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Abstract: In this work, the corrosion resistance of AISI 321 stainless steel is increased through. the
two-stage implantation of oxygen ions and of both aluminum and boron ions together. During
ion implantation, a modified layer with a thickness of about 200 nm is formed, which affects the
properties of material. The increase in corrosion resistance is confirmed by prolonged acid corrosion
tests at pH 3.5 and by accelerated electrochemical tests using a potentiostat. The corrosion rate of
the implanted sample is 0.708 pA/ cm?, in contrast to the non-implanted sample (1.26 pA/ cm?). The
modified surface layer is examined using X-ray photoelectron spectroscopy (XPS), secondary-ion
mass spectrometry (SIMS), and transmission electron microscopy (TEM). Aluminum and boron are
implanted to a depth of more than 250 nm. It is found that the modified surface of the stainless
steel substrate contains oxides of implanted ions (Al,O3) and oxides of substrate ions (Cr,O3 and
NiCrzO4).

Keywords: ion beam implantation; stainless steel; corrosion resistance; implanted ions of O, B, and Al

1. Introduction

Stainless steel is in high demand in the production of equipment for the petrochemical,
transport, engineering, processing, and food industries. Chromium-nickel stainless steel
occupies a leading position among special structural materials due to its good resistance to
aggressive media. However, continuous sour service of the steel, combined with mechanical
stress or temperature, sharply reduces its resistance to corrosion. Various methods of
surface treatment are used to increase the corrosion resistance of stainless steel.

The most common methods of protection of steel products are in-process alloying, the
introduction of corrosion inhibitors, cathodic protection, and the formation of an inert layer
that insulates the substrate material and prevents it from dissolution by applying special
pastes, gels, varnishes, paints or other resistant materials [1,2]. These layers formed on the
surface to protect against corrosion are called protective coatings. They not only prevent
corrosion, but also provide additional physical and chemical properties (wear resistance,
electrical conductivity, etc.). The necessary properties of all types of coatings are high
adhesion, continuity, and resistance to aggressive media. A protective layer can be formed
on the surface by various methods: electrochemical [3,4] and chemical ones [5,6], thermal
diffusion [7,8], laser cladding [9,10], magnetron sputtering [11-15], plasma deposition [16],
ion implantation [17-21], etc.

Ion implantation has been known for a very long time [22-24] and is still one of
the ways to modify materials [25]. Ion implantation improves the physical and mechani-
cal properties of the material surface (hardness, heat resistance, wear resistance, fatigue
strength, corrosion resistance, etc.) [20,26-30]. The main advantages of ion implantation
include the absence of adhesion problems [31] (since ions are implanted into the material
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at an energy of about 106 eV) and no influence on the geometric dimensions of workpieces,
which is relevant for cutting tools or threaded joints [32]. Ion implantation is especially
effective for the corrosion protection of products made of high-strength materials, whose
strength properties are worsened by the standard thermochemical treatment.

The choice of materials for ion implantation is the most important factor. This treat-
ment should improve the physical and chemical properties of the resulting material. It is
known that boron increases the hardness and wear resistance of materials [33-36]. The
boriding of steel to increase its corrosion resistance is carried out in various ways, and the
thickness of the resulting layer often exceeds 20 um [34,37—40]. The introduction of even
a small amount of boron reduces the rate at which carbides coarsen. Thus, in stabilizing
the steel microstructure [41], boron prevents the intergranular corrosion characteristics of
stainless steels [42]. Boron implantations lead to a significant reduction in the oxidation
rate of a substrate [43].

The authors [44] have shown that the fracture toughness increased and scratch test
results revealed an improvement in the tribological behavior of the oxygen implanted
surface compared to the un-implanted substrate, and that oxygen ion implantation slightly
improved high-temperature oxidation resistance. The ion implantation of O+ ions gives
optimal results in terms of a reduction in localized and general corrosion, the surface is
demonstrated to undergo intense oxidation to a depth of >20 nm, which contributes to the
formation of corrosion-resistant mixtures [45]. Oxides of the substrate material are formed
during the implantation of oxygen ions [46]. The formation of oxide layers and various
adsorbed oxygen species contributes to the transition of the surface to a passive state [47].

