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Abstract

:

Commercial rolled AISI 321 stainless steel samples were irradiated with Al+ ions with an energy of 80 keV and fluence of 1017 ion/cm2. The effect of Al implantation on the chemical and phase composition of the steel surface layer was studied by X-ray electron spectroscopy and grazing beam mode of X-ray diffraction analysis. A thin surface layer down to a depth of 30 nm after Al+ ions implantation consists mainly of metal oxides. In the near-surface layers of 5 nm in depth, a noticeable depletion in chromium and nickel was observed. A surface layer (up to 0.5 µm) of non-irradiated steel, in addition to the f.c.c. austenite γ-phase, consists of up to 20 vol% of the b.c.c. α′-phase, which formed at rolling as a result of mechanical deformation. Al implantation results in the significant increase in the α′-phase amount in the surface layer at a depth up to 2 µm. It is indicated that the observed γ → α′ transformation at ion irradiation proceeds predominantly as a result of the effect of post-cascade shock waves, but not as a result of the surface layer chemical composition changes.
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1. Introduction


Ion implantation causes changes in the physical, chemical, and mechanical properties of the surface layer of metals. By purposefully choosing the alloying element and ion irradiation modes, it is possible to provide a wide range of useful properties of the surface layers of materials, namely, to increase the strength and yield strength, impact strength, crack, corrosion, and wear resistance of metals and alloys [1,2,3,4,5].



In comparison with traditional methods of chemical and thermal treatment, ion implantation allows the ten-fold reduction of time and the steep decrease of the processing temperature, as well as the selective processing performance of parts of an article. A significant advantage of the method is the absence of a problem as related to adhesion between the modified layer and the bulk of material, which are typical for coating methods [6].



AISI 321 austenitic stainless steel (Fe/Cr18/Ni10/Ti) is widely used in construction, medicine, chemical, food, and oil refining industries for the manufacture of construction parts and various types of tanks and vessels. Moreover, specific applications of AISI 321 include the heat exchanger tube components for solar thermal generation [7] and pressurized water reactors in nuclear energy [8,9]. A combination of high mechanical properties with relatively low cost makes the AISI 321 steel attractive for industrial application. However, this steel possesses low corrosive resistance in aggressive oxidative media, as well as low wear resistance.



Various surface treatments, including ion implantation, were examined to improve the properties of AISI 321 steel. In [10], the effect of Ar+ and H+ ions irradiation on the electron work function was investigated. It was found that argon ions implantation results in a decrease in the electron work function, whereas irradiation by hydrogen ion results in an increase in this value. It was concluded that hydrogen ion implantation, in contrast to argon, can improve the corrosion resistance of AISI 321 steel. The effect of nitrogen ion irradiation on the surface properties of AISI 321 steel was studied in [11,12,13], in which a significant increase in surface hardness was observed as a result of nitrogen ion implantation. Moreover, a significant improvement of tribological characteristics as a result of nitrogen implantation was reported. In this case, no decrease in the corrosion resistance properties was observed [13]. Furthermore, an increase of AISI 321 steel wear resistance as a result of oxygen ion implantation was reported in [14].



The effect of metal ions implantation on the corrosion and thermal oxidation resistance behavior of AISI 321 steel was studied in detail by F. Noli and H. Baumann et al. in [15], the results of the Zr implantation on the thermal oxidation properties were reported. It was observed that Zr ions irradiation can improve the AISI 321 steel resistance to aqueous corrosion, whereas no positive effect of the treatment on the thermal oxidation resistance at elevated temperatures was found. In contrast to the above-mentioned case, the irradiation of AISI 321 by Y ions provides an increase of both thermal oxidation [16] and aqueous corrosion resistance [17]. The effect of Mg implantation on the thermal oxidation behavior [18,19] shows that, at low temperatures, these samples exhibit a high oxidation resistance due to the inhibition of oxygen transport to the interface by Mg segregation at internal defects, whereas at higher temperatures, the oxidation properties were enhanced due to Mg diffusion from the interface into the bulk.



