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USE OF SPECTROSCOPY
AND COMPUTER SIMULATION TO THE STUDY
OF SURFACES MODIFIED BY IONIC IMPLANTATION

Using X-ray Photoelectron Spectroscopy (XPS) and energy dispersion spectrometry, the phase
and elemental compositions of the nanoscale surface layer of implants are studied. The method
of determination of the optimal mode of nanoscale modification of the surfaces of metals and
alloys by means of the ionic implantation is presented. The problem of processing the curved
surfaces with mathematical calculations and a computer simulation is solved. The proposed
technique is tested on synthesized implants. The sample hardness was taken as a criterion.
K e yw o r d s: XPS, energy dispersion spectrometry, implant, nanoscale surface modification,
ionic implantation, computer simulation, hardness.

1. Introduction

There are many methods for improving the physical,
chemical, and mechanical properties of metals and
alloys, among which the most common are: thermal
treatment, metal treatment, curing, and plasma pro-
cessing. Among the most promising techniques is the
ion-beam surface treatment, in particular the tech-
nology of ionic implantation [1–15].

The technology of ionic implantation as a method
of influence on the properties of materials has several
advantages, the main among which are the absence
of a mechanical and temperature deformation of the
sample (the heating of the sample does not exceed
100 ∘C); a small amount of consumable materials; a
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significant change in the characteristics of the surface
layer up to 1 𝜇m in thickness, only; clean conditions
for the process; high bond strength of the base mate-
rial and the deposited layer of doping components.

In order to improve the characteristics of various
details, in particular, curvilinear forms (shafts, etc.),
ionic implantation technology can be recommended.

But there is a certain shortcoming of the ionic im-
plantation method. When the bombarding of com-
plex surfaces takes place, ion jets fall into areas of the
curvilinear detail at various angles. As a result, the
dose of ions deposited on different places of the sur-
face can be significantly different after the treatment.

Two possible ways to solve this problem exist: the
implantation from several sides simultaneously or the
realization of implantation process by several times
(stepwise), with the shaft rotating at a certain angle
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Fig. 1. Ionic implantation scheme

Fig. 2. A scheme for calculating the boundary angle

after each treatment. Unlike the first method, which
requires additional complex equipment (such as in the
patent [16]), the second method is easier. But then
the question about the number of revolutions of the
shaft required to achieve the optimal concentration
of ions arises. The amount of impurity (implanted)
ions in the treated material is very small, and they
don’t form crystalline compounds. Thus, it is impos-
sible to identify these metals or their compounds by
traditional methods such as XRD [17–20].

The main aim of the work is related to the investi-
gation of the surface of implants, the determination
of the optimal parameters of ionic implantation of a
curvilinear surface by a shaft example and the prac-
tical verification of the obtained results.

As a result, it is necessary to solve the following
tasks: to determine of the optimal concentration of
ions of the surface brush implant, to determine of
the limiting angle of rotation of the shaft using a
computer simulation, to realize of shafts of different
grades of steels, to study of elemental and phase com-

positions of the sample surface layer, to determine of
the hardness of the modified surface of the implants.

2. Nanoscale Layer Formation

The synthesis of implants was carried out by the ionic
implantation with a preliminary surface preparation
by means of the cleaning in an ultrasonic device by
the following algorithm.

In a vacuum chamber, using an electromagnetic
field inside the source, a nitrogen plasma (Fig. 1) was
created, and its ions bombard the target. The metal
ions (Ti) emitted by the target are directed from the
target to the treated surface.

The process was carried out in vacuum at a volt-
age of about 20 kV between the source of ions and
an implant. The analysis of the literature data [6–8]
showed that the optimal fluence (dose of implanta-
tion), by which the physical and mechanical charac-
teristics are maximally improved, is equal to 1017–
1018 ions/cm2. Therefore, for the treatment of sam-
ples, a dose equal to 5×1017 ions/cm2 and an hourly
synthesis time were used.

3. Research Methodology

The research of samples by the X-ray photoelectron
spectroscopy was carried out using a spectrometer
equipped with a hemispherical analyzer (SES R 4000,
GammadataScienta). The effective depth calculated
for the carbon matrix was 1.0÷1.2 nm. These values
cover 95% of photoelectrons leaving the surface. The
accuracy of the quantitative XPS analysis is approxi-
mately 3%. The spectra were analyzed and calculated
using the CasaXPS 2.3.10 software.

In addition, the study of the surface of samples was
carried out using a Philips CM 200 energy dispersion
spectrometer, which permits one to determine the el-
emental composition of the surface layer on the depth
up to 1 𝜇m.