Aluminum implanted into the material forms aluminum oxide, Al,O3, on the surface,
which not only promotes corrosion resistance in aggressive media [48-50] but also increases
thermal stability [51,52]. Al implantation can enhance the wear resistance of alloy. The
dramatically improved corrosion resistance is considered to result from the formation of a
large amount of Al,Oj3 [53]. In addition, aluminum oxide formed in surface layers has no
interfaces with the substrate and excludes adhesion problems [54].

Aluminum films were doped with boron to increase their hardness [55]. It was
shown [56,57] that the Al-B-based coatings have increased hardness and wear resistance.

The present paper deals with the combined effect of aluminum, boron, and oxygen im-
plantation on the corrosion resistance of the stainless steel without changing the geometric
dimensions. The effectiveness of ion implantation against corrosion was established in ref-
erences [17,20,45], but the chemical changes occurring in surface layers during implantation
and that increase corrosion resistance are poorly understood.

The aim of the present work is to study the technological features of the implantation
process associated with the sequence of ion implantation on the physical and chemical
structure of the implanted surface layers and the corrosion behavior of the material.

2. Materials and Methods

The material chosen for investigation is sheet stainless steel 12Cr18Nil10Ti (analogous
to AISI 321) of the composition 1.12 wt.% Si, 9.69 wt.% Ti, 0.65 wt.% Mn, 16.99 wt.% Cr,
9.57 wt.% Ni, and 61.9 wt.% Fe, which has the thickness 1 mm. Specimens measuring
10 mm X 10 mm are cut from the steel sheets. Surface roughness is analyzed using an
Alpha-Step 1Q Surface Profiler (HRP 350 series, KLA-Tencor, Milpitas, CA, USA).

Before implantation, the specimens are mechanically ground and mirror-polished to
achieve the average roughness Ra = 0.10 + 0.01.

Ion implantation is performed using a UVN-05MD KVANT vacuum unit (Elektronvak
Ltd., Tomsk, Russia) equipped with the Diana and Dionis implanters. Dionis is used for
implantation of gas ions. Diana is used for implantation of metal ions with the use of an
appropriate target. Ions used for implantation are Al*, B*, and O*. Oxygen implantation is
carried out using the Dionis implanter. Aluminum and boron are implanted simultaneously
using the mosaic target in an inert gas atmosphere in the Diana implanter. The target for
aluminum and boron implantation is composed of an aluminum-based alloy (99 at.%
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Al), with cylindrical pins of 96.999 at.%. pure boron (Russia). The ion implantation is
performed in two steps. Oxygen implantation is followed by the simultaneous implantation
of aluminum and boron. The implantation modes used at these two stages are presented in
Table 1.

Table 1. Modes of the O/ Al-B ion implantation on the steel surface.

Mode Parameters Stage I Stage 11
Installation Dionis Diana
Implanted ions ot Al*B*
Gas 02 N2
Target - Al-B
Residual pressure, A 1x10°8 1x 1078
Gas pressure, A 1x 106 1x 1077
Emission current, mA 100 -
Beam current, mA 15 300
Accelerating voltage, kV 10 40 = 80
Implantation dose, ion/ cm? 1 x 1018 4 x 1017

Corrosion resistance is tested in a CSS-2 salt spray chamber (HTCUALI Bashkortostan,
Ufa, Russia) in an acidic medium for a month with the periodic measurement of the spec-
imen weight. The corrosion current is estimated from the Tafel current-voltage curves
obtained using a P-45X potentiostat (Electrochemical Instruments, Chernogolovka, Russia).
Polarization measurements are carried out at room temperature (25 °C) under static condi-
tions (without aeration) using the three-electrode system involving an Ag/AgCl electrode
(4.2 M). The sea salt solution (3.5 wt.% NaCl) is chosen as the corrosive medium. The
measurements are performed in the potentiodynamic mode at the linear potential sweep
rate 1 mV/s; the potential varies from —800 to 800 mV. Before measurements, the specimen
is held in the solution for at least 30 min to reach the equilibrium potential.