A comparison of the effects of Mg-, Y-, and Al-ions implantation on the corrosion behavior of AISI 321 steel was evaluated in [20]. It was observed that among the studied samples, the Al-implanted sample appears to be more resistant against corrosion due to strong adhesion, which increases with the formed surface modified layer. Thermal oxidation resistance of AISI 321 steel irradiated by Al ions with an energy of 40 keV and doses of 1016–3 × 1017 ion/cm2 was investigated in [21,22,23]. A significant increase in the oxidation resistance was observed for the Al-implanted samples, which was associated with the formation of protective layer containing both binary Al2O3 oxide and Fe or Cr containing spinels [22,23]. Diffusion of Al in Al-implanted AISI 321 steel was studied in [24]. It was observed that the diffusion rate is very low up to temperatures of 550 °C. This diffusion behavior was found to be of benefit in the case of Al-implanted sample oxidation in CO2 atmosphere [22], since a low Al diffusivity provides an inhibition of the steel carburization. An increase in the implantation dose to 2 × 1018 ion/cm2 results in the formation of Al layer on the AISI 321 steel surface [25].



The investigations discussed above were carried out using the cast AISI 321 steel samples. However, some applications require steel supplied as a rolled sheet. It is known that AISI 321 is a metastable austenitic stainless steel. Martensite transformation in this steel can be induced both via thermal (using cooling to liquid nitrogen temperature) and mechanical mechanisms. It was reported [26] that martensite transformation in AISI 321 proceeds both at quasi-static and dynamic mechanical loading. Moreover, dry sliding results in austenite to martensite transformation in AISI 321 steel [27]. Due to the martensite phase transformation undesirable in terms of some applications, the elaboration of strain-induced martensite content control methods is considered as an actual task [28]. As it was noted in [13], even a weak deformation at the pre-experimental sample polishing results in the formation of some amount of the α′-phase in the surface layer of AISI 321 steel. As the effect of ion implantation depends strongly both on the phase and chemical composition of irradiated materials [12,13,29], it is of interest to investigate the peculiarities of ion implantation of an initially double-phase surface of rolled steel. Moreover, as it was reported in [26], a decrease of the grain size results in more intense strain-induced martensite transformation. It can be proposed that ion irradiation may be more effective in the case of an initially deformed surface with a fine grain structure.




2. Materials and Methods


AISI 321 rolled stainless steel was supplied by Chelyabinsk Metallurgical Plant, Chelyabinsk, Russia. The composition of steel AISI 321 in the initial state was: Cr—18 wt%, Ni—10 wt%, Ti—0.7 wt%, and a small addition of Mn, Mo, and Si. The sheet was 2 mm thick. A precision cutting machine Polilab R30M, (LLC “Kemika”, Moscow, Russia) was used to obtain plates of 60 mm × 9 mm in size. The samples were mechanically polished using polishing pastes GOI nos. 1 and 2 (JSC Reachim, Moscow, Russia) and cleaned in ethanol (LLC Kirovsky Biochemical Plant, Kirov, Russia).



Steel plates were irradiated using a setup of Institute of High Current Electronics, Russian Academy of Sciences, Siberian Branch, Tomsk, Russia, by Al+ ions. Ion energy was 80 keV, dose was 1017 ions/cm2, the current density in a pulse was 2.5 mA/cm2, the pulse frequency was 5 Hz, the pulse duration was 250 μs, the target temperature was no more than 50 °C, and the pressure in the chamber was no more than 5 × 10−5 torr.



The microhardness of the surface layers of the samples before and after irradiation was measured by the Vickers method using a PMT-3M setup (JSC “Lomo”, St. Petersburg, Russia), at a load of 0.196 N and held under a load for 10 s. To increase the reliability of the result, the measurement procedure was performed ten times for one experimental point.



