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PROPERTIES OF STEEL
MODIFIED BY SURFACE ION
IMPLANTATION WITH Mo, Ti, AND Al

Modification of metals by a surface treatment is one of the first problems of modern mate-
rials science. The use of ion-plasma technologies for a modification of initial specimens, in
particular, by ion implantation, for this purpose can be considered a promising solution. We
study the microstructure, phase and elemental compositions, wetting forces, and electrical
properties of steel with implanted ions of titanium, aluminum, and molybdenum. The results
obtained by means of XRD, XPS, optical microscopy, and laboratory experiments show sig-
nificant differences between the treated and untreated specimens. The modification of metal by
ion implantation causes changes in the wettability and electrical characteristics and indicates
the prospects of this technology for mechanical engineering, chemical, food, pharmaceutical
industries, for the construction of structures and vehicles, including their work under severe

atmospheric conditions.
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1. Introduction

Nowadays, more and more scientists and industrial-
ists focuse their efforts on the finding of new materials
and modification of existing ones. Many studies con-
sidered the physical and chemical characteristics of
metals, since the topic of a change in surface proper-
ties is very relevant in our time. In this case, varios
methods of surface modification are widely used. One
of these methods is the ion implantation which offers
not the application of an additional layer, but the
introduction of ions directly into the surface layer [1—
5|. In particular, it was shown in [1] that the implan-
tation of molybdenum into ball-bearing steel leads
to a decrease in the coeflicient of friction. Wear on

© S.0. KRYVORUCHKO, A.O. KRYVORUCHKO,
V.V. HONCHAROV, V.0O. ZAZHIGALOV, 2022

292

steels with implanted nitrogen and titanium is re-
duced. In this direction, the use of ion-plasma tech-
nologies can be considered as promising. In [2—4], re-
sults on changes in the surface microrelief of met-
als and alloys are presented. This occurs due to the
bombardment of them with ions of nitrogen, molyb-
denum, etc. and leads to a change in mechanical char-
acteristics. In addition, the author of work [3] recom-
mended an implantation fluence close to 108 cm ™2
for the optimal modification of the material.

According to studies [4], the implantation with a
fluence of about 10'® cm™2 not only changes the sur-
face microgeometry of steels, but also increases their
microhardness by several times. Implantation of ni-
trogen with a fluence of the order of 10’7 cm~2 im-
proves the chemical stability of titanium in liquid me-
dia [5].
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Hereby, the ion implantation allows one to change
the surface structure, its roughness and elemental
composition, which has a significant influence on the
physical and chemical properties of the surface and
bulk of the material. An important advantage is that
the ion implantation permits one to change substan-
tially physical and chemical properties without affect-
ing the shape and size of the structural element.

Protection of metal structures, cars, and people
from lightning strikes is an urgent problem today, be-
cause the existing protection systems cannot provide
the absolute protection against lightning. Lightning
rods often work under conditions of high humidity
and in the direct contact with water. Therefore, it
is important to study the properties of lightning rod
materials under conditions of their wetting as such. A
number of works, in which this problem was stud-
ied [6-10], confirm its relevance. However, there are
practically no articles with the results of the stud-
ies of physical and chemical characteristics such as
the wetting of implanted specimens. Therefore, the
present work is devoted to studying the properties
of specimens treated by the ion implantation in the
aspect of their use as atmospheric materials.

2. Method of Synthesis of Speccimens

The specimens were synthesized by ion implantation
using the technology of the introduction of ions into
the surface of a material due to the acceleration in
the electric field.

The generation of ions occurs at the source by
crossed electric and magnetic fields. The ion implan-
tation installation (Fig. 1) consists of a vacuum cham-
ber, an ion source, a vacuum unit, a vacuum pump,
a high-voltage source, a control panel, a cooling sys-
tem, a discharge stabilization system, cylinders with
a working gas, vacuum meters and valves.

The accepted doping dose was 4-+5x 1017 ions/cm?.
It is achieved by the processing for an hour at an
operating voltage of about 20 kV. The preliminary
preparation of the specimens was performed in an
ultrasonic cleaning device.

The process takes place in a vacuum; so, the ma-
terial does not undergo a thermal deformation. Nit-
rogen is used as the working gas to generate the tar-
get ions.

Therefore, as a result of the processing, the steel
specimens (foil of steel 12Cr18Nil0Ti, briefly SS),
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Fig. 1. Appearance of the research installation

which contained base ions, nitrogen and target ions
(Mo, Ti, and Al, respectively briefly Mo/SS, Ti/SS,
and Al/SS) are synthesized. The expected depth of
the modified nanoscale layer does not exceed 1 pym
[11], and it does not significantly affect the weight
and size of the specimens.

