surface (Fig. 2b); herewith, the
l. 60  No. 5  2019
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Fig. 1. Images of craters formed on the surface of the VT1-0 titanium alloy after the effect of one HPIB pulse (j ~ 3 J/cm2) formed
by a scanning electron microscope (SEM). (a) White arrows show single craters, and black arrows show surface defects consisting
of several craters; (b) white dashed arrows mark the “overlap” zone; (b, c) crater rings are marked by a white dashed line and
(e) white dashed arrow shows the central region of the extended defects consisting of craters.

(а) (b) (c)

(d) (e) (f)

100 µm 30 µm

30 µm 30 µm 5 µm

50 µm

Fig. 2. (a) Surface of the VT1-0 alloy after the effect (j ~ 3 J/cm2) HPIB pulse and (b) SEM image of the characteristic microcrater
formed on the surface of the VT6 titanium alloy. (a) Black arrows show banding in the arrangement of craters.

(а)
250 µm

(b)
5 µm
crater density on the irradiated surface is ~5 × 104 cm–2.
The average crater size and their surface density
increase with an increase in the pulse number to 5 and
10 (Figs. 3a, 3b), but the observed crater surface den-
sity substantially decrease in the case of 50 pulses
(Fig. 3c) (to ~103 cm–2).
RUSSIAN JOURNAL 
The crater surface density for the VT1-0 titanium
alloy, on the contrary, decreases, and pronounced cra-
ters are unobservable on the surface after the effect of
50 pulses (Figs. 3d–3f).

To date, there are various assumptions on the
nature and formation mechanisms of craters. Accord-
OF NON-FERROUS METALS  Vol. 60  No. 5  2019



EFFECT OF HIGH-POWER ION BEAMS ON THE SURFACE TOPOGRAPHY 593

Fig. 3. SEM images of the topography of titanium alloys (a–c) VT6 and (d–f) VT1-0 after the effect of 5, 10, and 50 pulses,
respectively.

(а) (b) (c)
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(d) (e) (f)
100 µm 100 µm 100 µm
ing to [15], their probable appearance mechanism is
the presence of nonuniformities of the ion beam in the
pulse, including those as the result of its lamination or
filamentation. Due to this, local melting, boiling, and
evaporation of the subsurface material layer can occur.
The ion beam nonuniformity in the pulse increases
with an increase in the current density, which in turn
conditions the rise in crater density and sizes [16–18].
When the pulse of charged particles with a density

power on the surface above 104 W/cm2 affects the irra-
diated surface, melt formation is possible in the irradi-
ation place, depending on thermal properties of the
target under irradiation. The characteristic occurrence
time of the melt is comparable with the irradiation
pulse duration (for pulses shorter than 1 ms); i.e., it is
much shorter than the crater formation time. On the
contrary, when irradiation is performed by a sequen-
tial pulse series, then “washing-off” (partial or com-
plete) of clusters appeared under the effect of the pre-
vious pulse occurs on the surface due to the effect of
the subsequent pulse of generation (Figs. 3d–3f).

The crater formation can be also associated with
the presence of gas impurities in the material and
escape of gas bubbles on the melted surface [19, 20].
However, the presence of coarse and fine porosity
filled with gases was not found in our case, and this
crater-formation mechanism is low-probable but pos-
sible in principle. This mechanism cannot be
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
excluded, but it is still not confirmed by a rigorous
experiment.

The authors of [18] proposed an HPIB model in
which it was shown using theoretical calculations that
craters can be formed at the power density in the pulse

of >1011 W/m2 due to the plasma torch formation with
the subsequent appearance of gravity waves and Richt-
myer–Meshkov instability of the plasma–melt inter-
face. This kind of crater-formation mechanism
undoubtedly can occur.

The authors of [22] experimentally studied the
internal structure of a crater on a steel surface using
the preparation method of thin foils by an ion beam
(the known cross-section procedure) and investigated
them using transmission electron microscopy. It is
shown that the subsurface crater layer is presented by
columnar grains with an average size (length) of ~2 μm
elongated along the direction to the surface, and the
grain unequiaxity coefficient (Kgu) decreases with the

shift from the periphery crater ring to its central part.
The character of the formed structure undoubtedly
evidences the occurrence of melting and ultrarapid
crystallization processes in a thin surface layer of the
HPIB-irradiated material during crater formation.