The nanoindentation tests were carried out using a complex system of measurements and research at the nanoscale NanoTest 600 (Micro Materials Ltd., Wrexham, UK), using a Berkovich indenter (a trihedral diamond pyramid with an apex angle of 65.3° and a radius of curvature of about 200 nm). The calculation of nanohardness was carried out in accordance with the method proposed by Oliver and Pharr [30]. The nanohardness was determined by analyzing the unloading curve and the indentation depth based on the loading-unloading diagram of the diamond indenter obtained during the tests. The initial data were chosen as follows: The maximum applied force was 1.5–60 mN, the maximum depth of penetration of the diamond indenter into the sample was within 40 to 700 nm. The time of loading and unloading on the indentation point was 20 s. A delay time at the maximum loading force was 10 s, the distance between the indentation points was 25 µm. To increase the reliability of the result, the measurement procedure was performed twenty times for one experimental point.



The chemical composition of the surface layers was studied by the X-ray photoelectron spectroscopy (XPS) on a SPECS spectrometer (SPECS Surface Nano Analysis GmbH, Berlin, Germany) with a hemispherical energy analyzer (the energy resolution of 0.1 eV) with Mg Kα excitation of the photoelectron spectrum (E = 1253.6 eV). The energy scale of the spectrometer is calibrated according to the binding energies of the Au 4f7/2 (84 eV) and Cu 2p3/2 (932.8 eV) lines. The charge control of the samples was not used since they had sufficient conductivity. The full width at half maximum (FWHM) value for the Au 4f7/2 peak is 1 eV. The survey spectrum was recorded with a step of 1 eV and the spectra of the internal levels of Fe 2p3/2, Al 2p, Al 2s, Ni 2p3/2, Cr 2p3/2, Ti 2p, O 1s, C 1s. The analysis of the spectra and revealing of the background part in them (according to the Shirley method) were carried out using the Casa XPS computer program. The atomic concentrations of elements were obtained from the spectra of internal levels by the method of relative coefficients of elemental sensitivity. The error in the magnitude of atomic concentrations is ±3 at%. The distribution profiles of the elements were constructed using layer-by-layer etching of the surface with argon ions with an energy of ~4 keV at an etching rate of ~1 nm/min. Under the conditions of ion etching, the structure of thin surface layers of the metal is disturbed. However, the positions of the spectral maxima remain unchanged. This makes it possible to judge the chemical state of the elements on a qualitative level after ion etching.



The X-ray diffraction (XRD) patterns were recorded on an automated DRON 4.0 diffractometer (OJCS Burevestnik, St. Petersburg, Russia) using monochromatic CoKα and CuKα radiations. The pattern recording was realized in a grazing geometry (a sliding incident beam), which made it possible to obtain information from a layer which lies at a constant depth for all of the diffraction angles. The difference between symmetrical and asymmetric survey schemes is shown in Figure 1.



The depth from which information is obtained for the asymmetric scheme is proportional to sin ϑ. Therefore, at a constant angle of incidence, it is constant for all of the survey angles 2ϑ. In the conventional symmetric scheme, the irradiated depth is proportional to sin ϑ, i.e., at larger diffraction angles, the information is obtained from deeper layers.



In the case that the materials have any structural peculiarities of sub-surface layers, in which depth is comparable to the penetration depth of X-ray radiation, the use of an asymmetric (grazing beam) scheme allows the realization of a correct phase analysis only from the sun-surface volume. Taking into account the known chemical composition of the steel under investigation, it is possible to estimate the penetration depth of X-rays (speaking more correctly, the thickness of the layer at which the rays are attenuated by a factor of the base of natural logarithm e). They are shown in Table 1, where µ is a linear absorption coefficient.