Surface analysis is carried out by X-ray photoelectron spectroscopy on a Thermo
Electron Escalab 250 Spectrometer (Thermo Scientific, Waltham, MA, USA) using the
monochromatic AlIKx X-ray source (1486.6 V). The base pressure in the analytical chamber
is maintained at 10~° Mbar. The spectrometer is calibrated using the Au 4f 7/2 peak at
84.1 eV. The X-ray beam angle is 90°, and the X-ray spot size is 500 um. Survey spectra
are recorded with the X-ray energy 100 eV and step 1 eV. High-resolution C1s, Ols, Fe2p,
Cr2p, Ni2p, Al3d, and Bls spectra are recorded with the X-ray energy 20 eV and step 0.1 eV.
Spectral-line shape fitting is performed using the Advantage software (Version 5.938) by
the iterative Shirley background subtraction procedure.

The elemental composition of the implanted layer is determined by secondary-ion
mass spectrometry using an MS-7201M mass spectrometer (Selmi, Sumy, Ukraine) with
the sensitivity threshold up to 10'* at/cm3. The SIMS technique involves continuous
bombardment of the specimen surface with a focused high-energy beam of primary ions
with subsequent collection and analysis of ejected secondary ions. The mass/charge
ratios of these secondary ions are measured with the mass spectrometer to determine the
elemental, isotopic or molecular composition of the surface layer with the thickness 1-2 nm.
Sputtering occurs at the flow of argon ions with the energy of up to 5 keV at the current of
primary ions 40 pA/cm?. The probing beam diameter is 1 mm, and the depth analysis rate
is up to 5 nm/min.

The modified layer thickness is estimated on cross-sectional thin foils with a JEM-2100
electron microscope (JEOL, Tokyo, Japan) in the bright-field and dark-field modes. Cross-
sectional thin foils are prepared by mechanical thinning followed by Ar ion-beam milling
using an EM 09100IS ion slicer (JEOL, Tokyo, Japan).

Scanning electron microscopy is used to study the surface morphology of specimens
before and after corrosion tests using a LEO EVO 50 microscope (Zeiss, Oberhochen,
Germany).
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3. Results and Discussion
3.1. SIMS Analysis

Aluminum and boron ion implantation is carried out at the implantation dose
1 x 10 jon/cm? and the accelerating voltage 80 kV, which is sufficient for Al and B
ions to enter the material surface. The aluminum and boron ion implantation is followed
by the implantation of oxygen ions into the stainless steel. It was experimentally found
that the implantation dose 1 x 10'8 ion/cm? gives a sufficient oxygen concentration of 30%.
Figure 1 shows the results of secondary-ion mass spectrometry.
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Figure 1. Depth profiles of O and Fe (a) and O, Fe, B, and Al (b) after ion implantation.

The level of damage and the local concentration of O in the 50 nm thick layer are
controlled by the ion energy. The oxygen ion implantation is performed using low-energy
ions. Therefore, the fluence chosen for the oxygen implantation is 108 ion/cm?. The SIMS
results suggest that the ion energy 10 keV at the fluence 10'8 ions/cm? would result in the
localization of implanted O ions in the 50 nm thick layer, which are confined to the 200 nm
thick layer.

When oxygen is implanted in the second stage, the thickness of the aluminum and
boron layer decreases significantly, as does their concentration in this layer (results of
experimental studies). Oxygen creates a barrier layer to prevent boron and aluminum
from penetrating far into the material, concentrating aluminum and boron in the surface
layers [58]. If boron and aluminum are implanted at the first step and oxygen at the
second step, the depth of ion implantation decreases to 60 nm according to the SIMS results.
Figure 1b also shows the depth profiles of O, Al, and B plotted using the SIMS images. The
concentration of implanted O, B, and Al ions decreases with depth in the 270 nm thick
layer. From the profiles, it can be seen that the coating has a bilayer structure. Oxygen is
implanted to a depth of no more than 25 nm, while aluminum and boron are implanted to
a depth of more than 200 nm. The O modulation signal is greater than the Al and B signals:
the O signal exceeds the Al and B signals by 30 times in the 10 nm thick bilayer.

