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The processes of forming diffusion coatings on AISI 1045 steel were studied after two saturation
methods: diffusion chromoaluminizing and a complex two-stage treatment (electrochemical nickel plating
followed by diffusion chromoaluminizing). Nickel plating was performed in nickel sulfate-based electrolytes
at a temperature of 40 °C and a current density of 3 A/dm2. Complex chromoaluminizing was conducted us-
ing a powder method at 1050 °C for 4 hours. It was found that diffusion coatings with a total thickness of
20.5 um to 23.0 um were formed on the surface, along with a transition zone based on the a-Fe solid solu-
tion with a thickness of up to 55 pm. Micro-X-ray spectral analysis revealed the presence of chromium ni-
tride Cr:N, as well as zones with CrzAl phases and a solid solution of chromium and aluminum. The
obtained coating consists of four distinct zones, and the surface layer's microhardness was in the range of
16.0 to 16.2 GPa. Diffusion chromoaluminizing of steel 45 samples with a nickel-based layer 20 um thick
was carried out at 1050 °C for 4 hours. The complex two-stage treatment resulted in the formation of a
coating with a thickness of 35 to 45 um. It was demonstrated that the formation of protective coatings sig-
nificantly improves the oxidation resistance of steel 45 due to the development of a dense oxide film. The
structure of oxide inclusions, which contain chromium, aluminum, and iron forming spinel phases, was
identified. The two-stage process with preliminary nickel plating ensured a uniform distribution of
heterogeneous layers without delamination. Additionally, preliminary nickel plating altered the oxidation
mechanism and allowed for coatings with increased plasticity.
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1. INTRODUCTION

An intensive search for new methods and
technologies for modifying the surface layers of metals
and alloys is conducted in modern literature [1-5]. The
use of complex alloys is, in most cases, impractical,
economically and technologically unjustified, since the
surface layer of the material is primarily responsible
for most operational characteristics. By changing the
structure, phase, and chemical composition of the
material's surface through the formation of protective
coatings, it is possible to significantly improve its
operational properties, such as hardness, strength,
wear resistance, heat resistance, corrosion resistance,
and others. A gradient structure is formed on the
products, which combines the necessary high surface
properties with the required base properties. The most
common methods involve using coatings obtained
through chemical-thermal treatment or -electrolytic
deposition.
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It is known that the formation of diffusion layers on
the surface of metals and alloys based on elements with
a high affinity for oxygen, such as Cr and Al,
contributes to improving heat resistance. These
elements tend to form continuous protective films
based on Cr:0s and ALOs [6-8]. However, these
elements are ferrite-stabilizing and may cause the
formation of a transition zone under the coating based
on solid solutions in a-Fe(Al, Cr) [9]. The undesirable
diffusion redistribution of elements between the
coating and the substrate, as well as between the
substrate and the external contact environment, can be
prevented by using barrier layers.

Barrier coatings based on carbides [10, 11], nitrides
[12], borides [13], silicides of transition metals,
aluminum oxides, and yttrium oxides [14-16] have
found widespread application. Electrochemical nickel
plating is extensively used in industry as a barrier
coating that impedes metal diffusion [17]. In work [18],
the positive effect of an electrochemically nickel-based
layer as a barrier was noted. It slows down the

https://jnep.sumdu.edu.ua

© 2025 The Author(s). Journal of Nano- and Electronic Physics published by Sumy State University. This article is
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Cite this article as: T. Loskutova et al., . Nano- Electron. Phys. 17 No 1, 01024 (2025) https://doi.org/10.21272/jnep.17(1).01024


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.17(1).01024
https://orcid.org/0000-0002-9384-5250
https://doi.org/10.21272/jnep.17(1).01024
mailto:hovorun@pmtkm.sumdu.edu.ua

T. LoskuTovA, YA. KONONENKO ET AL.

degradation process of the aluminized layer on AISI
1045 steel at high temperatures. Degradation and
dissolution of the aluminized layer are accompanied by
a decrease in its microhardness, particularly
intensively in the surface layers of the coating. Higher
stability of coatings obtained through aluminizing in
the presence of a nickel barrier layer is primarily
associated with the formation of ordered compounds in
the diffusion layer, which inhibit diffusion processes.

