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As established, the implantation of aluminium in a stream of nitrogen ions on 

the stainless-steel surface leads to a partial recrystallization (‘ferritization’, 

inoculation with defect formation) of the carrier matrix. The SEM shows the 

formation of aluminium coating with thickness up to 100 nm on the carrying 

surface as a result of implantation. The results of XPS surface study demon-
strate that this surface layer contains of the x-ray amorphous aluminium ni-
tride, oxide and oxynitride compounds. The oxidation of composite (implant) 

leads to the destruction of nitrogen-containing compounds, and alumina be-
come the base surface-layer compound. Both the specific surface area and the 

mechanical strength of the surface layer increase significantly after implan-
tation and oxidation of implant as well as growth of the implantation dose 

too. The changes of the surface structure and morphology as well as for-
mation of chemical compounds on the carrying agent influence on the ther-
mal-physical characteristics (namely, increase of surface temperature and air 

near-surface temperature is observed) in comparison with the untreated 

sample. 
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Встановлено, що імплантація Алюмінію в потоці йонів Нітроґену на по-
верхню неіржавійної криці приводить до часткової рекристалізації («фе-
ритизації», інокуляції з утворенням дефектів) несної матриці. СЕМ пока-
зала утворення алюмінійового покриття товщиною до 100 нм на поверхні 
носія в результаті імплантації. Результати РФЕС-дослідження поверхні 
показали, що цей поверхневий шар містить рентґеноаморфні нітридні, 

оксидні й оксинітридні сполуки Алюмінію. Окиснення композиту (ім-
плантату) приводить до руйнування нітроґенвмісних сполук, і оксид 

Алюмінію стає базовим поверхневим шаром. Питома поверхня та механі-
чна міцність поверхневого шару значно зростають після імплантації й 

окиснення імплантату та підвищення дози імплантації. Зміни структури 

та морфології поверхні й утворення хемічних сполук на носії впливають 

на теплофізичні характеристики (підвищуються температура поверхні та 

приповерхнева температура повітря) порівняно з необробленим зразком. 

Ключові слова: морфологія, йонна імплантація, фазовий склад, механіч-
на міцність. 
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1. INTRODUCTION 

Aluminium is widely used as a modifier of the different materials with 

a purpose to improve a whole range of their characteristics. In particu-
lar, presence of aluminium-based compounds in the metals and alloys 

leads to changes in their mechanical strength, heat resistance, electri-
cal and thermal conductivity [1–4]. Formation of coatings containing 

these compounds permits to obtain thermal insulation, barrier, and 

catalytic layers [5–8]. Thus, the application prospects of the use of ob-
tained alloys as the materials for the big spectrum of chemical, ther-
mal, gas and petrochemical equipment opens. 
 The important investigation problem is the technology of alumini-
um insertion into the materials and preparation of compounds based on 

it. The existing methods of aluminium introduction have a number of 

advantages and disadvantages, which determine the choice of synthe-
sis ways depending on the purpose of the prepared target materials [5, 

6, 9]. The ion implantation is method deprived of the most of disad-
vantages [10–14] and this technology is the perspective for obtaining 

of aluminium compounds in the surface layer of metals (supports) due 

to their bombardment by ion beam.  
 The stainless steel is most perspective material for the ion implanta-
tion and it is widely used in different industries as a base for the prepa-
ration of heating elements, working parts of the equipment, carriers 

for catalysts, etc. [15–18].  
 In view of the above, in this work, foil of the steel 12Cr18Ni10Тi 
[19] was used as an initial sample (support), and the aluminium ions 
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were implanted in it. The physical, chemical, and thermophysical 
properties of the obtained composites were studied. 

