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DESIGN OF ATWO-LAYER AI-AlL O,
COATING WITH AN OXIDE LAYER
FORMED BY THE PLASMA ELECTROLYTIC
OXIDATION OF Al FOR THE CORROSION
AND WEAR PROTECTIONS OF STEEL

The article analyses technologies for the formation of coatings to protect machine
and equipment parts from corrosion and wear in aggressive environments. The
study considers plasma electrolytic oxidation (PEO) regimes of valve metal mate-
rials on the core, microstructure, and physical and mechanical properties of oxide
coatings. To solve this problem, it is promising to develop a combined technology:
application of a layer of aluminium on the surface of steel parts followed by its
PEO. The purpose of this work is a theoretical study of the temperature distribution
in a steel cylinder covered with a layer of aluminium during PEO to substantiate the
thickness of the layers of the two-layer aluminium—aluminium oxide coating. An in-
stallation for PEO and a technological process of forming a two-layer Al-Al,O, coa-
ting on long-dimensional parts are developed. A mathematical model is created for
an infinite three-layer cylinder with an internal coaxial surface cylindrical source of
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heat that moves at a constant speed in the radial direction deep into the aluminium
layer of the cylinder. It is based on solving the boundary value problem of thermal
conductivity with the condition of ideal thermal contact between the layers. During
PEO, a solid oxide layer is formed, but the thickness of the unoxidized aluminium
layer decreases. The thermophysical characteristics of such a cylinder are functions
of both the radial co-ordinate of the cylinder and the time. During the construction
of a two-layer coating, it is advisable to use the results of thermal calculations to
justify the thickness of the unoxidized aluminium layer adjacent to the surface of
the steel under the condition of ensuring the flow of mutual diffusion processes
at the interface between aluminium and steel to increase the adhesion strength of
the coating to the base due to heating by instantaneous heat sources caused by the
action of electric-spark discharges in the PEO process. The thickness of the outer
solid layer of aluminium oxide is chosen based on the condition of ensuring the nec-
essary service life of machine parts for wear with a certain reservation. The results
of mechanical, tribological, and corrosive cracking tests for steel samples with the
developed two-layer Al,O, coating show its high operational properties.

Keywords: two-layer coating, aluminium, aluminium oxide, steel, mathematical
model, temperature, diffusion.

1. Introduction

The modern development of industry, transport, and population growth
have led to a significant increase in the world’s demand for energy,
which is mainly met by various types of fossil hydrocarbon fuels, such
as oil, gas, and coal [1]. Research results [2] show that energy security
is an integral component of the national security system. According to
the forecast of the International Energy Agency, liquid, gaseous and
solid fuels of various types will occupy a significant place in the world
energy balance by 2050 [3] despite the active development of alternative
energy sources in recent years. Therefore, there is a need to develop oil
and gas and coal deposits. Today, the urgent problem of the energy in-
dustry is the development of new innovative technologies [4—7] and
tools [8-11], including taking into account the power load [12, 13], to
increase the productivity of oil and gas deposits [14—16] and transporta-
tion of hydrocarbons [17], as well as the development of non-classical
technological schemes for coal mining [18—20]. Successful implementa-
tion of the proposed innovations in practice requires the use of struc-
tural elements with special operational characteristics, which can be
provided with the help of functionally modified and functionally gra-
dient materials.

It should be noted that the development of new and the operation of
existing oil and gas fields, which products contains corrosive compo-
nents (hydrogen sulphide, carbon dioxide and others) and hard abrasive
rock particles, impose increased demands on the quality of the surface
layers of parts of geological exploration, drilling, oil and gas explora-
tion and oil and gas transportation. Equipment is operated under static
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and dynamic loads at high mechanical loads and elevated temperatures.
The use of conventional structural carbon and alloy steels for the manu-
facture of parts of equipment and machines that operate in hydrogen
sulphide environments and are subject to abrasive and hydroabrasive
wear is not effective, since intensive hydrogen diffusion into steel oc-
curs in such working conditions, which is especially dangerous for hard-
ened steels, which leads to their hydrogen embrittlement [21-24]. Hyd-
rogen has a small atomic radius, so it easily diffuses deep into the
metal, where its atoms joint into molecules in voids (a hydrogen mole-
cule is larger than atoms). It leads to tensile stresses and causes hydro-
gen embrittlement of hardened steels. To prevent corrosion cracking of
carbon steels, their hardness is reduced, which in turn leads to a sharp
decrease in wear resistance. Aluminium alloys are more resistant to
hydrogen embrittlement, but have low hardness. Abrasive rock particles
in many cases have a higher hardness than aluminium or steel parts.
Therefore, there is a need to find new structural materials and techno-
logical methods of strengthening machine parts and equipment elements
with coatings that would provide simultaneous protection against both
hydrogen sulphide cracking and wear [25, 26]. Therefore, one of the ef-
fective methods of protecting steels from destruction is the application
of various coatings.