Diffusion chromoaluminizing of carbon steels with a
barrier component based on electrochemical nickel has
not been practically studied and is only of a review
nature in the literature. Therefore, there is scientific
and practical interest in establishing the regularities of
the formation of composition, structure, and
determining the properties (heat resistance,
microhardness) of multi-component coatings involving
chromium and aluminum with a barrier component
based on electrochemical nickel.

The aim of this work is to study the structure,
phase and chemical compositions, as well as the
protective properties of coatings on AISI 1045 steel
obtained by combining electrochemical nickel plating
with subsequent complex diffusion chromoaluminizing.

2. MATERIALS AND METHODS

Coatings were applied on AISI 1045 steel and to the
same steel after electrochemical nickel plating from
aqueous electrolytes. Nickel plating was performed in a
nickel sulfate solution (NiSOs - 7H20), with sodium
sulfate (Na2SO4) and magnesium sulfate (MgSOuy)
added to increase electrical conductivity. The process
was carried out at a constant current density of 3
A/dm? and a temperature of 40 °C.

Complex diffusion chromoaluminizing was conduct-
ed using a powder contact method in a saturating mix-
ture with the following composition (wt. %): 90 (Cr) +
10 (Al) + 47 (Al20s3) + 3 (activators). The activators con-
sisted of a mixture of halides: 3 wt.% NH4Cl + 1 wt.%
NiClz. The process was performed in a sealed reaction
chamber at a temperature of 1050 °C for 4 hours.

The phase composition of the coatings studied in
this work was determined using a Rigaku Ultima IV
diffractometer in Cu Ka-radiation (1 =0.1541841 nm).
The Bragg-Brentano focusing scheme was used, which
allows recording lines with reflection angles from 20 to
90° with step A26 = 0.04 deg. The tube accelerating
voltage was 40 kV, current strength was 40 mA, and
exposure time ranged from 30 minutes to 3 hours. The
X-ray diffraction patterns were interpreted, and the
lattice periods of the obtained phases were determined
using the PowderCell 2.4 software package according to
the Rietveld method (complete profile analysis). The
obtained diffractograms were compared with the refer-
ence diffractograms in the ICDD PDF-2 diffractogram
database.

The coating and oxide microstructure were analyzed
using a scanning electron microscope (MIRA 3, Tescan
Co., Czech Republic). Chemical composition measure-
ments were conducted using an energy-dispersive X-ray
microanalyzer (Oxford X-Max 80) with an active crystal
area of 80 mm? (INCA X-Max, Oxford Instruments,
Abingdon-on-Thames, UK).
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Local phase analysis was carried out at an
accelerating voltage of 20 kV. The exposure time for
chemical analysis was 30 seconds. Energy-dispersive X-
ray spectrum indexing was performed using
commercial INCA software (Oxford Instruments,
Abingdon-on-Thames, UK). The content of Cr, Al, Fe,
and Ni was determined based on the La line energy
and Ka line energy values.

Additional metallographic studies were conducted
using a MIM-7 optical microscope. To reveal the
coating's microstructure, a 3 % nitric acid solution in
ethyl alcohol was used.

Oxidation tests were conducted in a resistance
furnace (LHT 01/17 D) capable of operating up to
1700 °C with airflow. The heating rate was 10 °C/min.
Specimens were weighed before and after oxidation

using AS R2 "Radwag" analytical scales with a
precision of 0.0001 g.
Microhardness measurements were performed

using a Vickers 432 SVD device with a diamond
Vickers pyramid indenter having an angle of 136
degrees. A load of 0.3 N was applied, with an
indentation time of 10 seconds, holding under load for
10 seconds, and unloading for 10 seconds. Hardness
values were automatically calculated based on the
diagonal lengths of the indentations.

3. RESULTS AND DISCUSSION

Microstructural analysis (Fig. 1a) revealed that the
diffusion coating consists of four zones arranged
parallel to the diffusion front. The outer layer has a
bright, nearly white color and is uniformly distributed
across the cross-section of the samples. No visible
chipping or delamination of the surface zones was
observed. The thickness of the obtained zone ranged
from 11.5 pm to 12.0 um.

It was established (Fig. 1b) that a surface layer based
on chromium nitride CrzN (a: 4.8164 nm — 4.8166 nm,
c: 4.4814 nm — 4.4816 nm) forms. The second zone differs
slightly in terms of etching characteristics, with a
thickness not exceeding 1.0 um — 1.5 pm.