3.2. EDX Spectra and TEM Analysis

In the initial state, AISI 321 steel is composed of rather coarse austenite grains with
titanium carbide inclusions. Cross-sectional transmission electron microscopy of the im-
planted steel reveals a significant refinement of the steel structure after the treatment with
oxygen, aluminum, and boron ions. This is evidenced by the main 111 and 200 reflections of
the y-phase, forming rings. A modified layer with a thickness of about 20 nm is also visible.
The electron microscopic images of the cross-sectional foils of the implanted specimen are
presented in Figure 2a,d, which show a modified layer with a thickness varying from 150 to
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250 nm and an oxide layer of about 5 nm resulting from the exposure of the specimen to air.
A similar 5 nm thick layer was found on the surface of the non-implanted specimens [59,60].
Oxides probably form on low-angle boundaries and dislocation. The XPS of the implanted
sample shows the presence of Fe in Fe, Fe?*, and Fe3* [61]. The oxides formed on the
surface are Al,O3, Fe304, Fe;O3, and FeCr;O4. This is evidenced by the microdiffraction
patterns and dark-field images using the corresponding reflections.

—100 nm—

(e)

Figure 2. TEM images of the steel after oxygen, aluminum, and boron ion implantation: bright-field
images (a,d); microdiffraction patterns (b,e); dark-field images (c,f) in the (202) Al,O3 (c) and (311)
FeCr,04/NiCryOy reflections (f).

The size of the structural elements visible in the dark-field image ranges from several
to 100 nm. Figure 2 shows the electron microscopic images of the cross section of the
implanted steel, the microdiffraction patterns, and the dark-field images taken using the
202 reflection of A1203 (thombohedral lattice R-3c with a = 4.62 A and ¢ = 12.57 A) and the
(311) reflection of FeCr,Oy (cubic lattice Fd3m with a = 8.348 A) and NiCr,O; (cubic lattice
with a = 8.32 A).

Iron, aluminum, and chromium oxides are also found across the cross section, which
penetrate to a depth of up to 1000 nm. This is evidenced by the depth profiles of the
elements in the implanted steel.

Figure 3 shows the depth profiles for non-implanted and O/Al-B ion implanted
specimens of AISI 321 steel. It can be seen that the non-implanted steel has a uniform depth
distribution of elements, which corresponds to the initial composition. In the implanted
steel, the oxygen concentration is about 10 at.%, which is two times higher than in the
initial state. The concentration of aluminum is about 5 at.% at the depth 100 nm and further
decreases to almost zero: a small amount of aluminum is found at the depth of 400 nm
from the surface. It can be clearly seen that the concentration of oxygen in the implanted
specimen is retained up to a depth of 600 nm. This may be the reason for the formation of a
larger amount of oxides at a greater depth during ion treatment, which provides corrosion
protection.
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Figure 3. Depth profiles of elements in AISI 321 steel: in the initial state (a) and after O/Al-B ion
implantation (b).

3.3. Corrosion Properties

The corrosion resistance of the non-implanted and implanted steel in aggressive media
is estimated by prolonged corrosion tests in the salt spray chamber (5 wt.% NaCl solution
with acetic acid, pH = 3). The corrosion tests of the initial specimens result in surface
corrosion damage with the weight loss (Figure 4a). The weight of the implanted specimen
is practically unchanged. In this case, the weight loss appears at the testing time 480 h.

Consequently, it is recommended to avoid testing without corrosion protection, especially
in prolonged tests.
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Figure 4. Corrosion behavior for the non-implanted and implanted specimens in the salt spray

chamber at room temperature (a); potentiodynamic polarization curves of the non-implanted and
implanted specimens (b).

The electrochemical behavior is evaluated in the 3.5 wt.% NaCl solution. To stabilize
the ion exchange between the specimen and the electrolyte, the specimen is immersed in
the 3.5 wt.% NaCl solution for 15 min before electrochemical measurements. The potential
is swept at the rate of 1 mV /s for potentiodynamic polarization measurements (Figure 4b).