Theoretical determination of the concentration of
ion implants on the sample was executed using the
program “RIO” [21]. The RIO program has a number
of important advantages: it accounts for the actual
composition of components, their diffusion, and al-
lows one to predict the concentration profiles and the
depth of penetration of the treated surface and asso-
ciated ions with regard for the sequence of their pen-
etration. The calculation was based on the Linhard–
Scarf–Shiotte model, and the shielding parameter was
taken according to the Thomas–Fermi model.
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Fig. 3. Results of the analysis on an energy dispersion spectrometer: initial steel (a), steel
with implanted titanium (b)

The limiting angle of the curvilinear sample (shaft)
during the implantation was determined using math-
ematical calculations.

Since the implantation results depend essentially
on the angle at which the ions fall into the surface,
geometric calculations can be used (Fig. 2).

In Fig. 2, directions BA and BC are separated ion
flow jets, falling at 90∘ and 𝛼 angles to the surface,
respectively. The angle 𝛼 is the marginal angle for
processing conditions.

Given the angle 𝛼, the number of shaft revolutions
during the implantation can be calculated as

𝑛 =
180∘

90∘ − 𝛼− arcsin
(︀(︀

𝑑
2 cos𝛼

)︀
/
(︀
𝐿− 𝑑

2

)︀)︀ . (1)

The obtained results were checked by measuring
the hardness of the surface layer by the Vickers
method with the help of the combined hardness meter
“NOVOTEST T-UD” and with translation of values
on the Brinell scale.

4. Data Processing
and Discussion of Results

The results of microanalyses of the samples based on
steel 12Cr18Ni10Ti by means of an energy dispersion
spectrometer show that the surface composition of
the initial sample of the carrier corresponds to its
nominal composition (Fig. 3, a).

The implantation of titanium accompanied by an
increase of the intensity of the Ti 𝐾𝛽 line and leads
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Fig. 4. XPS spectra of the steel with titanium

Fig. 5. Distribution of ions over depth

to the appearance of a new 𝐿𝛼 line at 0.74 keV
(Fig. 3, b), which confirms the fact of the titanium
introduction in the support (steel) and predictes that
the titanium introduced onto the surface can exist in
other compounds than that of the original sample.

To the determination of the nature of compounds
which can be present on the surface of aa nano-
dimensional layer of the synthesized composite, the
analysis [9] of the surface composition was performed
by means of XPS (Fig. 4).

The XPS spectra of titanium for the implant
demonstrate the presence of two doublets with peaks
from 2𝑠3/2- and 2𝑝1/2-electrons (Fig. 4). The bind-
ing energy of the 2𝑝3/2 electrons of the first of the
peaks (457.9 eV) and the splitting energy constant
(5.3 eV) are characteristic of the surface groups of
titanium nitride bound to oxygen [22] or titanium

oxynitride. (The splitting constants of TiO2 and TiN
are equal to 5.7 eV and 4.8 eV, respectively). For the
second peak, the BE of Ti 2𝑝3/2 electrons which is
equal to 460.3 eV and splitting constant – 4.8 eV cor-
respond to the presence of titanium nitride. The ratio
of the intensities of the peaks permits us to deter-
mine that, on the surface of the synthesised sample,
40% of titanium oxynitride and 60% of titanium ni-
tride are present. The formation of titanium oxyni-
tride is confirmed by the presence of a low-energy
peak (400.2 eV) in the spectrum of O 1s-electrons
and a high-energy peak (527.6 eV) in the spectrum
of N 1p-electrons, which shows the electron density
transfer N→O.

As mentioned earlier, it is necessary to control the
concentration of titanium ions on the surface, which
is achieved using the boundary angle of implantation.

In order to find the boundary angle, the required
concentration of ions from the target on she surface
has been determined. Using the program “RIO” [21],
the concentrations of ions for the fluence were deter-
mined to be 5 × 1017 ions/cm2 (Fig. 5).

Therefore, when machining, it is necessary to rotate
the shaft in such a way that the concentration of the
target metal ions (4÷5 × 1022 ions/cm2) is not less
than at a depth of 0 nm.

Then the research for different angles of the ion
fall, base materials and various target metals were
used (Fig. 6).

It was taken into account that, during the rota-
tion, a part of the surface will be implanted twice,
that is, the surface will receive the double number of
ions. Therefore, the boundaries of the site must re-
ceive ions at one time so that their concentration is
not less than a half of that observed at 90∘.

It was established that, regardless of the main ma-
terial (steel 50, CrNi3A steel, etc.), the character of
the ion penetration is the same. In this case, the steel
composition almost does not affect the numerical val-
ues of the dependence of the ion concentrations on
the angle of rotation. This is probably due to the fact
that the penetration of ions is mainly influenced by
iron, which is the basis of all steels. In particular, for
50 and CrNi3A steels (Fig. 6), the half concentration
is observed at an angle of 41∘ and 41.5∘, respectively.