Next is a heterogeneous zone characterized by a
dark, nearly black coloration. Small bright inclusions
can be observed within this zone's structure. The
thickness of this zone reaches 8.0 pm — 9.5 um. Directly
beneath the coating lies a light-colored transition zone
with a characteristic columnar structure.

This zone likely forms due to the diffusion of Cr and
Al into iron during the chemical-thermal treatment
process. At the given treatment temperatures, when
the solubility limit of chromium and aluminum in
austenite is reached, y-Fe — a-Fe transformation occurs.
The formation of the transition zone is accompanied by
the displacement of the base boundaries, the formation
of a ferrite zone, and characteristic columnar crystals.
The thickness of the transition zone ranges from
50.0 pm to 55.0 pm.

The microhardness of the first coating zone is quite
high, reaching 16.0 GPa — 16.2 GPa. It was not possible
to determine the microhardness of the second zone due
to its small thickness. The microhardness of the third
zone is 4.0 — 3.7 GPa, while the transition zone has a
microhardness of 2.5 — 2.8 GPa.
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Fig. 1 — Microstructure (optics) x500 (a), X-ray diffractogram (b) of the surface of AISI 1045 steel after complex diffusion
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Fig. 2 — Microstructure, (SEM) (a), distribution of elements on the surface of the cross-sections of the surface of AISI 1045 steel

after complex diffusion chromoaluminizing (temperature — 1050 °C; time — 4 h); (b, c, d)
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Fig. 3 — Microstructure (a) and distribution of elements on the surface of the cross-sections of the surface of AISI 1045 steel (b-f)
after nickel plating and complex diffusion chromoaluminizing (temperature — 1050 °C; time — 4 h)

*Note: point 11 contains 7.95 wt. % N

It was established that a zone (Fig. 2, point 13)
forms on the outer surface of the coatings, containing
85.79 wt. % Cr and 13.11 wt. % N. This zone was
identified as the Cra:N phase. The obtained data
correlate well with the results of X-ray diffraction
analysis and microhardness measurements (16.0 — 16.2
GPa). Notably, this phase contains almost no iron (up
to 1.11 wt. %). The formation of this zone should
contribute to an increase in the wear resistance of steel
AISI 1045 [19].

Next is a zone with an increased chromium content
of up to 91.81 wt. %, containing almost no other ele-
ments — 1.17 wt. % aluminum and 3.01 wt. % iron
(Fig. 2, point 12).

Further, a zone corresponding to the Laves-phase-
based Crz2Al forms, containing 48.39 wt. % chromium,
12.1 wt. % aluminum, and 26.16 wt. % iron. The for-
mation of this zone should enhance the heat resistance
of AISI 1045 steel with chromoaluminizing coatings by
promoting the formation of a dense, continuous oxide
film (Al,Cr)203 during oxidation [6, 10].

As the coating progresses deeper, the chromium and
aluminum contents sharply decrease to 6.61 wt. % —
5.05 wt. % and 3.99 wt. % — 2.29 wt. %, respectively
(Fig. 2, point 10). In the zone based on the solid
solution (Fig. 2, points 9 — 2), the aluminum content
ranges from 2.78 wt.% to 1.58 wt. %, while the
chromium content ranges from 3.12 wt. % to 1.52 wt. %.
It is known [20] that with an aluminum content of 0.5—
0.8 wt. %, a ferritic structure will be stabilized, which
correlates well with the microstructural analysis data.

Coatings with a transition zone based on the
ao-Fe(Al, Cr) solid solution, having a hardness of

2.5-2.8 GPa, are unlikely to demonstrate high proper-
ties. Under conditions of contact interaction, the outer
layer is expected to undergo deformation.

Before chromoaluminizing, a 20 pm thick layer of
electrochemical nickel was applied to some samples. It
is known that nickel plating, aluminonickelizing, and
chromonickelizing of metals and alloys through
chemical-thermal treatment methods are generally
considered impossible [21]. This is due to the absence of
nickel subchlorides, which makes disproportionation
reactions — the basis for gas-phase saturation methods
— infeasible for nickel mass transfer to sample surfaces.
The combination of two-step processing and the
introduction of nickel-containing compounds (NiClg) in
the saturation mixture could present both scientific and
practical significance as an innovative approach.