The quantitative analysis of the phase composition of multiphase sample can be carried out by taking into account the known relation for the integrated intensity of the phase line:


   I α  e x p   =  I 0  · C ·  I α  t h e o r   · A  θ  ·  v α  ,  



(1)




where     A  θ  =  1 / 2   μ ¯    and   μ ¯   are linear absorption coefficients, I0 is the number of quanta emitted by the X-ray tube per unit of time. It should be noted that the coefficient of linear attenuation of a phase depends on its elemental composition and on the radiation wavelength, and depending on the latter, the so-called absorption jumps occur. A classic example is iron, for which this jump lies exactly between the CoKα and CuKα wavelengths, which leads to a sharp change in the penetration depth when changing radiation. It allows the application of these combinations of radiations for phase analysis of the Fe-based material surface.



The spectrum of a multiphase sample is a linear combination of the spectra of the individual phases. The spectrum coefficients are a function of (a) volume fractions of phases υα; (b) the coefficient of linear attenuation of the sample; (c) the magnitude of the absolute intensity, which depends on the scattering ability of the atoms that make up the unit cell of the phase, as well as on the repeatability factor on the symmetry of the crystal lattice. The volume fraction of the phases υα can be found by calculating or measuring the linear attenuation coefficients of the phases and the sample and by obtaining the absolute intensity    I α  theor     of the phases. There are several ways to accomplish this. In our case, the quantitative phase analysis was performed by the Rietveld method according to the published procedure [31] using the PHAN% software (Version 2.0, NUST MISIS, Moscow, Russia).



The method is based on the calculation of the absolute intensities    I  H K L   theor     in the kinematic approximation from the data on the crystal structure. If the structure is known and determined correctly, this is the best way to conduct the quantitative phase analysis. It allows the calculation of the intensities of all phase lines for the used survey geometry in the same units and does not require pure phases investigation. The experimentally measured (HKL) line intensity of the pure phase    I  H K L   exp     is proportional to its theoretical absolute intensity    I  H K L   theor       divided by the linear X-ray absorption coefficient for phase µ, i.e.,


   I  H K L   e x p   ~  I  H K L   t h e o r   ·  v α  / μ  



(2)







In a multiphase sample, rather than the phase attenuation coefficient, it is necessary to use the average sample attenuation coefficient   μ ¯  . In turn,


   I  H K L   t h e o r   =  P  H K L   ·        F  HKL   c e l l      V  cell        2  ·  e  − 2 M   · K  ϑ  ,  



(3)




where    P  H K L     is the repeatability factor,    F  HKL   c e l l     is the structural amplitude of the cell taking into account atomic factors and dispersion corrections, Vcell is the unit cell volume of the phase, e−2M is the temperature factor, and K(ϑ) is the angular factor.



When fitting the spectrum, the function is minimized, which is the sum of the squares of the differences between the experimental and model spectra at each point of the survey. The model spectrum is the sum of the background and the model spectra of individual phases. The contribution from each phase α is proportional to its volume fraction vα. When calculating the model spectrum from each phase, the contribution of block and deformation broadening is taken into account. It is possible to take into account the geometric broadening and line shift associated with absorption and alignment errors. The shape of the lines is approximated by a Lorentzian of the corresponding multiplicity or a more complex Voigt function. The background is polynomial and the coefficients of polynomials of different degrees are determined in the course of solving the problem of minimizing the function.



Systematic errors when using the described method of phase analysis can arise for various reasons. In our case, one source of errors can be the presence of texture in the samples. However, the used software allows us to take the texture effect into account. A more serious source of errors can be associated with the depth dependence of the chemical compositions of the phases. The absolute intensity strongly depends on the scattering ability of the atoms. As a result, in the case of the formation of solid solutions, to reduce the error in the volume fractions, the true elemental composition of the phases should be taken into account in the calculation. It is true that if the solution is formed by neighboring elements in the periodic table, this factor is negligible. However, in our case, in the irradiated sample, the implantation of aluminum was carried out, and the aluminum atomic number is twice lower than the atomic number of iron. Judging by the lattice periods, the b.c.c. phase has a slightly increased lattice period, thus the aluminum could probably dissolve in it. Upon dissolution of up to 10 at% aluminum in iron, the volume fractions can be overestimated by 2–3 vol% towards an increase in the content of the α′-phase in relation to the true value.