In addition to the change in surface topography, a
change in the structural state of subsurface layers of
titanium alloys due to the HPIB irradiation is revealed.
A rather homogeneous structure with Kgu ~ 2 is char-
l. 60  No. 5  2019
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Fig. 4. Structure of subsurface layers of titanium alloys (a) VT1-0 and (b) VT6 in the initial state (the grain structure in the color
gamma of the crystallographic triangle of the titanium hcp lattice according to the data of electron backscattered diffraction
(EBSD analysis) and grain-size distribution histograms for alloys (c) VT1-0 and (d) VT6 in the initial state.
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acteristic of the initial submicrocrystalline (SMC)
state of the VT1-0 titanium alloy (Fig. 4a), and the
average transverse grain size is ~0.31 μm (Fig. 4c).
This grain size for the initial SMC state of the VT6
alloy (Figs. 5a, 4d) is ~0.9 μm at Kgu ~ 1.

The grain growth is observed in the subsurface layer
of the VT1-0 alloy sample after the HPIB irradiation

with an energy density of 3 J/cm2 (Fig. 5a). Their aver-
age size in the transverse direction was ~0.54 μm after
one irradiation pulse (Fig. 5c). The grain size in the
subsurface layer of the VT6 sample after irradiation by

one HPIB pulse with j = 1 J/cm2 decreases to ~0.54
μm. Herewith, as is seen in SEM images recorded in
the relief mode, grain boundaries and their separate
grains are etched.

The average grain size in the subsurface layer after
50 pulses (Fig. 6) reaches ~2.2 μm for the VT1-0 alloy
and ~1.6 μm for the VT6 alloy. It is noteworthy that a
rather homogeneous grain structure with uniaxial
grains is formed for both alloys after one HPIB pulse.

In general, our results show that thermal and
shockwave processes appearing under the HPIB effect
can lead to a substantial change in the structure of the
surface and subsurface layers (including the materials
preliminarily treated by plastic deformation) with the
RUSSIAN JOURNAL 
formation of a microstructure more uniform in size
and with a higher degree of equiaxity of grains. HPIB
treatment opens up prospects for the controlled sur-
face engineering and formation of surface ultrafine
(UF), submicrocrystalline (SMC), or nanostructured
(NS) states with the specified grain size and improved
physicochemical properties. A change in the surface
topography due to this effect, in particular, the forma-
tion of surface defects, is rather undesirable, because
the craters can serve as stress concentrators on the sur-
face or potential sources of accelerated corrosion [15].

It should be noted that, for the controlled relief for-
mation on the surface of materials in SMC and NS
states with decreased thermal stability when it is
required to conserve the unrecrystallized microstruc-
ture of subsurface layers, the laser effect by ultrashort
(femtosecond and nanosecond duration) pulses is
best. Despite the fact that colossal values of the peak
power density can be attained under the effect of such
pulses (for example, these quantities in our experiment

are ~107 W/cm2 for HPIB and 1013 W/cm2 for the fem-
tosecond laser irradiation (FLI)), the depth of the
thermal influence zone is extremely small under such
pulse duration. No zone of the thermal influence in
subsurface layers was found in our investigations per-
OF NON-FERROUS METALS  Vol. 60  No. 5  2019
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Fig. 5. Structure of subsurface regions (SEM images) and distribution histograms of the grain size for titanium alloys (a–c) VT1-0
and (d–f) VT6 after one HPIB pulse. (a, d) Detector of backscattered electrons and (b, d) detector of secondary electrons.

(а)
1 µm

(b)
1 µm

(d)
1 µm

(e)
1 µm

0.24

0.18

0.12

0.06

0

0.2 0.4

D, µm

(c)

(f)

N
i/

N
0

0.24

0.18

0.12

0.06

0

N
i/

N
0

0.6 0.8 1.0

0.2 0.4

D, µm

0.6 0.8 1.0

Fig. 6. Structure of subsurface regions (SEM images) and distribution histograms of the grain size for titanium alloys (a–c) VT1-0
and (d–f) VT6 after 50 HPIB pulse. (a, d) Detector of backscattered electrons and (b, d) detector of secondary electrons.

(а)
2 µm

(b)
2 µm

(c)
2 µm

(d)
2 µm

0.24

0.32 (c)

0.16

0.08

0.20

0.15

0.10

0.05

N
i/

N
0

(e)

N
i/

N
0

10 2

D, µm

3 4 5

1.50.5

0

2.0

D, µm

2.5 3.0 3.5



596 ZHIDKOV et al.
formed previously for SMC VT6 and VT1-0 alloys at

close energy densities (~1 and 3 J/cm2) [23, 24].

CONCLUSIONS

(i) The surface irradiation of VT1-0 and VT6 tita-
nium alloys by the high-power pulsed beam of carbon
ions leads to the formation of surface defects in the form
of craters of various shapes and geometries with diame-
ters from hundredths of a micrometer to 80–100 μm.

(ii) HPIB treatment of submicrocrystalline tita-
nium alloys VT1-0 and VT6 causes a substantial vari-
ation in the structure of the surface and subsurface
layers with the formation of microstructure grains
more uniform in size and degree of uniaxity.
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