It was found that this stepwise treatment results in
the formation of a fundamentally new type of coating.
The obtained coatings were identified by microstructural
analysis and micro-X-ray spectral analysis (Fig. 3). A
heterogeneous coating was uniformly formed across the
sample cross-sections. A gray-colored surface layer with
inclusions of a lighter, almost white color was observed.
The gray component corresponds to nearly pure
chromium (99.3 wt. %). The light component contains
7.95 wt. % N, 20.82 wt. % Ni, 9.76 wt. % Al, 49.55 wt. %
Cr, and almost no iron (up to 1.81 wt. %).

The light component was believed to correspond to
solid solutions of Cr, Ni, and Al in Fe and N and could be
generally represented by the formula (Fe, Cr, Ni, Al):N.
In these solutions, metals (nickel, chromium, aluminum)
form substitution sublattices, while nitrogen forms
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interstitial sublattices. The thickness of this layer was
found to be between 10.0 um and 15.0 pm.

The next layer had a white color with dark, needle-
like inclusions and a thickness of 65.0 um to 70.0 um.
The base of this layer corresponds to a zone containing
50.13 wt. % nickel, 3.72 — 4.2 wt. % aluminum, 4.41 —
4.95 wt. % chromium, and 37.15 — 37.35 wt. % iron.
According to the Fe-Ni-Cr phase diagram [22], such
elemental concentrations result in the formation of a
solid solution of chromium and nickel in p-Fe. The
formation of an austenitic structure with a high nickel
content (in the range of 10 % to 40 % Ni) should
positively influence resistance to stress corrosion
cracking [23].

The needle-like inclusions were identified as a
phase with a high oxygen content (up to 45.9 wt. %).
These inclusions contained 37.36 wt. % aluminum,
4.7 wt. % chromium, with the remainder being iron.
These inclusions were identified as complex spinel-type
oxides involving chromium, aluminum, and iron.
According to the theory of heat-resistant alloying [24],
alloying elements that form double oxides are expected to
have high protective properties. Such alloying elements
must not lead to the formation of Fe-based compounds
with a wistite structure on the surface. Instead, they
should form spinel-type oxides (double compounds, double
oxides such as FeCr204, FeAloO4, NiFe20s, and NiCr204)
on the surface of metals and alloys.

As the coating progressed deeper, the nickel content
gradually decreased, reaching 25.02 wt. % at a depth of 55
— 57 um, while the chromium content was 6.25 wt. %. No
aluminum diffusion into the base matrix or the formation
of a solid solution based on «-Fe was observed.

It is well known that products made from carbon
steels require strengthening heat treatment to form a
stronger and harder structure beneath the coating and
to prevent the indentation of protective layers during
operation [25]. For AISI 1045, the recommended heat
treatment involves normalization or full quenching
followed by high tempering [26]. As a result of
normalization and subsequent high tempering, a
granular sorbite structure with optimal mechanical
properties is formed. The normalization temperature
for AISI 1045 is 850-900 °C. From an economic and
technological standpoint, it is more appropriate to heat
samples with coatings for normalization without using
protective atmospheres. Therefore, studying the effect
of heating to normalization temperatures on the
structure and properties of coatings when processing in
an air atmosphere is of undeniable interest.

During the analysis of the oxidation process, the
most thermodynamically probable chemical reactions
occurring during this process were identified. In our
case, this involves the interaction of oxygen with iron
and coating components (Cr, Al, Ni), which can be de-
scribed by the following reaction equations:

2Ni + Oz = 2NiO (AGsso = —284 k/I>x/M0J1b) (€))
2Fe + Oz = 2FeO (AGss0 = — 388 k/I>x/M0J1b) 2)
4Fe + 302 = 2Fe203 (AGsso = —1082 k/x/Moib) (3)
3Fe + 202 = Fes04 (AGss0 = — 770 k/x/Mmonb)  (4)
4Cr + 302 = 2Cr203 (AGsso = — 1705 x/x/Mob)(5)
4Al + 302 = 2A1203 (AGss0 = — 2673 k/px/Moub) (6)

J. NANO- ELECTRON. PHYS. 17, 01024 (2025)

According to the reaction equations in the oxidation
process, the following oxide phases may form: NiO,
FeO, Fe20s3, Fes04, NiO, Cr203, AlaOs. Thermodynamic
calculations indicate that the formation of aluminum
oxide is thermodynamically favorable, as the Gibbs free
energy is the lowest compared to the other phases
(equation 6). In terms of stability, the chromium oxide
Cr20s3, iron oxide Fe20s, and nickel oxide NiO follow. It
should be noted that nickel oxide has the highest Gibbs
energy, indicating its high stability when interacting
with oxygen.