The metallographic studies were performed using a Neophot-21 optic microscope (Carl Zeiss, Jena, Germany). Grinding and polishing of the cross-section of the cut part was carried out mechanically. After polishing, the objects were etched with two different reagents: (1) nitric acid (20 mL), perchloric acid (60 mL), and ferric chloride (20 g); (2) oxalic acid and water (electrolytic etching under a voltage of 1–6 V). All of the reagents were purchased from JSC Reachim, Moscow, Russia.



The microstructure studies were performed using a Thermo Fisher Scientific Quattro S scanning electron microscope (Thermo Fisher Scientific, Prague, Czech Republic). The measurements were carried out at an accelerating voltage of 5 kV and a beam current of 0.29 pA. A cross-section for grain structure studying was made using a SEMPrep2 SC-2000 setup (Technoorg Linda, Budapest, Hungary) by etching the surface with Ar+ ions with an energy of 10 keV and with the possibility of cooling the sample with a Peltier element. The heating temperature of the samples during the operation did not exceed 60 °C.




3. Results and Discussion


Figure 2 shows the dependence of nanohardness on the penetration depth of indenter. The depth of nanohardness in the initial state is approximately constant and lies in the range 3.3–3.5 GPa, and reaches 3.8–4 GPa only in a thin surface layer (<100 nm). After irradiation with aluminum ions, the nanohardness in a thin surface layer (<100 nm) significantly increases (5.4 GPa at a depth of 75 nm and 6.1 GPa at a depth of 60 nm) and reaches 12.7 GPa at a depth of 40 nm. With the increasing depth, the nanohardness decreases, but still remains much higher than in the initial state (4.8–4.9 GPa vs. 3.3–3.5 GPa at a depth of 450–670 nm).



The microhardness was measured before and after irradiation of the plates. The measurements showed that the hardness of the plates increased from 1.5 to 2.5 GPa as a result of Al-ions implantation. The penetration depth of indenter was 2.2 and 1.7 μm, respectively. An increase in the microhardness by 1.5 times and more is a typical result of ion implantation [11,12,13] and can be the evidence of significant changes in the surface layer of steel as a result of irradiation.



The XPS method was used to study the chemical composition of surface layers before and after irradiation with aluminum ions. Figure 3 shows the elemental depth profiles of the samples before and after Al implantation. As it was noted above, 1 min of tentative corresponds to 1 nm of depth. In the non-irradiated state, the elemental composition (Figure 3a) changes to a depth of 5 nm, and then the chemical composition corresponds to the sample bulk. Al implantation significantly changes the composition of the surface layer of steel. Figure 3b shows that the depth profile of implanted aluminum is a curve with a broad peak, which is typical for implanted elements [21,22,23]. The maximum aluminum concentration of 27 at% was reached at a depth of 20 nm. The calculation by the SRIM method [32] showed that the projected range of aluminum ions with an energy of 80 keV in AISI 321 stainless steel is Rp ≈ 54.4 nm, and the longitudinal straggling is ΔRp ≈ 31 nm. In a thin surface layer (up to 5 nm), the contents of chromium and nickel sharply decrease relative to the initial values. Depletion in Cr and Ni in the near-surface area was previously observed in Y- and Zr-implanted AISI 321 steel [15,16,17]. At a depth of 10 and 20 nm, the content of chromium increases sharply. Starting from a depth of 30 nm, the chromium concentration falls below the initial values, whereas the nickel content gradually increases and achieves the value corresponding to that for the sample bulk.



