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Abstract. Ensuring the safety of structures from corrosion damage is an important task. One
of the promising directions for increasing corrosion resistance is modifying the surface layer
of a structural element using the ion implantation method. The standard approach of uniaxial
tension for assessing the mechanical properties of thin-walled elements with corrosion defects
is also ineffective, and the gravimetric method does not take into account changes in the
structure of the material and physical and mechanical characteristics caused by loosening the
material to a certain depth. In this work, on the basis of the experimental-theoretical method,
the integral mechanical characteristics of the samples after exposure to corrosion were
determined. The effectiveness of protecting steel samples from corrosion by pre-treatment of
the surface layer with ion implantation has been demonstrated. The results of an experimental
study of corrosive wear of a thin-walled sheet steel plate, on the surface layer of which carbon
ions were implanted, are presented.
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Introduction

The structure of the material of structural elements largely determines their properties. In this
case, the structure and properties of the surface layer are of particular importance. In metal
elements, the morphology, phase composition and dislocation structure of the surface layers
determine wear resistance, endurance limit, heat resistance and other characteristics. Of great
interest is the method of ion implantation, which makes it possible to introduce a dosed amount
of ions of almost any element into a metal without changing the boundaries of its grains.

In the 70s - 80s of the twentieth century, along with traditional methods of volumetric
impact on metal materials, such as thermomechanical processing, hardening, shock wave
loading and other methods, it became possible to carry out surface treatment with
concentrated energy flows (from 10 2 to 10 8 W/cm?) [1-4], using electron and ion beams,
laser radiation and plasma flows.

When processing with concentrated energy flows, radiation, thermal and shock-
mechanical effects are simultaneously carried out. The processes of structural restructuring
that develop during this process make it possible to obtain surface layers with a unique set of
physical and mechanical properties.
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The use of laser radiation to improve the performance properties of materials is well
reflected in monographs and reference books, in particular in works [1,5]. The work [6]
presents the structures of various types of steel subjected to laser heating.

Compared with laser radiation, processing with electron and ion beams has a number of
advantages: higher efficiency, lower cost per unit of energy, the ability to process large areas,
as well as a high degree of absorption of the supplied energy by all materials. When
processing solids with electron and ion beams for the purpose of their modification, low-
energy, high-energy and powerful ion beams are used.

Speaking about the advantages of the ion implantation method, we can note the
possibility of controlling the number of introduced impurity atoms by simple integration of
the ion current, the purity of the technology, and others.

Unfortunately, the ion implantation method also has disadvantages - bombardment with
heavy particles leads to the formation of defects on the surface, and the method is also
relatively expensive.

Intensive research into ion implantation in metals may have begun with the work of
Trillat and Heimann [7] and the experiments of Crowder and Ta in [8]. A natural method of
increasing the corrosion resistance of a metal surface is the implantation of ions, which, as
alloying additives, can prevent or reduce the development of metal corrosion, for example,
nickel or chromium ions in steel.

Many works are devoted to the study of changes in the mechanical properties of metal
surfaces. An increase in the microhardness of steel was observed after implantation of
nitrogen, argon, boron and carbon ions [9]. When implanting nitrogen ions, the microhardness
of steel increases according to Vickers from 300 to 400 kg [10].

The effect of the introduction of titanium-nickel and chromium-nickel ions into the
surface layer of structural steel VSt3sp is shown in [11]. After implantation of chromium-
nickel atoms, an increase in the wear resistance of steel up to 2.5 times was observed.

Microhardness and corrosion resistance studies have been conducted on the effect of
nitrogen ion implantation on 7075 aluminum alloy [12]. Potentiodynamic corrosion tests were
carried out in NaCl solution. The results showed that the microhardness increased by 90.81%
after implantation. Corrosion testing showed an improvement in corrosion resistance by
reducing the corrosion rate by a factor of 3.

A decrease in the corrosion rate by 1.78 times was recorded with two-stage implantation
of oxygen ions, as well as combined aluminum and boron ions [13]. Increased corrosion
resistance is confirmed by long-term acid corrosion tests at pH 3.5 and accelerated
electrochemical testing using a potentiostat .

To increase the corrosion resistance of ferritic-martensitic steel SIMP, the authors of
article [14] studied the effect of implantation of silicon ions and preliminary oxidation of the
surface. It was found that increasing the Si content on the surface did not improve the
corrosion resistance performance. In contrast, the pre-oxidized sample demonstrated high
corrosion resistance due to the presence of a thin oxide layer enriched in Cr.

The effect of implantation of calcium ions on the corrosion resistance of titanium is
presented in [15]. The results of electrochemical studies show that calcium-ion implantation
increases corrosion resistance, but only under stationary conditions; During anodic
polarization, samples implanted with calcium ions undergo corrosion.

The authors of the article [16] achieved suppression of local corrosion by using
immersion ion implantation of nitrogen plasma on the surface of austenitic, duplex,
martensitic and ferritic stainless steels. Nitrided stainless steel has shown high hardness and
high corrosion resistance.
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The use of the method of surface treatment with cathode spots of a vacuum-arc
discharge led to both an increase in resistance to thermal fatigue and an increase in corrosion
resistance [17,18].

The purpose of this work is to evaluate, on the basis of the experimental-theoretical
method [19,20], the effectiveness of protecting steel samples from corrosion by pre-treating
the surface layer with ion implantation.