Oxidation was carried out at a temperature of
850 °C for 8 hours. The obtained data are presented in
Fig. 4. It is shown that heat resistance increases: AISI
1045 — (Cr-Al) — Ni(Cr-Al).
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Fig. 4 — Oxidation kinetics of the initial AISI 1045 steel (1),
AISI 1045 steel after diffusion chromoaluminizing (2),
electrochemical nickel plating followed by diffusion
chromoaluminizing (3), temperature 850 °C, duration 8 hours

It has been determined that after exposure to air for
8 hours at a temperature of 850 °C, a thick scale forms
on the surface of the AISI 1045 steel samples, with a
thickness of 160 um — 170 um (Fig. 5). On the surface, a
layer based on Fe3Oys is formed, beneath which is a thin
layer of Fe20s.

%

200 pm

WD: 16.08 mm
Det: BSE
HiVac

SEM HV: 20,0 kV
View field: 1000 pm
SEM MAG: 278 x

Fig. 5 — Microstructure of AISI 1045 steel after oxidation at
850 °C for 8 hours

The oxidation behavior of AISI 1045 steel with coat-
ings of this type is different. It has been established
(Fig. 6) that after exposure to air for 8 hours at a tem-
perature of 850 °C, a zone with an increased content of
aluminum and oxygen forms in the surface layer of the
AISI 1045 steel samples with chromoaluminizing coat-
ings. The migration of aluminum to the surface of
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Fig. 6 — Microstructure (a) and element distribution map (b-f) (characteristic X-ray emission in secondary electrons) across the
surface plane of the AIST 1045 steel with a coating obtained by complex chromaluminizing after oxidation at 850 °C for 8 hours
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Fig. 7 — Microstructure (a) and element distribution map (b-h) (characteristic X-ray emission in secondary electrons) across the

surface plane of the AISI 1045 steel with a coating obtained by galvanic nickel plating followed by complex chromoaluminizing
after oxidation at 850 °C for 8 hours

50 um

50 um

a

b

Fig. 8 — Microstructure of the oxidized coating after microhardness measurement, load 0.3 N, a — AISI 1045 steel after chro-
maluminizing, b — AISI 1045 steel after nickel plating followed by chromoaluminizing

01024-7



T. LoskuTovA, YA. KONONENKO ET AL.

the coating is likely related to its greater thermody-
namic activity compared to chromium when interacting
with oxygen, which aligns well with the thermodynam-
ic calculations performed. The formed zone was identi-
fied as aluminum oxide Al203. The thickness of this
layer is 2-3 um. It should be noted that the majority of
the oxygen is concentrated in the surface layers of the
coating. Beneath this layer is a zone with the maxi-
mum concentration of chromium, and the amount of
oxygen in this layer decreases.

The formed layer was identified as chromium oxide
Cr203. The chromium oxide layer is evenly distributed
across the entire cross-section of the samples, and no
visible defects were observed, making it promising in
terms of heat resistance.

In the coatings obtained by nickel plating followed
by chromoaluminizing (Fig. 7), the oxidation zone is
confined to the surface layer with an increased content
of aluminum and chromium, which was identified as
(Cr, Al)203 oxide. According to the element distribution
map, several characteristic zones of Ni, Cr, and Al can
be distinguished, which correspond to the region that
did not undergo oxidation and performs a barrier
function.

The formation of a nickel-based barrier layer has af-
fected the mechanical properties of the coating after
oxidation (Fig. 8). In the case of oxidation of AISI 1045
steel with a chromoaluminizing coating, a scale of
Cr203-Al203 composition forms, which is brittle and,
after loading, forms a series of cracks in the layer that
propagate through a transgranular mechanism. The
preliminary nickel plating stabilizes the austenitic
structure, which enhances the plasticity and should
positively affect the mechanical properties of the mate-
rial during operation.

Thus, the formation of coatings on the surface of
AISI 1045 steel significantly increases its resistance to
oxidation by forming a dense scale on the surface. The
introduction of Ni as an interlayer changes the oxida-
tion mechanism and allows for the production of coat-
ings with greater plasticity.