2. EXPERIMENTAL TECHNIQUE 

The technique of composites synthesis (low-temperature ion implanta-
tion method) was detail described in the papers [20–22]. The samples 

were prepared on the base of foil from stainless steel 12Cr18Ni10Тi 
with the thick equal to 0.1 mm. The amount of implanted aluminium 

and nitrogen (working atmosphere) in the ions’ flow were controlled by 

the parameters of implantation process (by the ion current strength 

and the ions energy) and in result was 2.5·1017
 and 5·1017

 ion/cm2
 of 

aluminium ions implanted, which corresponds to penetration of target 

ions into the depth on tens nanometres order. The part of the samples 

after implantation was oxidized at temperature of about 600 °С in air. 
 The obtained samples were examined using small-angle x-ray scat-
tering at an angle β = 270–360° on the device 2D X-ray Rigaku (Dmax 

rapid), which used for the study of thin films (XRD of thin films). In-
vestigations of the samples by scanning electron microscopy (SEM) 
were realized on the device Hitachi S-400 at 5 kV with energy disper-
sive spectrometer Philips Cm 200 (Fritz Haber Institute, Berlin, Ger-
many). Study of the samples surface using visible microscopy was car-
ried out on microscope MIM-7, additionally equipped with digital cam-
era Kodak EasyShare C1013 under degree of magnitude 1:1500. The 

specific surface area of the samples was determined on ASAP 2020 

(Micromeritics Instr. Corp.) by krypton adsorption. The morphology of 

the samples surface was studied by atomic force microscopy (AFM) on 

Nanoscope Multi Mode V. 
 The assessment of mechanical strength of the modified surface layer 

was carried out by sclerometric method according to GOST 21318-75. 
 The samples surface was study by x-ray photoelectron spectroscopy 

(XPS) in ultrahigh vacuum (1·10−7
 Pа) with a spectrometer equipped by 

semi-sphere analyser (SES R 4000, Gammadata Scienta) and calibrated 

according to ISO 15472:2001 (magnesium anode with energy of Kα-line 

1253.6 eV). Spectrums were calibrated on a line relative to the line of 

C1s-electron with binding energy 285 eV. An effective depth of analy-
sis calculated for a carbon matrix was of 3–5 nm.  
 In the laboratory setup with the ceramic base of standard hot plate, 

thermophysical properties of synthesized nanocomposites were ex-
plored according to [23]. 

3. RESULTS AND DISCUSSION 

The results of the synthesized samples surface study by the method of 
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x-ray phase analysis of thin films [21, 22] show the presence in the sur-
face layer of implants the structures which can be identified as phase 

of austenite, the peaks from planes (111), (220) and (200), which are 

correspond by the material of the carrier (austenitic steel). It is neces-
sary to note, that the same fact was noted in the works [24, 25], but for 

the samples prepared under other modes of metal ions deposition and 

other metals.  
 The absence of the reflexes from implanted metal or its compounds 

can be connected with their amorphous state or the very low concentra-
tion in the surface layer (less appropriate hypothesis). In the same 

time, the changes of the relative intensity of peaks at the angles 2θ 

close to 44°, 51° and 74° can testify the effect of the stainless steel sur-
face etching in this implantation process. The intensity of reflex from 

the plane (220) increases and the peak towards (200) appears can indi-
cate about ‘exposure’ of bulk matrix, for which they are, in fact, char-
acteristic. 
 The detailed analysis of the obtained x-ray spectra presented in 

Fig. 1 shows the more profound changes and difference of the surface 

structures of original carrier (stainless steel) and synthesized by alu-
minium implantation samples. The displacement of all three reflexes 

(111), (200) and (220) towards big angles shows that during aluminium 

implantation quantitative ratio of the phases austenite and ferrite 

changes in the direction of the ferrite concentration increasing. The 

same is shown for a reflex at 2θ close to 44° in corrosion-resistant steel 
that is nitrogen-alloyed [26] and for a reflex at 2θ close to 51° in elec-
trospray-treated steel [27]. The difference in 2θ angle values for fer-
rite and austenite is less than 1 degree in these cases. As known accord-
ing to the standards, the content of ferrite in initial stainless steel is 

less than 10%, which may complicate the identification of this phase 

on surface. This fact is agreeing well with the literature data [28]: ac-

 