Given the data obtained, the distance between the
ion source and the sample (𝐿 = 1 m), and the diame-
ter of the shaft (𝑑 = 25 ma), we calculate the optimal
number of turns.
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a b
Fig. 6. Dependence of the concentration of ions in the surface layer of samples on the angle
of incidence of the titanium ions: a – in steel 50, b – in CrNi3A

Fig. 7. Dependence of the ion concentration in the surface layer of the sample on the angle
of rotation for the double implantation

Thus, the following optimal number of turns of a
curvilinear detail of a shaft is obtained: 𝑛 = 3.6–3.7.

Consequently, regardless of the material of the
base, the number of turns during the implantation
of titanium in order to improve the physical and me-
chanical characteristics should be 4.

The theoretical verification of the findings is shown
in Figs. 7 and 8.

The graph in Fig. 7 shows the lack of a double-
sided implantation, since the maximum concentration
of ions exceeds the minimum by more than twice.

On the other hand, if you rotate the shaft and
implant it four times according to the formula ob-
tained in the study, the result will be perfectly sat-
isfied (Fig. 8). The concentration ratio in this case is

approximately 1.25. In this case, the minimum value
is equal to the optimal according to fluence.

In order to verify the received technique in practice,
implants with titanium ions were synthesized on the
basis of Steel 50 and 12Cr18Ni10Ti – steels of two dif-
ferent classes. The implantation was performed three
times, that is, at a marginal angle of 60∘.

In both implants, the hardness of the result-
ing nano-sized layer was investigated (Figs. 9 and
10). Hardness measurements did not have a specific
starting point. The main condition was the study of
the full circumference of the shaft.

According to experimental data, the hardness
varies cyclically and has 3 maxima, which corre-
sponds to the theoretical ion concentration profiles.
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Fig. 8. Dependence of the ion concentration in the surface layer of the sample on the
angle of rotation at the four-time implantation

Fig. 9. Dependence of the hardness of the surface layer of
steel 12Cr18Ni10Ti on the angle of rotation at the three-time
implantation

Fig. 10. Dependence of the hardness of the surface layer of
steel 50 on the angle of rotation for the three-time implantation

Obviously, the same picture is observed regardless
of the steel grade.

However, as it was previously predicted by the for-
mula, three turns are not enough, since there is a
significant difference in hardness values over one rev-
olution (for steel – 12Cr18Ni10Ti 290–245 HB, for

steel 50 – 265–229 HB). The above indicates the cor-
rectness of the calculated assumption that the opti-
mal number of revolutions is four.

5. Conclusion

According to the spectral studies, the presence of
titanium ions in the surface layer in various com-
pounds was established. The optimal concentration
of ions, which provides the maximum improvement in
the physical and mechanical characteristics of the ini-
tial steels, was determined. The boundary angle and
the minimum number of shaft revolutions that pro-
vide the required characteristics are determined. It
is shown that these values of the rotation angle for
steels 50 steel and CrNi3A steel are not significantly
different.

The dependences of the concentration of ions in
the surface on the number of shaft rotations are sim-
ulated, and the minimum number of treatments is
determined.

Implants which are based on various grades of steel
were synthesized. It is shown that the hardness val-
ues significantly depend on the material of a shaft
(steel grade). It was established that the nature of
the dependence of the hardnesses of steels 50 and
12Cr18Ni10Ti on the number of turns coincide with
the prediction of the model.

Thus, the developed algorithm can be used for var-
ious alloys and steels. Moreover, for materials of a
similar composition, for example, for steels of the
same group, the determination of the optimal mode
can be simplified, given the closeness of their bound-
ary angles. The results obtained are relevant in the
field of particle technology and promising in terms of
optimizing the production of materials with desired
properties.
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ВИКОРИСТАННЯ СПЕКТРОСКОПIЇ
ТА КОМП’ЮТЕРНОГО МОДЕЛЮВАННЯ
ДЛЯ ВИВЧЕННЯ ПОВЕРХОНЬ,
МОДИФIКОВАНИХ IОННОЮ IМПЛАНТАЦIЄЮ

За допомогою рентгенiвської фотоелектронної спектроско-
пiї (X-ray Photoelectron Spectroscopy (XPS)) та енергетично-
дисперсiйної спектрометрiї дослiджено фазовi та елемен-
тарнi композицiї нанорозмiрного поверхневого шару iмп-
лантатiв. Представлено метод визначення оптимального
режиму модифiкацiї нанорозмiрних поверхонь металiв та
сплавiв iонною iмплантацiєю. Розглянуто обробку криво-
лiнiйних поверхонь на основi математичних розрахункiв
та комп’ютерного моделювання. Запропонований пiдхiд ви-
пробовано на синтезованих iмплантатах. В якостi критерiю
було взято твердiсть зразкiв.

Ключ о в i с л о в а: XPS, енергодисперсiйна спектрометрiя,
iмплантат, нанорозмiрна модифiкацiя поверхнi, iонна iм-
плантацiя, комп’ютерне моделювання, твердiсть.
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