The corrosion potentials before and after implantation are 50 and 150 mV, respectively
(Figure 4b). The latter moves to a more positive position, which indicates an improvement
in the structural stability of the ion-implanted stainless steel. During corrosion testing,
the corrosion current density decreases from 1.26 to 0.708 pA/cm?. The corrosion po-
tential of the implanted specimen is high in comparison to the corrosion potential of the
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initial stainless steel (50 mV). The corrosion potential of the implanted specimen shifts
towards increasing potential, and its activation and reactivation current densities increase
significantly.

Therefore, ion implantation can effectively improve the corrosion resistance of metal
materials, which is mainly related to its structural stability above the corrosion initiation
point.

It is found that implantation increases the corrosion potential (Table 2) and decreases
the corrosion current. This is explained by the formation of a modified layer with a greater
corrosion resistance. The improvement in corrosion resistance is always accompanied by
the shift of the potential towards its increase and a decrease in the corrosion current density
which determines the corrosion rate.

Table 2. Electrochemical parameters calculated from the polarization dependences.

i —6
Specimen E, mV Igicor, Alcm? 15";2;\2 ’ Icor, A
Initial 5243 ~59+02 1.26 1.26 x 107°
O/Al-Bion-implanted 15146 —6.14+0.2 0.71 0.71 x 107°

Implantation does not form a coating layer but modifies near-surface layers. During
implantation, oxygen penetrates into the steel and oxidizes metallic chromium and other
alloy elements with the formation of corrosion-resistant oxides Cr,O3, NiO, and spinels
NiCr,0O4 [62-64], which protect the material from corrosion.

Morphological studies of the implanted surfaces after corrosion tests (Figure 5) reveal
no changes (dark inclusions correspond to titanium nitride according to the elemental
analysis data).

Py »
\ §'6 i K
L R | D
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Figure 5. SEM images (LEO EVO-50XVP) of the non-implanted (a,b) and implanted (c,d) stainless
steel specimens before (left) and after electrochemical corrosion tests (right).
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3.4. XPS Analysis

The TEM data are in good agreement with the XPS results, which bear witness to
changes in the concentration and chemical state of elements in the surface layers of the
ion-implanted material.

The general spectrum recorded for the surface film after implantation (Figure 6) shows
that the main elements found on the surface are iron, chromium, nickel, oxygen, and carbon.
Small concentrations of aluminum and boron are also found. Boron, which was previously
identified using the SIMS method, is found to be located at a depth of no more than 50 nm
from the surface (Figure 6). The analysis of the aluminum spectra is complicated by the
aluminum and nickel peak overlap. The presence of aluminum in the steel was confirmed
by electron microprobe analysis. The presence of carbon (Figure 6, the curve at the depth of
0 nm) is due to the presence of carbon in the initial steel in the form of TiC, including due
to surface contamination.

1Counts Fe2p

3.2 X 105
] Ni2p
2.8 X 10° 4 —250
] 0

2.4 X 1057

2.0 X 106

1.6 X 106 Cr2p
1.2 X 106 Ols
8.0 X 105

i Cls AlDs
4.0 X 1054 +

0.0 X 10 —
1400 1200

1000 800 600 400 200 0
Binding energy, eV

Figure 6. XPS spectra recorded for the implanted stainless steel on the surface (0 nm) and at the depth
of 250 nm.

A high oxygen concentration in near-surface layers indicates that the alloy elements
are mainly in the oxidized state up to a depth of 50 nm. Then, this ratio changes and, at a
depth of 250 nm, the metallic state begins to prevail over the oxidized one. The quantitative
content of metallic iron and metallic chromium is much higher than that of the oxidized
metals at the depth of 250 nm, which can clearly be seen in Figure 6.