According to the XPS data, aluminum at different depths is in different compounds (Figure 4a). The predominant state of aluminum with the position of the spectrum maximum at Eb = 74.8 eV is manifested practically throughout the entire depth of the analyzed layer in the Al2p spectrum. This state corresponds to the bond of aluminum with oxygen Al-O bond [33,34,35]. For example, the formation of aluminum oxide Al2O3 [34] or alumina of substoichiometric composition AlOx [33] is possible. In particular, the oxides of substoichiometric composition AlOx are found in a natural oxide film on the surface of pure aluminum [33]. As the depth of the analyzed layer increases, a shoulder with Eb = 72.8 eV appears in the Al2p spectrum from the side of lower energies (Figure 4a). This indicates that, at these depths, the state of aluminum with a metallic type of interatomic bonds is manifested [33]. The analysis of the Ni2p3/2 spectra showed that nickel atoms at a depth of about 10 nm are in a state corresponding to the bonds of nickel with oxygen Ni-O (Figure 4b). This is evidenced by the peak with Eb = 853.6 eV and its respective satellites at higher binding energy [36,37]. However, with increasing depth (for example, at depths of 20 and 30 nm), the Ni2p3/2 spectrum is completely transformed and consists of the main peak and the associated satellite peak located 6–8 eV higher than the binding energy of the main peak (Figure 4b). At a depth of 30 nm, the main peak of the Ni2p3/2 spectrum falls on the binding energy of 853.2 eV, and the satellite peak, which is relatively low-intensity and wide, is at a distance of about 6 eV from the main peak. These energies indicate that nickel atoms at this depth are in the metallic state [38].



The Fe2p3/2 and Cr2p3/2 spectra can be used to analyze the state of iron and chromium atoms in the modified layer. The spectra show that both iron and chromium atoms are in the oxidized state to a depth of ~10 nm (Figure 5a,b) with binding energies of 709.8 and 577.2 eV, respectively [33]. Probably, iron and chromium oxides with various oxidation states (+2, +3, etc.) form. At a depth of ~20 nm, chromium atoms continue to be predominantly in the oxidized state (Eb = 577.2 eV), and iron atoms, both in the oxidized state (Eb = 577.2 eV) and in the metallic state (Eb = 707 eV). As the depth increases (at a depth of ~30 nm), iron atoms are mainly in the metallic state (Figure 5a), while chromium atoms are in both the metallic and oxidized states (Figure 5b). The metallic state of atoms of iron, nickel, and chromium is understood as the state of these atoms in the nodes of the crystal lattice of the solid solution. Therefore, the analysis of the XPS spectra of aluminum and the main components of the alloy suggests that a thin nanoscale surface layer (more than 30 nm deep) after implantation of Al+ ions consists mainly of metal oxides. However, if the presence of nickel and iron oxides is limited to a depth of ~30 nm, chromium oxides extend to great depths. It is assumed that this is due to the higher chemical affinity of chromium atoms to oxygen and, most likely, causes the enrichment of a thin surface layer ~30 nm in depth with chromium atoms and depletion of this layer in nickel and iron atoms [39].



Figure 6 and Figure 7 show the XRD patterns on the non-irradiated and irradiated samples, respectively. As it can be seen from Figure 6, the diffraction patterns obtained using CuKα radiation, which show the structure of near-surface zone, contain visible peaks as related to the α′-phase, whereas the diffraction patterns obtained using CoKα show nearly single-phase austenitic structure. It reveals that the   γ →  α ’    transformation after rolling of steel proceeds in the surface layer only. Figure 7 shows that after the Al implantation, the intensity of XRD peaks as related to the α′-phase increased strongly. The realization of   γ →  α ’    transformation in steels as a result of ion implantation was reported previously [40,41]. It should be noted that in [13], no ion irradiation induced phase transformation was observed in austenitic AISI 321 steel, whereas duplex austenitic-ferritic AISI 318 steel shows the   γ →  α ’    transformation at the same irradiation condition. As it was reported in [42], ion irradiation of AISI 316L single-phase austenitic stainless steel obtained by selective laser melting results in the formation of no new phases, whereas the intensive   γ →  α ’    transformation at ion irradiation was observed for the same steel after cold rolling. Therefore, we can propose that the presence of α′ phase in the initial structure can promote the intensive   γ →  α ’    transformation at ion irradiation.