Fig. 1. The detailed diffractograms of the samples. 
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cording to which, aluminium is a ferritisator for alloyed steel like 

12Cr18Ni10Ti, similar to Titanium, Niobium, etc. It is known also [29] 
that nitrogen is an inoculant, which can initiate the formation of ni-
tride compounds (in particular with aluminium or titanium) and grind-
ing of the substrate structure. As results, a decrease of the crystal lat-
tice parameters and the shift of reflexes in the direction of large angles 

in diffractograms can be observed. In same time, the narrowing of 

these peaks for the implanted samples (Fig. 1), demonstrates an in-
crease in ‘crystallinity’ or the degree of surface ordering in compari-
son with the untreated (initial) carrier. 
 The obtained results permit to propose that the implantation of al-
uminium and nitrogen into a stainless steel carrier leads to recrystalli-
zation of the surface layer, and this process intensifies during sample 

oxidation. This effect can be connected with the redistribution of the 

substrate internal energy caused by the introduction of high-energy 

particles with energy of about 30 keV and the formation of chemical 
compounds in the surface layer.  
 The methods of optical microscopy (Fig. 2) and SEM with the shoot-
ing mode of elastically reflected electrons (Fig. 3) were used to study 

the state of the composites surface. The microphotographs of the sam-
ples presented below show to smoothing of surface irregularities on 

height as a result of implantation of aluminium and nitrogen ions. It is 

 

Fig. 2. Surface microphotographs: a—SS, b—Al/SS, implantation dose 

2.5·1017
 іоn/cm2, c—Al/SS, implantation dose 5·1017

 іоn/cm2. Magnification 

×1,500. 

 
Fig. 3. Microphotographs (SEM) of the cross-section of the samples: (a) SS, (b) 
Al/SS, (c) О/Al/SS. 
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necessary to note that the relief smoothing is observed at different im-
plantation doses (Fig. 2, b, and c). The data presented in Fig. 3, b (cross 

section) demonstrates that, along with the implantation, there is pro-
ceeding formation of a coating with a thickness of about 100 nm too. 
 The presence of aluminium in this coating is confirmed by the spec-
trogram (Fig. 4, b), which was obtained in face of the implants and 

demonstrates in addition to the peaks from the carrier elements (Fe, 

Cr, Ni, Ti, C) weak intensity signal from the AlK-line which indicates 

the low content of this component on carrier surface. 
 During the oxidation of composite with implant layer, the coating 

thickness increases to approximately 200 nm (Fig. 3, c). This indicates 

that the surface microgeometry is influenced not only by the number of 

implanted ions (implantation dose), but also the subsequent treatment 

(oxidation), and this fact should be taken into account when the im-
plants will be using as heating elements, catalysts, etc. 

 
Fig. 4. Results of the surface composition analysis of the sample Al/SS on the 

energy dispersive spectrometer. 

 

Fig. 5. AFM microphotograph (a) and 3D view (b) of the carrier surface (SS). 
Profile (c) along the line of the cross section shown in Fig. 6, a. 
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 For a more detailed study of the sample surface, the AFM method 

was used (Fig. 5). The obtained results confirmed the data of optical 
microscopy and SEM on the smoothing of the sample topography after 

implantation and revealed important regularities of the prepared com-
posites morphology. 
 As can be seen in Figs. 2, a, 3, a and 5, b, the surface of the untreat-
ed carrier is significantly heterogeneous. The local character of heter-
ogeneity is clearly demonstrated by the cross section profile (Fig. 5, c) 

along the line determined in Fig. 5, a, in which the individual peaks 

with a height of almost 600 nm and large cavern are noticeable. 
 The implantation of aluminium and nitrogen leads to the smoothing 