Separate spectral lines for each element show that ion implantation decreases the
concentration of Fe and Cr on the surface, and that these elements are mainly in the
oxidized state (Figure 7). Moreover, the depth of distribution of the Fe and Cr oxides
reaches about 300 nm due to the deep penetration of oxygen ions during the treatment
with O/Al-B ions.
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Figure 7. XPS spectra of iron (a) and chromium (b) recorded at the depths of 0 (1), 150 (2), and 250 nm
(3) from the surface of the implanted stainless steel.

The Fe 2p peak is recorded for two different states: metallic and oxidized ones
(Figure 7a), with the oxidized part containing Fe(Ill) and Fe(Il) ions. Three different
types of oxidized iron are commonly distinguished: Fe(II) (FeO), a mixture of Fe(II) and
Fe(III) (Fe30,), and Fe(Ill) (both Fe,O3 and FeOOH).
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The chromium spectrum consists of metallic (Eb = 574.5 eV) and oxidized chromium
(Eb =576 + 576.9 eV). The latter contains a mixture of Cr(III) oxide and Cr(IlI) hydroxide
(Figure 7). The chromium spectrum includes lines of chromium with the oxidation number
Cr(VI) (Eb = 579.3 eV). The authors of reference [65] report on the formation of oxide CryO3
obtained after the implantation of oxygen. This binding energy corresponds to chromates,
particularly chromium chromate Crp(CrOy4)s. Apparently, iron chromates are also present
in the specimen [31,32]. The peak at ~577 eV can correspond to both hydroxide (CrOOH)
and oxide (Cr,O3).

It is interesting to note [66] that Cr exists mainly as Cr(Ill) in the form of various
compounds, such as Cr,O3, CrCl, and Cr(OH);. However, it is also found in CrO; and
CrO7 compounds.

The iron spectrum consists of lines of pure iron (Eb = 706.8 eV), ferrous oxide FeO
(Eb =709.8 eV), and Fe(Ill) compounds (Eb = 710.0 < 714.0 eV). Iron, in the oxidized states,
predominates on the surface. With depth, the concentration of pure iron begins to prevail.
The ratio of Fe** /Fe3* elements is shown in Table 3.

Table 3. XPS analysis of the ratio of the Fe>* /Fe**peak areas.

Depth, nm  Fe3* Peak (%) Fe?* Peak (%) Metallic Fe Peak (%)  Fe?*/Fe3* Ratio

0nm 15.06 73.964 10.97 49/1
150 nm 23.84 41.76 1.8/1
250 nm 14.76 18.25 48.93 1.3/1

From Table 3, it can be seen that the Fe(II) peak is mostly dominant, but the metallic
iron peak becomes the main one at depths more than 250 nm.

The decrease in the concentration of metallic chromium in ion-implanted surface
layers is associated with its intense oxidation and the formation of passivating chromium
oxide Cr,Oj3 after ion treatment (Table 4).

Table 4. XPS analysis of the ratio of the Cr3+/Cr6+peak areas.

Depth, nm Cr3* Peak (%) Cr%* Peak (%) Metallic Cr Peak (%) Cr3*/Cr®*Ratio

0nm 91.25094 6.6155 2.133565 13.8/1
150 nm 60.66318 2.807458 36.52937 21.6/1
250 nm 37.82 0 62.17

The presence of metal oxides, including aluminum oxide, is clearly seen from the
oxygen spectrum (Figure 8). A part of the implanted oxygen binds to the substrate elements
with the formation of oxides, and a part remains chemically and physically sorbed. Since
the Gibbs energy AGg of the Al,O3 formation is lower than that of the formation of Cr and
Fe oxides and/or hydroxides [66], the rate of formation of Al,Oj is higher than that for
(Cr,Fe),O5. Thus, all of the aluminum is converted into Al;O3 during implantation, binding
the physically and chemically sorbed oxygen. At a depth of 250 nm, oxidized aluminum
is not detected, and the concentration of other oxidized metals also decreases. Oxygen
reveals another property, i.e., a passivating one. This can be explained by the fact that
protective films formed on iron alloys in the presence of oxygen consist not of magnetite
(Fe304) formed in deaerated media [40,41], but of y-Fe;O3, which is called maghemite.
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Figure 8. XPS spectra of oxygen recorded at depths of 0 (a) and 150 nm (b) from the surface of the
implanted stainless steel.