Methods

Specimens subject to corrosive wear are thin-walled elements with a complex structure. To
study the mechanical characteristics, an experimental-theoretical method was used [19]. The
method allows, in contrast to the standard uniaxial test and the indenter method, to more
accurately determine the integral mechanical properties of thin-walled elements.

In the experimental-theoretical method, at the first stage, round-shaped samples are cut
out from the thin-walled element under study. Then, the samples are fixed along the contour
on a special installation and loaded with uniform pressure P. In the process of increasing
pressure P, the shape of the dome being formed is monitored. In particular, for the top of the
dome, data is taken for the graph pressure P - deflection N. At the theoretical stage,
experimental data is processed using relationships obtained from the nonlinear theory of
shells. In this case, the reduced (integral) characteristics of the samples are determined, for
example, the reduced modulus of elasticity. The method captures the influence of surface
defects on the integral properties of samples.

For an elastic membrane in the case of average bending, the elastic modulus E and the
tensile-compression stiffness B are calculated using the formulas:

B = (2, ®
B = NPa (%)3 D= Bg, )

where the values of the coefficients N are shown in Table 1; P is the uniformly distributed
pressure; vis the Poisson’s ratio of the material; h is the current membrane thickness; a is the
radius of the membrane; H is the current dome lift height (maximum deflection).

Table 1. Values of coefficients N

v 0.25 0.3 0.4 0.5

N 0.311481993 0.303670085 0.290157232 0.279052533

Results and Discussion
Corrosive wear tests were carried out on three pairs of metal samples made of sheet steel
grade Steel 3 with a thickness of t = 0.5 mm. The surfaces of the samples were subjected to
pulsed ion implantation with carbon C atoms. For implantation, a TEMP pulsed ion
accelerator was used, with an atomic voltage of 280 keV (the number of pulses was 8). The
samples were kept in an aggressive environment (10% hydrochloric acid - HCI): group No. 1
- two days, group No. 2 - three days, group No. 3 - four days. In each group of samples, a
control “clean” sample that was not subjected to ion treatment was located next to its pair.
Figures 1-3 show images of the surfaces of samples of groups No. 1-3 after keeping them
in an aggressive environment. The images are enlarged 400x, with samples without
implantation on the left and samples with implantation on the right. The results of measuring
the thickness of samples after exposure to an aggressive environment are presented in Table 2.
From Fig. 1-3 it is clear that the surfaces of non-implanted samples have deeper corrosion
cavities with larger dimensions in plan. This is obviously due to the fact that when carbon
atoms are implanted into the surface layer of steel, the surface layer becomes compacted, the
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bonds of the crystal lattice are strengthened, and its chemical composition also changes. All
this helps to increase chemical resistance when exposed to aggressive environments.

@ A )

Fig. 3. Samples of the 3rd group: (a) not implanted, (b) implanted
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Table 2. Experimental data

Group samples Group No. 1 Group No. 2 Group No. 3
Wear time, days 2 3 4
Implantation Yes No Yes No Yes No
Thickness after wear, mm 0.481 0.469 0.478 0.464 0.468 0.452

Table 2 also shows that the thicknesses of samples subjected to ion implantation for all
groups are slightly greater than for non-implanted samples. All this indicates that the
implanted samples are more corrosion resistant.

Dependencies pressure P - bending rigidity D for the studied samples are presented in
Tables 3 - 5. In the tables, samples previously subjected to ion implantation are designated as
D+, and those not treated with ion implantation are designated as D -. Stress curves "bending
rigidity D - pressure P" are presented in Figs. 4-6. The graphs show two curves: for a sample
subject to and not subject to ion implantation. As can be seen from Fig. 4-6, the bending
rigidity of the implanted samples are more than those of the samples not subject to ion
implantation. This means that the implanted samples are more corrosion-resistant, that is, the
effect of implantation is obvious.

Table 3. Dependence "pressure P - bending rigidity D" for sample of group No. 1

P, MPa 0.06 0.08 0.10 0.12 0.16 0.20
D ., kg/lcm?® 36.15 31.45 29.37 27.02 24.06 21.07
D ., kg/lcm?® 18.76 17.57 17.17 17.15 16.34 15.10

Table 4. Dependence "pressure P - bending rigidity D" for sample group No. 2

R, MPa 0.06 0.08 0.10 0.12 0.16 0.20
D ., kg/cm?® 23.0 21.1 19.8 18.7 16.6 14.5
D ., kg/lcm?® 17.4 16.7 15.6 14.9 13.8 12.4

Table 5. Dependence "pressure P - bending rigidity D" for sample group No. 3

P, MPa 0.06 0.08 0.10 0.12 0.16 0.20
D ., kg/cm?® 21.3 18.2 15.9 14.7 12.8 11.2
D ., kg/lcm?® 13.6 12.5 115 10.7 9.4 8.2
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Figure 7 shows the "bending rigidity D - pressure P" curves for implanted samples
depending on the duration of exposure in an aggressive environment. As can be seen from
Fig. 7, with increasing exposure time in an aggressive environment, the degree of corrosive
wear increases.

Conclusion

Surface treatment of samples by ion implantation allows maintaining a passivating protective
layer and, thereby, helps reduce corrosive wear. Despite the effectiveness of ion implantation
treatment, with increasing exposure time in an aggressive environment, the effect of surface
protection by ion implantation decreases. This in turn leads to corrosive wear and
deterioration of mechanical characteristics. This was investigated using the experimental-
theoretical method. lon implantation is one of the effective ways to protect against corrosive
wear.
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