of the surface microrelief that is proved by the data in Fig. 6 and Table 

1 and is in good accordance with the data reported above. It is evident 

that the surface of the support after implantation becomes more uni-
form. It is proved by the similar dimension in the value height of the 

peaks (Fig. 6, c) and much smaller difference between the maximum 

and average height of the surface (Table 1) in comparison to the initial 
medium. 
 The oxidation of the composite with implanted Al and N leads to an 

appearance of the new narrow and shallow peaks (Fig. 7, c) in compari-
son to the Al/NS composite. In the same time, the surface inhomogene-
ity of the sample increases. So, in this case, the formation of secondary 

 

Fig. 6. AFM microphotograph (a) and 3D view (b) of the implant surface with 

aluminium (Al/SS). The profile along the line of the cross section shown in 

Fig. 7, a–c. 

ТАBLE 1. Characteristics of sample surface microgeometry. 

Sample SS Al/SS O/Al/SS 
Maximum height of irregularities, nm 590.9 342.4 504.0 
Average height of irregularities, nm 158.8 188.9 267.3 

Average surface roughness, nm 139.8 68.1 118.3 
Specific surface area, cm2/g 13.9 18.5 38.7 
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surface heterogeneity, which may be related to the appearance of pores 

because of the surface layer oxidation, can be proposed. As result, the 

implant oxidized by air has the more developed surface. A higher value 

of the specific surface area of the treated samples opens up the pro-
spect of their application in catalysis as catalyst carriers. 
 In order to find out the state of the elements forming the surface 

layer of the treated samples the XPS method was applied. The overview 

of the XPS spectrum of the Al/SS composite is shown in Fig. 8, a. In 

addition to Al and N introduced by ion implantation, the presence of 

Fe, Ni, Ti included in the carrier (steel 12X18H10T) and O and C, 
which may be exist in the source material and can be sorbed from the 

environment (air, water, vacuum oil vapour, lubricants, etc.), was es-
tablished. The detail study of the XPS spectra of individual elements 

presented below. 
 The decomposition of the O1s-electron spectrum (Fig. 8, b) shows the 

presence of five peaks for the implanted composite. Any problems with 

identification of four of them exists: they belong to oxygen of the crys-
tal lattice (B), oxygen of carbonate (C) and hydroxyl groups (D), and 

the peak with the highest value of electrons binding energy (E) is the 

adsorbed oxygen on the composite surface (Fig. 8, b). 
 The first peaks of oxygen (A) characterized by the lowest value of BE 

of O1s-electrons (Eb = 527.6 eV), which can be connected with the addi-
tional transfer of electron density from the elements of the composites 

to oxygen. The analysis of the spectrum of N1s-electrons (Fig. 8, c) can 

provides additional information connected with this fact. In this spec-
trum the peak with binding energy value above 400 eV, which, accord-
ing to the literature [30], belongs to the NO groups with significant 

electron density transfer from nitrogen to oxygen is observed. As the 

result of this effect, the peak with a low binding energy in the spec-
trum of O1s-electrons appears. The two other peaks in the spectrum of 

 

Fig. 7. AFM microphotograph (a) and 3D view (b) of the oxidized implant 

with aluminium (O/Al/SS). The profile along the line of the cross section 

shown in Fig. 8, a–c. 
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N1s-electrons are associated with the formation of implanted metal 
nitrides and the presence of elemental nitrogen in the surface layer of 

the samples. 
 After oxidation of the sample, the changes occur both in the O1s-
electron spectrum and in the N1s-electron spectrum (Fig. 8, d, and e). 