The number of oxidized forms on the surface (Figure 8) is three times higher than at the
depth of 150 nm, but the ratio between various oxidized forms (metal oxides—aluminum
oxide—metal hydroxides) is almost the same, with the exception of hydroxide forms, which
start to increase.

The oxide compounds Al,O3, Cr,O3, and NiCr,O4 (a mixture of Cr,O3; and NiO)
provide strong protection for the specimen against corrosion.

After corrosion tests, the percentage of aluminum oxides in the surface layers of the
material changes insignificantly (Table 5), but the ratio between hydroxides and oxides
changes in favor of the latter. This is due to the oxidation of all elements of the substrate
(Figure 9).

Table 5. XPS analysis of oxygen peak ratio.

State Me-O Peak (%) Al-O Peak (%) O-OH Peak (%)
Before corrosion
0 nm 44.8089 28.02857 27.16253
150 nm 37.88082 27.2717 34.84748
After corrosion
0 nm 51.92621 30.36293 17.71086
150 nm 44.06879 34.0043 21.92691
80000 Counts 80000 1 Counts
‘ 70000
60000 60000
Al-O 50000 - Me-O
400001 40000 N
P 1-0
30000{ Me-O-H / \/
20000 ——_ 20000«;1>‘z:;:,/,7; N
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Binding energy, eV Binding energy, eV

(a) (b)

Figure 9. XPS spectra of oxygen after corrosion tests at depths of 0 (a) and 150 nm (b).
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During boron implantation, boron penetrates into the intergranular space and prevents
chromium carbide formation and intergranular corrosion, i.e., it stabilizes the structure of
the material [41,67]. At a distance exceeding 25 nm, boron is recorded only at the noise
level (Figure 10).

Counts

10200 -
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Figure 10. XPS spectra of boron recorded at depths of 0 (a) and 25 nm (b) from the surface of the
implanted stainless steel.

Boron compounds are not in the surface layers. In addition, the authors found that the
presence of oxygen can prevent the formation of borides [67].

It is known that B-containing materials have a smaller amount of the o-phase and a
larger amount of Cr, which diffuses from the matrix to the surface and forms a Cr-rich
oxide on the surface, which also contributes to corrosion resistance [67].

4. Conclusions

Oxygen, aluminum, and boron ions were implanted into a stainless steel surface using
ion implantation.

The experimental results show that ion implantation improves the corrosion resistance
of metal. The non-implanted steel specimen is characterized by severe surface corrosion
damage with weight loss (1.5 mg per 800 h). Ion treatment increases the corrosion resistance
of stainless steel and changes the nature of its electrochemical corrosion behavior. The
higher the concentration of implanted ions and the deeper they penetrate, the higher
the corrosion resistance of the resulting material (about 0.2 mg for the first 100 h, then
0 mg). The corrosion rate of the implanted samples decreased approximately 1.8 times in
comparison to the non-implanted ones.

According to the XPS data, ion implantation changes the elemental composition
of surface layers of the steel specimens and activates a number of chemical reactions,
in particular, the intensive formation of aluminum and chromium oxides and nickel-
chromium spinels with increased corrosion resistance.

According to the analysis of microdiffraction patterns and XPS analysis, the main
phases of implanted samples are the compounds Cr,O3, NiO (NiCrpOy).

The insignificant concentration of boron and aluminum in near-surface layers increases
the corrosion resistance of the material. Aluminum forms Al,O3; oxides. Boron does not
form compounds and is in free form, which is consistent with the data in the literature.

The determination of the sufficient concentration of the implanted elements in order
to increase the corrosion resistance of the material in aggressive media, on the retention of
the geometric dimensions of the workpieces and their physical and mechanical properties,
is the subject of future research.

Ion implantation can also be performed on carbon steels. When implanting carbon
steels, it will be necessary to take into account the lack of a sufficient amount of chromium
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and nickel ions for the growth of corrosion-resistant oxides. These ions must be implanted
to form a corrosion-resistant barrier layer.
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