3. Research Methodology
and Results of the Processing

The ion implantation affects the topography and sur-
face composition. That’s why the morphology and el-
emental composition are studied.

To analyze the surface phase composition for the
specimens treated by the ion implantation, the me-
thod of low-angle X-ray scattering with 2D X-ray Ri-
gaku was used. The incident radiation was recorded
at an angle of 5°, with an exposure of 10 min.

An instrumental microscope and the Gwyddion
program are used to study the morphology of the
specimens [12].

The investigation of the elemental composition of
the surface of specimens by X-ray photoelectron spec-
troscopy is performed on a spectrometer equipped
with a hemispherical analyzer (SES R 4000, Gam-
madata Scienta) and calibrated according to ISO
15472: 2001. The spectra are calibrated along the
line of C 1s electrons with an electron binding energy
of 285 eV.

The wetting ability of the four specimens (initial
stainless steel and specimens treated by the ion im-
plantation with Mo, Ti, and Al ions) are tested using
a spring device that determines the force of separa-
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Fig. 2. Appearance of a research installation for studying
the wetting by a separation force (a) and the gravimetric
method (b)

tion from the liquid (Fig. 2, a) and the gravimetric
method with a multifunctional digital Scale DP — 01
(Fig. 2, b).

4. Results and Discussion

The XRD-results of studying the phase structure of
the surface layer showed the presence of the austenitic
phase only in both the initial specimen and speci-
mens treated by the ion implantation. This may indi-
cate the absence of pronounced crystalline structures
(amorphous layer) in the upper layer of the material
formed by implanted ions (Fig. 4, a, b), as confirmed
by data from works [13-15].
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Despite the impossibility to identify implanted ions
using XRD-analysis, the optical studies showed sig-
nificant changes in the microstructure of the steel sur-
face (Fig. 5).

From micrographs (Fig. 5, a), it is seen that
the original steel has a pronounced roughness. This
roughness is noticeably smoothed out for the speci-
men treated with aluminum ions (Fig. 5, ¢). The spec-
imens treated by the ion implantation with molyb-
denum and titanium have a smooth surface, but
also have distinctive large cavities. Moreover, in the
Mo/SS specimens, this effect is most pronounced
(Fig. 5, b, d).

The determination of the changes in the elemen-
tal composition of the surface layer was performed
by the XPS analysis. The XPS results show that, in
the original (raw) steel, all components are present in
the form of pure elements and their oxides. A similar
situation is observed for Mo/SS, where the surface
layer contains MoOgs. At the same time, the spec-
imens treated by the ion implantation with lighter
impurity ions (Al and Ti) represent a higher scien-
tific interest (Fig. 6). Based on the bond energies and
the splitting constant values [16], nitrides and oxyni-
trides are formed in metals in addition to oxides in
the indicated specimens. The presence of nitrogen in
the compounds can be explained by its presence in
the plasma, with the help of which the ion flow is
generated.

Thus, the ion implantation leads to changes in
the microstructure and elemental composition of
the thin (nanoscale) surface layer, which should af-
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Fig. 4. The XRD-data of: initial specimens and Al/SS (a),
Mo/SS (b)

Table 1. Wetting force

Speci Elastic|Specimen |The wetting|Specimen| Specific

P force, | weight, force, area, wetting
mens

mN mN mN mm?  |force, N/m?

SS 12.437| 1.668 10.769 291.4 36.9
Ti/SS [13.473| 0.981 12.492 230.6 54.2
Al/SS |14.510| 3.139 11.371 414.6 27.4
Mo/SS| 9.557| 1.274 8.283 107.2 65.4

fect the physical and chemical properties of the
treated metals.

The study of physical and chemical properties,
namely the wetting, showed that the properties of the
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Fig. 5. The morphology of: SS (a), Ti/SS (b), Al/SS (¢),
Mo/SS (d)
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Fig. 6. The XPS-data of: Al/SS (a), Ti/SS (b)
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Fig. 8. Distance of equal effects of wetted specimens

Table 2. Discharge frequency

Speci- Distance (mm)
mens

9 10 11
Al/SS | Continuous lightning | Continuous lightning | 53
Ti/SS | Continuous lightning 33 2
SS 22 discharges 0 0

specimens treated by the ion implantation and those
of the initial steel are significantly different.

At first, it is established that the wetting forces
for the treated and untreated steels are different (Ta-
ble 1).
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As was predicted previously, Mo/SS and Ti/SS are
close in properties.

However, Al/SS has the opposite effect, while
Mo and Ti show a better wetting (greater wetting
force than the original steel), and Al/SS is wetted
worse.

Moreover, considering that the electrical proper-
ties depend also on the distribution of charges (ions)
in the surface layer, the breakdown was studied for
Al/SS and Ti/SS.