4. CONCLUSIONS

1. It was established that after comprehensive
chromoaluminizing of 45 steel in a saturating mixture
(90 wt. % Cr, 10 wt. % Al, 47 wt. % Al20s3, 2 wt. %
NH4Cl, 1 wt. % NiCls) at a temperature of 1050 °C for
4 hours, a diffusion coating with a total thickness
ranging from 20.5 um to 23.0 um is formed on the
surface. A transition zone based on the Fea solid
solution is formed beneath the coating. This zone
exhibits a characteristic columnar structure, with a
thickness ranging from 50.0 um to 55.0 pm.

2. The micro-X-ray spectroscopic analysis revealed
that a zone is formed on the surface of the coatings,
containing 85.79 wt. % of Cr and 13.11 wt. % of N.
According to the results of X-ray structural analysis,
this zone corresponds to chromium nitride CrzN. Fur-
ther, a zone with an increased chromium content is
found, reaching up to 95.82 wt. % of Cr. This zone al-
most contains no other elements — 1.17 wt. % of alumi-
num, and 3.01 wt. % of iron. Next, there is a zone cor-
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responding to the phase based on the Laves phases
Cr2Al, which contains 48.39 wt. % of chromium and
12.1 wt. % of aluminum. The iron content in this zone
is 26.16 wt. %. As we move deeper into the coating, the
amounts of chromium and aluminum sharply decrease,
comprising 6.61 wt. % and 5.05 wt. % of chromium, and
3.99 wt. % and 2.29 wt. % of aluminum, respectively. In
the zone based on solid solution, the aluminum content
ranges from 2.78 wt. % to 1.58 wt. %, and the chromi-
um content ranges from 3.12 wt. % to 1.52 wt. %

3. The microstructural analysis determined that the
obtained coating consists of four zones. These zones are
arranged parallel to the diffusion front. No visible
chipping or delamination of the surface zones was
observed. The microhardness of the surface zone of the
coating is 16.2—-16.0 GPa.

4. It has been established that a fundamentally new
type of coating is formed with a total thickness of 35—
45 pm after the complex chromalithening of steel 45 with
a previously applied 20 um thick nickel-based layer. The
formation of a transition zone based on the a-Fe solid
solution was not observed in this case.

5. Microstructural and micro-X-ray spectroscopic
analyses have shown that as a result of this two-stage
treatment, a heterogeneous coating is formed on the
surface of steel 45. A grey-colored layer forms on the
surface, in which lighter grey inclusions are observed.
According to the micro-X-ray spectroscopic analysis, the
light component contains 7.95 % by weight of N, 9.76 %
by weight of Al, 49.55 % by weight of Cr, 20.82 % by
weight of Ni, and almost no iron. It is assumed that
solid solutions of Cr, Ni, Al in Fe, and CrN were formed
on the surface. The grey inclusions correspond to nearly
pure chromium, containing 99.3 % by weight of the
latter. Next, there is a white-colored layer with dark,
needle-like inclusions. The base of this layer corre-
sponds to a zone of compounds containing 3.72-4.2 %
by weight of aluminum, 4.41-4.95% by weight of
chromium, 50.13% by weight of nickel, and
37.15-37.35 % by weight of iron, corresponding to the
solid solution of chromium and nickel in y-Fe. The nee-
dle-like inclusions correspond to a phase with a higher
oxygen content (up to 45.9 % by weight). The aluminum
content in these inclusions is 37.36 % by weight, chro-
mium is 4.7 % by weight, and the rest is iron. The ob-
tained inclusions have been identified as complex spi-
nel-type oxides involving chromium, aluminum, and
iron. As we move deeper into the coating, the nickel
content gradually decreases, and at a depth of 55—
57 um, it is 25.02 % by weight, with chromium at
6.25 % by weight. No diffusion of aluminum into the
matrix of the base or formation of a solid solution based
on a-Fe was observed.