High corrosion resistance in neutral, slightly acidic and slightly
alkaline environments and a relatively high ratio between strength char-
acteristics and specific weight are among the most important properties
of aluminium alloys, which allow them to be used in various industries
[27-29]. At the same time, such alloys are well processed by cutting and
plastic deformation, have high electrical and thermal conductivity, good
reflectivity and very good characteristics regarding reuse [30, 31].
These characteristics make aluminium alloys and composites very at-
tractive and competitive structural materials for drill pipes [32]. How-
ever, the low wear resistance of aluminium alloys prevents their even
wider application [33].

Today, there are a number of processing methods that are used to
modify the surface of aluminium alloys [84—38], hard anodizing [39],
electrochemical chrome plating [40], electrospark deposition, electric-
spark alloying with various elements [41, 42], ion-plasma deposition
[43] and high-speed oxygen-fuel HVOF coating [44]. Among the strength-
ening methods listed, plasma electrolytic oxidation (PEO) stands out
favourably, which develops intensively and allows the formation of oxi-
de coatings in the electrolyte on aluminium and metals of the valve
group and their alloys [45—51], as well as directly on steel [52, 53] and
other non-valve metals [54].

It should be noted that galvanic chrome coatings are the most fre-
quently used among metal coatings, and oxide coatings are among non-
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metallic ones. Therefore, PEO technology in many cases can be a cost-
effective and environmentally safe alternative to galvanic chrome plat-
ing both for strengthening aluminium [40] and steel parts [565-59].

Ceramic coatings can significantly improve the surface properties of
metal materials and provide excellent performance characteristics of
products [45—60]. It should be noted the significant success of using
PEO coatings to improve the properties of orthopaedic and dental im-
plants [61-63].

The possibility to manage the metal alloy structure evolution, and
phase transformations, formation under the influence of external fac-
tors has exceptional importance for metallurgical specialists to obtain
the specified operational properties of the machine part surface layers
to solve specific applied problems. The PEO regime change influence on
microstructure and physical and mechanical properties of oxide coa-
tings are of particular interest. The phenomenon that accompanies the
PEO process of valve metals is a radical change in the thermophysical,
mechanical, and dielectric properties of the surface layers. It is interes-
ting that the growth kinetics of PEO coatings shows a close to linear
dependence of the thickness on the oxidation time. At the same time,
the rate of formation of oxide coatings is different for different metals.

Design and technological methods are usually used to ensure the
reliable operation of machines whose parts are reinforced with coatings.

When designing coatings, a rational selection of materials [64], com-
ponents of the composition taking into account their electrochemical pro-
perties of the elements [65—67], predictions of wear of coatings [68] and
wear tests are carried out [69-71], mechanical properties are studied
properties of coatings [72, 73], assess the level of residual stresses [74],
model layered coatings [75], study the stress state of parts with coatings
[76, 77] and study the temperature distribution in coatings [78—-81].

Examples of successful assessment of the load-bearing capacity of
compositions based on two criteria of strength (both coating and sub-
strate) are studies of the equilibrium of layered ceramic-aluminium, the
oxide layer of which is formed by PEO [82, 83], and SiO-Si [84, 85]
coatings under local load, as well as studies of the limit state of cracked
shells reinforced with a flexible coating [86—88].

Some analytical and analytical-numerical approaches to stress analy-
sis in composite cylindrical bodies are considered in works [89—-91]. The
original method of studying temperature fields and stresses in layered
structures of canonical form, which is based on the concept of quasi-
derivative, was proposed in Refs. [92—94]. The phenomenon of tempera-
ture stress concentration near subsurface inclusions is described in
articles [95, 96].

Technological methods include the selection of rational routes of
mechanical wear [97], modes of mechanical processing to reduce manu-
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facturing errors [98, 99], optimization technological parameters during
manufacturing of the parts [100], including taking into account techno-
logical heredity [101-103], modes of forming oxide coatings [104—-107],
quality control of coatings [108—110] to ensure the operability of pro-
ducts with coatings during the life cycle [111, 112].

To form the protective coatings on parts made of aluminium and its
alloys, as well as of metals of the valve group and their alloys, PEO is
applied in the electrolyte. The applied high voltage between the part and
the electrode, usually made of stainless steel, causes an electrical break-
down of the oxide film as well as the occurrence of sparks and micro-arc
discharges on the surface of the part, which randomly migrate over the
entire surface to be strengthened and lead to heating of the part and the
electrolyte. Due to the course of plasma-chemical reactions in the dis-
charge channels at high temperatures, dispersed oxides are formed that
contain various phases, including a-Al,O,, providing the coating with
high hardness and wear resistance [41—-44, 50, 53, 71, 77, 113]. Since
oxides are formed during PEO from the chemical elements of the alloy
of the part and the electrolyte, the resulting coatings have a reliable
(metallurgical, chemical) connection with the base. For accurate model-
ling of the nature of heat propagation from concentrated energy sources
in multiphase composites and coatings [114], the necessary thermophy-
sical properties of individual phases can be obtained based on statistical-
thermodynamic calculations [115-117] and crystal-structure modelling
from first principles calculations [118, 119].