It is found that the specimens with aluminum
ions continue to work at a greater distance from the
spark gap than the specimens with titanium ions
(Fig. 7).

This may be due to a higher concentration of
charges on the Al/SS surface, which is confirmed
by the determination of the generation distance for
the first (initial, channel-forming) discharge (noise ef-
fects). We note that, in the specimens with Al the
crackling begins at a greater distance.

The specimens treated by the ion implantation also
show a greater efficiency than the initial specimen by
depending on the frequency of discharges (Table 2).

With the simultaneous inclusion of two specimens
treated by the ion implantation after the water sup-
ply, the first discharge occurred on Al/SS. Then the
intense beats were observed for both specimens. But
after some time, the more powerful bits occurred
only on Ti/SS. Only one lightning was observed
on Al/SS.

Probably, such changes in the behavior are asso-
ciated with the evaporation of water on the speci-
mens. On Al/SS, water is much more effective than
on Ti/SS. But after the evaporation, the discharges
almost completely switch to the titanium-implanted
surface.

This hypothesis is confirmed by the determination
of the distance at which the wetted specimens work
identically (Fig. 8).

In these experiments, the active discharges oc-
curred within 1.5 min. It is worth noting that the
results hold during repeated repetitions and inspec-
tions. Breakdowns on the treated steel occurred much
more often than on the untreated one. Titanium
yields to aluminum during the tests with maxi-
mum distance. But, with the simultaneous connec-
tion, lightning strikes it more often than Al/SS, even
at a greater distance from the arrester.
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5. Conclusions

We have synthesized the specimens with ions of alu-
minum, molybdenum, and titanium that are based
on stainless steel. It is shown that the ion implan-
tation significantly changes the state (microstructure
and composition) of the surface layers of the spec-
imens. The microrelief is smoothed, and the com-
pounds of target ions with nitrogen are formed in
the surface layer. The wetting force is determined
and compared for treated and untreated steels. It
is found that the wetting force acting on the sur-
face layer of the treated specimens significantly ex-
ceeds that for the original ones. It is shown that
the specimens with Mo, Ti, and Al ions differ by
their electrical properties and have significant ad-
vantages over the untreated steel. The breakdown
frequency, force, and discharge time for the speci-
mens with titanium and aluminum ions are found
to be higher than for those from the untreated
steel. It is practically established that the wettability
of specimens affects their behavior under discharge
conditions.

Considering that ion treatment, according to liter-
ature data, improves the mechanical (hardness, wear
resistance, friction coefficient, etc.), chemical (corro-
sion resistance, adhesion) and geometric (roughness,
number of surface defects, microrelief shape) char-
acteristics of materials and directly, as is shown in
this work, affects the wettability and electrophysi-
cal properties. The above results indicate the promis-
ing use of the ion implantation as a finishing treat-
ment, when creating materials for electrical devices
which operate in chemically active media, for ex-
ample, for the lightning protection devices. Such ad-
vantages of the ion implantation as the possibility
of any target-substrate combinations, small quan-
tity of consumables, low temperature, and control-
lability of the process make it competitive in com-
parison with other technologies used for a modi-
fication of materials. Varying the processing mode
makes it possible to predict properties of the ma-
terial for the use in shipbuilding, mechanical en-
gineering, etc. and creates prospects for a further
research.

1. J.M. Pout. Modification and Alloying by Laser, lonic
and Electron Beams. Edited by Dzh.M. Pout, G. Foti,
D.K. Dzhekobson (Mashynostroenie, 1987).

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 4

10.

11.

12.

13.

14.

15.

16.

. L.B. Begrambekov. Surface Modification of Solids at the

Ionic and P’asma Actions (Moscow Eng.-Phys. Institute,
2001) (in Russian).

. B.A. Kalin. Radiation-beam technologies of processing

of structural materials. Fizi. Khim. Obrab. Mater. 4, 5
(2001).

. N.Yu. Bogdanov. Nanostrubturization of Metallic Mate-

rials by Intense Ion Beams, Thessis (Bauman Moscow
Techn. Univ., 2008) (in Russian).

. T.R. Rautray, R. Narayanan, KH. Kim. Ion implantation

of titanium-based biomaterials. Progr. Mater. Sci. 56 (8),
1137 (2011).

. Chi-Vinh Ngo, Doo-Man Chun. Fast wettability transition

from hydrophilic to superhydrophobic laser-textured stain-
less steel surfaces under low-temperature annealing. Appl.
Surf. Sci. 409, 232 (2017).

. C.-J. Xuan, Z. Zhao, P.G. Jénsson. Wettability and corro-

sion of spark plasma sintered (SPS) ZrN by liquid iron and
steel. J. Bur. Ceram. Soc. 36 (10), 2435 (2016).