6. It has been established that the coatings on the
surface of steel 45 significantly enhance its oxidation
resistance due to the formation of a dense scale on the
surface. In coatings with a nickel-based layer, the
oxidation zone is limited to the surface layer with an
increased content of aluminum and chromium.
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Briue es1eKTpOXiMiYHOIO HiKeJIIOBAHHS Ha CTPYKTYPY, CKJIA[] Ta KapPOCTiNKiCcTh
xpomoaJstiToBaHoi crasi 45

T.B. JlockyroBal2, d.A Koumormenxo!, H. Xapuenro3, O.I1. Ymanceruiit, I1.B. Begenrt, T.I1. I'oBopyu3

! Hauionanvruii mexniunuil yrigepcumem Yrpainu «KIII im. I. Cikopcorozor, 03056 Kuis, Yikpaina
2 Vrisepcumem Ommo ¢pon Iepive Mazoebypea, 39106 Maezoebype, Himeuuuna
3 Cymcvruil depacasrutl yHisepcumem, 40007 Cymu, Yrpaina
4 Inemumym npobaem mamepianosnascmea im. I M. Opanuyesuuwa HAH Vrpainu, 03142 Kuis, Yrkpaina

Jocmimreno mporecu popMyBaHHS Tudy3ifHIX TOKPUTTIB HA CTaJl 45 IIiC/Is JBOX METOIB HACHYEHHS:
nndy3ifHOTO XPOMOAJIITYBAHHS Ta KOMILJIIEKCHA JBoeTamHa oOpoOKa (eJIeKTPOXIMIYHOTO HIKEJIOBAHHS Ta
nudyasitiae xpomoasriTyBaHHsA). HikemoBaHHA 3MIUCHIOBAIM B €JIEKTPOJIITAX HA OCHOBI CIPYAHOKMCIIOTO Hi-
keso 3a Temmeparypu 40 °C Ta niusHOCTI crpymy 3 A/mm2. KomruiekcHe XpoMOaTiTyBaHHS ITPOBOIUJIIN TI0-
porkoBuMm metozoM mpu 1050 °C mpotsirom 4 rogus. BerasosiieHo, 1o Ha moBepxHi GopMyoThCs audyy3iiHl
TOKPHUTTS 3araJibHO0 TOBITUHOW Bix 20.5 MM 10 23.0 MKEM 13 TTepexiHOI 30HOI HA OCHOBI TBEPJIOTO PO3-
unHy a-Fe ToBumHoO© 10 55 MEM. MiKpOpeHTreHOCHeKTpaIbHIM aHAJII3 MOKA3aB HASBHICTH HITPUIY XPOMY
CrzN, a Tarox 30H 3 dasamu CrzAl Ta TBepaUM po3umHOM XpoMmy ¥ agoMiHio. OTprMaHe ITIOKPUTTS CKIIa1a-
€ThCA 3 YOTUPHOX 30H. MikpoTBep/icTh moBepxHeBol 3ouu MOKpuTTsa 16.0 — 16.2 I'lla. Judyasiitne xpomoarri-
TyBaHHS 3pas3KiB crasi 45 3 mapoM Ha OCHOBI HIKEJ0 TOBIUHOKW 20 MKM peaJsli3yBaJiM IPY TeMIlepaTypl
1050 °C Bmpomossk 4 rogun. KommiexcHa mgBoeramrHa o0poOka IPHU3BOAUTE 10 (POPMYBAHHSA IIOKPUTTS TOB-
mmHow 35 — 45 mrMm. [lokasaHo, 1m0 opMyBaHHS 3aXUCHUX MOKPUTTIB 3HAYHO ITIBUIILYE CTIMKICTH cTas 45
JI0 OKMICHEHHsI 3aB/sIKM YTBOPEHHIO IIIJIHFHOI OKCUIAHOI IUIIBKY. BH3HAYEHO CTPYKTYPY OKCHIHUX BKJIIOYEHD,
SK1 MICTATH XPOM, AJIOMIHIN Ta 3aJ1i30, III0 YTBOPOIOTH IIMiHEIbHI dasn. JBocTamiiiHu mpoliec 3 momepe-
HIM HIKeJIIOBAHHAM 3a0e3eYnB PIBHOMIpPHE PO3TAIIyBAHHS IeTePOreHHUX IIapiB 6es3 Bimmapysaub Jomat-
KOBA IIOIEepPe/[HE HIKeJIBAHHS 3MIHIOE MEXaHI3M OKHCJIEHHS Ta JI03BOJISIE OTPUMATH IIOKPUTTS, SIKI MAOTh

O1JIBIIY IJIACTUYHICTD.

Kmiouosi cnosa: Ilokpurrs, Kommiexkcna qudysiiina macuuenicts, Oxcu.
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