Figure 8 shows the depth dependences of the phase composition for as-received and Al-implanted steel. As it follows from the curves, before and after implantation, the b.c.c. phase is located in the near-surface layers, in which the amount of this phase decreases with an increase in the thickness of the analyzed layer. However, for the irradiated sample, the fraction of the α′ phase is noticeably higher than for the as-received steel.



The dependences on Figure 8 were plotted using the data obtained by both CuKα and CoKα radiations: To analyze the upper surface layers, CuKα was used, and for deeper layers, CoKα was used. The unirradiated steel surface is characterized by the presence of γ + α′ phase mixture. The volume fraction of the α′-phase decreases from 25% to 3% when the depth increases from 100 nm to 1.4 μm. It is known that the plastic deformation of these steels contributes to the   γ →  α ’    transformation. A large amount of the α′-phase in the near-surface sections of the strip was obtained by rolling. In addition, its practical absence at depths greater than 1.5 μm from the strip surface are apparently due to the inhomogeneous deformation arising during rolling, due to the fact that when the belt passes between the rollers, the middle volumes are deformed less.



The XRD data for the steel surface after irradiation show that at a depth of 150 nm the volume fraction of the α′-phase is about 60%. An increase in the distance from the sample surface results in a decrease in the α′-phase content. The increased content of the α′-phase in the irradiated samples in comparison with the unirradiated samples is the evidence for the   γ →  α ’    transformation under the action of bombardment with aluminum ions.



Figure 9 shows the micrographs of the cross-sections of the plates before and after irradiation with aluminum ions. The first reagent was used to etch the initial sample and the sample after irradiation (Figure 9a,c), and the second, for the sample after irradiation (Figure 9b). It can be seen from the micrographs that after etching with the first reagent, a modified layer (Figure 9c) with a thickness of ≈1 μm is found, which is etched at a higher rate than the bulk of the sample. With further etching, the surface layer is over-etched and disappears. When etching with a solution of oxalic acid (Figure 9b), a changed layer is revealed, which is oxidized at etching. The thickness of this layer is up to 40 μm.



The SEM study of cross sections of the samples before and after irradiation did not reveal a difference in the microstructure of the samples in the near-surface layers up to ~3 μm deep (Figure 10a,b, scale of 10 μm). This is due to the fact that during ion etching, the channels appear in these layers, which are inherited from the microrelief (roughness) of the surface and distort the appearance of the microstructure. The microstructure of the surface layers (up to ~100 μm, the incision depth) of the initial and irradiated samples can be represented as consisting of two zones (Figure 10a,b, scale of 50 μm). Zone 1 is characterized with relatively equiaxed grains approximately 40 μm in size for the initial sample (Figure 10a). In zone 2, the grain structure is in a distorted, deformed state due to the rolling of the samples. Comparing the microstructures of the initial and irradiated samples, it can be seen that in the sample after irradiation, the boundary between zones 1 and 2 looks slightly more diffuse and the grains in zone 1, at first glance, have smaller sizes, which is more clearly manifested in the images with smaller scales of 20 and 10 µm (Figure 10b).



As it is follows from Figure 8 and Figure 9c, the ion irradiation affects the phase composition and structure of the investigated steel at a depth of up to 1 μm, whereas the possible penetration depth of aluminum ions in steel does not exceed 85 nm [32]. It may be an evidence for long-range effect of ion irradiation, which was described, for instance, in [43].