The spectrum of the last element practically disappears and only one 

component can be distinguished in it (Fig. 8, e), which refers to the el-
emental nitrogen, obviously incorporated into the carrier matrix, 
which oxidation occurs with low rate. In the O1s-electron spectrum 

(Fig. 8, d), three components, which refer to the lattice oxygen of the 

implanted metal oxide, carbonate groups C=O and chemisorbed water, 
remain (the reflex from later has the maximum intensity among them). 
 The analysis of O1s-electron and N1s-electron spectra permits to 

suggest that after implantation of aluminium and nitrogen on stain-
less steel foil in the surface layer of composites the formation of alu-
minium nitride, oxide and oxynitride compounds proceeds. After oxi-
dation, the composite with implants lose a large amount of nitrogen, 

with alumina formation and this elemental rearrangement leads to 

texturing changes shown by SEM and AFM data, which are accompa-
nied by an increase of SSA of the sample. 
 The results of the study of the spectrum of Al2s-electrons (Fig. 8, f) 
have good accordance with presented above based on analysis of O1s- 

and N1s-electron spectra. Three peaks can be distinguished in this 

spectrum of Al2s-electrons. The first one with Eb = 116.3 eV, according 

to the literature data [30, 31], refers to metallic aluminium (relative 

intensity of 8%). The second peak (Eb = 119.1 eV) characterizes the 

formation of aluminium nitride and its relative intensity is 20%. For 

the third peak, a high value of binding energy of the Al2s-electron 

(Eb = 122.4 eV) was found, which characterizes a significant transfer 

of electron density from metal to another element(s). Such values are 

usually observed for aluminium compounds with ligands that have a 

significant negative charge (Cl, F). In our case (due to the absence of 

fluorine or chlorine in the sample), this may be due to the formation of 

NO groups (see above), which provokes an additional electron density 

transfer from aluminium. In general, the data on the XP-spectra of 

O1s-, N1s- and Al2s-electrons are each other accordance and indicate 

the presence of oxide, nitride and oxynitride aluminium compounds in 

the surface of synthesized composites. 
 The oxidation of the implant by air oxygen leads to a significant 

change in the spectrum of Al2s-electrons (Fig. 8, g). There is only one 

peak in the spectrum with Eb = 118.9 eV, which characterizes the pres-
ence of Al in its oxide compounds. This fact agrees well enough with 

the changes in the spectrum of O1s-electrons (Fig. 8, d), which shows 

the presence of oxygen in metal oxides, as well as with the spectrum of 

N1s-electrons (Fig. 8, e), in which only elemental nitrogen is present. 
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Fig. 8. Overview of the XPS spectrum of the Al/SS composite (a), O1s-
electron spectrum of the Al/SS (b), N1s-electron spectrum of the Al/SS (c), 
O1s-electron spectrum of the O/Al/SS (d), N1s-electron spectrum of the 

O/Al/SS (e), Al2s-electron spectrum of the Al/SS (f), Al2s-electron spectrum 

of the O/Al/SS (g). 
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 The resistance of the synthesized composites to mechanical stresses 

was tested in sclerometry studies implemented according to the meth-
od described in [32]. 
 The smooth scratch edges on the composite samples (Fig. 9, b, c), 

without visible tears, which are observed for composites with different 

doses of implantation testify the high plasticity of the surface layer in 

comparison to the original carrier (Fig. 9, a). The observed defor-
mation character and the reduction of the groove thickness demon-
strate an increase in the strength and hardness of the implant surface 

compared to the original carrier. The data obtained by sclerometry 

study demonstrate the high adhesive strength of the supported im-
plant layer, the formation of which on the carrier was shown above and 

it is in good accordance with the mechanical strength calculations real-
ized according to the method [32] (Table 2). The observed hardening 

effect in composite surface can be due to defect formation in the carri-
er matrix under the embedding in the support material of nitrogen and 

aluminium ions, which agrees with the data of the XRD of thin films 

and XPS study. In addition, the cascade of perturbation caused by im-
purity particles can lead not only to the concentration of the Schottky 

and Frenkel defects, but also to the redistribution of stresses, up to the 

output of energy waves on the surface, which is reflected in the form of 

its topography and is confirmed by optical microscopy, SEM and AFM 

results. 
 To determine the possibility of application of the synthesized com-
posites as the elements of heaters, gas burners, catalysts, etc., their 

thermophysical characteristics were studied. The comparison of ther-

 

Fig. 9. Microphotographs of the carrier surface (SS) (a), and Al/SS samples 

with implantation doses of 2.5·1017
 ion/cm2

 (b) and 5·1017
 ion/cm2

 (c) after 

scratching. Magnification ×200. 