. A.D. Zimon. Adhesion of Liquids and Wetting (Khimiya,

1974) (in Russian).

. B.D. Summ. Wetting hysteresis. Soros. Obr. Zh. 7, 98

(1999).

W. Barthlott, M. Mail, B. Bhushan, K. Koch. Plant sur-
faces: Structures and functions for biomimetic innovations.
Nanomicro Lett. 9, 23 (2017).

A.A. Cherny S.V. Maschenko, V.V. Honcharov, V.A. Za-
zhigalov. Nanodimensional layers on stainless steel surface
synthesized by ionic implantation and their simulation. In
Nanoplasmonics, Nano-Optics, Nanocomposites, and Sur-
face Studies, Springer Proceedings in Physics. Edited by
O. Fesenko, L. Yatsenko (Springer, 2015), Chap. 12.

Gwyddion — Free SPM (AFM, SNOM/NSOM, STM,
MFM, ...) data analysis software //Web Gwyddion:
http://gwyddion.net/.

J. Dudognon, M. Vayer, A. Pineau, R. Erre. Grazing
incidence X-ray diffraction spectra analysis of expan-
ded austenite for implanted stainless steel. Surf. Coating
Techn. 202 (20), 5048 (2008).

J. Dudognon, M. Vayer, A. Pineau, R. Erre. Mo and Ag
ion implantation in austenitic, ferritic and duplex stainless
steels: A comparative study. Surf. Coating Techn. 203 (1),
180 (2008).

P. Stefanov, D. Stoychev, A. Aleksandrova, D. Nicolova,
G. Atanasova, Ts. Marinova. Compositional and struc-
tural characterization of alumina coatings deposited elec-
trochemically on stainless steel. Appl. Surf. Sci. 235 (1-2),
80 (2004).

XPS Data Base. THERMO Electron France Les Mimosas,
16 Av. du Quebec SILIC 765, 91963, COUTRABOEUF
CEDEX, 175 p.

Received 09.01.20

297



S.0. Kryvoruchko, A.O. Kryvoruchko, V.V. Honcharov et al.

C.0. Kpusopyuro, A.O. Kpusopyuro,
B.B. I'owwapos, B.O. astcuzanos

JOCJILAXKEHHA XAPAKTEPMCTUK
HAHOPO3MIPHUX IHIAPIB IMITJIAHTATY ¥V CTAJII

Mopudikariisi MeTaJjiB HOBEPXHEBOIO OOPOOKOIO — OfHA 3 IEep-
mux mpobJieM CydaCHOrO MaTepiajlo3HABCTBA. BUKOpHCTaH-
Hs 1OHHO-IJIA3MOBHUX TEXHOJIOTIH, 30KpeMa 10HHOI iMIIaHTa-
mil, ajs 1€l MeTH MOXKHa BBayKaTH IIEPCIEKTHUBHUM pillleH-
vsaM. [IpoBeseHo HocTiaKeHHsT MIKPOCTPYKTYpH, (Hha3oBOro Ta
€JIEMEHTAPHOT'O CKJIa 1y, CUJI 3MOYYBAaHHS Ta €JIEKTPUIHUX BJIa-
CTUBOCTEH CTaji 3 IMIJIAHTOBAHUMHY 10HAMHU THUTAHY, aJIIOMiHiIO
Ta Moni6aeny. Pesynbsratun XRD, XPS, onTu4unol MiKpocKoOmil
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Ta 1ab0paTOPHUX EKCIIEPUMEHTIB IIOKA3aJIM 3HaYHI BiIMIHHOCT1
Mik 06pobJieHMMEU Ta HeoOpobaeHnMY 3paszkamu. Momgudikaris
MeTaJly HLISAXOM 10HHOI iMmtanTaril Ta, sIK HACJIiZOK, 3MiHHA
3MOYYBaHOCTI Ta €JIEKTPUYHUX XapPaKTEPUCTUK CBig4aTh PO
[IepCIEKTUBH Ii€l TexHosoril B MamnHOOy yBaHHI, XiMidHii,
Xap4oBiii, (papMaleBTUYHIN IPOMUCIOBOCTI, JJist OyAiBHUIITBA
KOHCTPYKIIiif i TpPaHCIOPTHHX 3ac00iB, y TOMY 4YHCJI 1151 pO6O-
TU B CKJIQJIHUX aTMOC(HEPHUX yMOBaX.

Katrwwoei caoesa: XPS, XRD, immnanrar, momudikaris
HAHOPO3MIPHUX IIOBEPXOHb, IOHHA IMILIAHTAIls, CHJIa 3MO-

IYBaHHAA.
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