The changes in the structure and properties of materials due to the generation and movement of dislocations in the fields of static stresses created by implanted impurities, as well as a result of ion irradiation-initiated structural-phase transformations of a radiation-dynamic nature (post-cascade shock waves), can also be observed much deeper, up to 104–105 Rp [44,45]. This leads to the formation of a modified layer with a thickness of ≈1 µm (Figure 9c), which in turn leads to an increase in the microhardness. Moreover, as it was reported in [44], the long-range effect of ion irradiation was observed for severe deformed foils only, whereas for annealed foils no long-range effect of ion irradiation was found. Our results can be considered as additional evidence for the dependence between structure deformation and long-range effect of ion irradiation.




4. Conclusions







	
Al ion irradiation of AISI 321 stainless steel results in the changes in the composition and structural-phase state of the surface layers, which leads to an increase in the nano- and microhardness.



	
The depth profile of implanted aluminum is a curve with a broad peak, the maximum concentration of aluminum of 27 at% is reached at a depth of 20 nm and is 27 at%. A thin surface layer down to a depth of 30 nm after Al+ ions implantation consists mainly of metal oxides.



	
Irradiation results in the   γ →  α ’    phase transformation, and the increased amount of α′ in the irradiated samples was found at the depth of up to 1 μm.



	
Etching reveals a modified layer approximately 1 µm thick, which is etched at a higher rate compared to the bulk sample. SEM analysis of the microstructure of the surface layers of AISI 321 steel approximately 100 μm thick before and after irradiation revealed that the microstructure of this layer consists of two zones: Zone of equiaxed grains and deformed grains. After irradiation, the boundary between these zones becomes slightly more blurred and a decrease in the grain size is observed.



	
The observed depth of phase and structure transformation in irradiated steel significantly exceeds the maximum depth of ion penetration.



	
The novelty of the work consists of the ion irradiation investigation of as delivered (i.e., without additional stress relief annealing) AISI 321 stainless steel surface layers. This method can be applied for the elaboration surface modifying technique to provide the control of the functional properties of steel surface.
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Figure 1. Symmetrical and asymmetrical diffraction geometries. 
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Figure 2. Dependence of nanohardness on the penetration depth of indenter before and after irradiation with aluminum ions. 
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Figure 3. Depth distributions (XPS data) of the elemental composition of sample surface before (a) and after (b) Al-ion implantation obtained using layer-by-layer etching of surface with argon ions with an energy of ~4 keV at an etching rate of ~1 nm/min, i.e., here 1 min of tentative corresponds to 1 nm of depth. 
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Figure 4. Al2p (a) and Ni2p3/2 (b) XPS spectra on various depths (indicated near curves) of the Al+ ions irradiated sample. 
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Figure 5. Fe2p3/2 (a) and Cr2p3/2 (b) XPS spectra on various depths (indicated near curves) of the Al+ ions irradiated sample. 
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Figure 6. XRD patterns of initial AISI 321 steel obtained using CuKα and CoKα at various beam incident angles α. 
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Figure 7. XRD patterns of Al-implanted AISI 321 steel obtained using CuKα and CoKα at various beam incident angles α. 
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Figure 8. Depth dependences of phase composition for as-received (a) and Al-irradiated (b) steel, obtained from XRD data collected using CuKα (1) and CoKα (2) radiations. V is the phase volume fraction, %. 
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Figure 9. Optical micrographs of initial (a) and Al-implanted samples etched with reagent 1 (a,c) and reagent 2 (b). 
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Figure 10. SEM image of a cut surface of a stainless steel sample in the initial (a) and after irradiation (b) states at various magnifications (1—the zone with relatively equiaxed grains, 2—the zone of deformed grains). 
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Table 1. Penetration depth of X-rays.
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Radiation

	
µ (cm−1)

	
Thickness of the Layer at which the Rays Are Attenuated by a Factor of e Depending on the Beam Incidence Angle α (μm)




	
α = 2°

	
α = 5°

	
α = 10°

	
α = 15°






	
CuKα

	
2242

	
0.15

	
0.34

	
0.59

	
0.76




	
CoKα

	
950

	
0.35

	
0.82

	
1.45

	
1.90
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