TABLE 2. Characteristics of mechanical strength of the samples surface. 

Sample SS Al/SS O/Al/SS 
Implantation dose, ion/cm2 — 2.5·1017 5·1017 
Mechanical strength, GPa 1.7 3.4 5.7 
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mal properties of the implants and the initial medium was carried out 

according to the technique [23] in a laboratory flow-through facility at 

an air flow rate of 600 l/hour and by passing through materials (sup-
port and composites) an electric current of different power. 
 The obtained results show (Fig. 10, a) that the implants (composites) 
have a higher value of heat transfer coefficient from the sample to the 

air than initial carrier does. This can be connected with the difference 

in samples surface area, their surface shape and temperature. 
 Since the differences in area and microgeometry of the samples sur-
face were shown above by BET, AFM, SEM methods, we realized the 

temperature studies. The obtained presented in Figs. 10, a and b. This 

data show that, firstly, the air temperature near to the implants sur-
face is approximately 25–35°С (in dependence from electric power) 

higher than the air temperature near the untreated support surface. 

 

Fig. 10. The dependence of the heat transfer coefficient (a), the air tempera-
ture above the burner (b) and the surface temperature (c) on the power con-
sumed for heating for the samples: ●—original carrier (SS); ■—Al/SS compo-
site, with an implantation dose of 5·1017

 ions/cm2. 
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Secondly, the surface temperature of implant is average on 30–40°C 

higher than the temperature of the initial support surface.  
 The reason of the difference in the temperature indices above for 

initial sample and composite can be the presence (according to the XPS 

results) of aluminium, oxygen and nitrogen-based aluminium com-
pounds (oxides, nitrides and oxynitrides) in the implant surface layer, 
which impairs the electrical and thermal conductivity in the layer and 

as a result can lead to the local overheating of surface. In addition, the 

existence of coating layer in support surface (detected by SEM, cross 

section; Fig. 3) can, in its turn, act as a thermal barrier preventing the 

dissipation of heat deep into the material and promote its concentra-
tion on the surface. 

4. CONCLUSION 

The obtained results shown that the implantation of aluminium in a 

stream of nitrogen ions on stainless steel surface leads to a complex 

effect on the initial material properties.  
 It is shown that the introduction of Al and N ions into the carrier 

matrix accompanied by its partial recrystallization (‘ferritization’, 

inoculation with defect formation). The partial introduction of im-
planted aluminium and nitrogen ions into stainless steel leads to the 

changes of the support near-surface layer structure.  
 The formation of aluminium coating with thickness up to 100 nm on 

carrier surface as result of implantation was observed. It was estab-
lished that this surface layer contains the x-ray amorphous aluminium 

nitride, oxide and oxynitride compounds. The oxidation of composite 

(implant) leads to the destruction of nitrogen containing compounds 

and alumina become the base surface layer compound.  
 It was established that the specific surface area and the mechanical 
strength of the surface layer increase significantly after implantation 

and oxidation of implant and the growth of the implantation dose too. 
 It is established that the structural and morphological changes as 

well as formation of chemical compounds on the carrier increase the 

thermal-physical characteristics of the implants in comparison with 

the properties of the untreated sample. 
 Therefore, the practical usefulness of the synthesized composites 

can be connected with their application as support for catalysts syn-
thesis, elements of heating devices and other construction materials of 

chemical, oil, and gas industry. 
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