The morphology of the resulting PEO coating is characterized by
the ‘bubble’ structure. It indicates the modification of the metal sur-
face, mainly by the mechanism of exothermic oxidation due to the flow
of plasma-chemical reactions in which the components of the alloy and
the electrolyte take part. During PEO, aluminium oxide is ejected from
the discharge channel and crystallizes. This causes significant struc-
tural heterogeneity in the thickness of the oxide coating, which
affects its hardness and mechanical properties. Under non-equilibrium
conditions of heating and cooling in the PEO process, structural trans-
formations occur and the formation of a surface oxide layer firmly con-
nected to the aluminium base, which has a fundamentally different
structure compared to that obtained during the use of traditional
thermal, mechanical and electrochemical methods of forming oxide coa-
tings. Usually, rapid hardening of the coating occurs in local areas of
action of electrical discharges during PEO. Several features, including
a very fine-grained structure and the presence of metastable phases,
characterize this rapid process. It was established that in the
oxide coating formed by PEO on aluminium alloy, in addition to the
stable o-phase, there are y-, n-, e-phases of Al,O, and several amorp-
hous phases [47].
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The formation of oxide coatings on steel and other structural mate-
rials without valve properties is carried out by PEO using special alumi-
nate or silicate electrolytes [52]. Such measures do not always give the
desired effect regarding the thickness, quality and protective properties
of the oxide coating. Another approach is that a layer of metal with
valve properties, for example, aluminium, is first applied to the working
surface of the part, and then it is treated with PEO [45].

Aluminium [120] or aluminium alloys, for example, of the Al-Cu-
Mg system [121], are preferably used to apply a metal layer to the sur-
face of the part, which is subsequently subjected to PEO. During the
strengthening of the titanium alloy, researchers [122] suggested that,
in the process of applying a layer of aluminium by cold sputtering, it
should be additionally reinforced with aluminium oxide particles before
applying PEO, in order to increase the wear resistance of the oxide coa-
ting [123, 124]. The authors of the article [125] studied the processes of
PEO applied to the surface of an aluminium alloy with a layer of alu-
minium with electroarc-sprayed, as well as a layer of aluminium with
the inclusion of Cu and Ni with the plasma spraying. The work [126]
investigated the effect of magnetron sputtering of aluminium layer and
PEO on the corrosion and wear resistances of AZ31 magnesium alloy
and established a significant increase in corrosion resistance and reduc-
tion of wear during dry friction.

Austenitic steel was successfully aluminized by pack aluminizing
and hot-dip aluminizing processes and treated with PEO to increase
heat-resistance [127]. During the study of the PEO process on hot dip
aluminized cast iron with high phosphorus content [128], the influence
of the duration of oxidation on the nature of the growth of the oxide
layer of the coating, its phase composition, surface roughness, dimen-
sional change, and tribological properties was determined.

The results of the study [129] indicate a high protective effect
against corrosion in seawater and wear of a two-layer coating formed on
steel by thermal spraying of an aluminium layer followed by its PEO
modification. Works [130—132] studied the structure, investigated the
corrosion resistance and wear resistance of oxide coatings on steel pre-
pared of hot-dipping aluminium and PEO. The research results pre-
sented in Ref. [133] illustrate the possibility of applying such combined
coatings to the inner surface of pipes. The results indicate that metal-
lurgical bonding can be observed between the coatings and the steel
substrate. It should be noted that this metallurgical connection occurs
at the stage of hot aluminization of hot-dipping aluminium steel.

A number of studies are devoted to the study of PEO processes of
aluminium layers applied to a steel base by various methods, in particu-
lar, of hot-dipping aluminium [134], electroarc-sprayed [135, 136], elec-
troarc-spraying and flame spraying of Al coatings (Al,, ; and AlCu,Mg,)
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[187,138], and electrospark deposition [139]. That is, the PEO processes
of aluminium layers pre-applied on a steel base and other alloys have
been studied in sufficient detail. A layer of aluminium is applied to the
steel base by any known method. The technology of forming by a com-
bined method using PEO double-layer Al-Al,O, coatings is a viable and
attractive option for strengthening both during the manufacture of new
and restoration of worn machine parts. It should be noted that it is quite
difficult to apply a coating of valve metals to steel by the galvanic
method. Thermal spraying methods, such as high-speed oxy-fuel spraying,
plasma spraying, electric-arc spraying and detonation spraying, clad-
ding, etc., are widely used at present, but the common problem of coa-
tings obtained in this way is insufficient reliability of the mechanical
connection of the coating layer with the base [140—-142]. During the
practical application of protective coatings to strengthen machine parts,
the problem of their premature destruction is often encountered, mainly
due to peeling and cracking.

Abnormal conditions of operation of machines and equipment, excee-
ding the design operating loads can cause unintentional and accelerated
loss of service life of elements with protective coatings. Therefore, the
composition ‘base material—coating’ should always be required to com-
bine a high level of special properties (for example, hardness, wear resis-
tance, friction coefficient, corrosion resistance) with a sufficient mar-
gin of strength, reliability and durability. Here, first, the strength of
the composition ‘base material-coating’ should be evaluated as a layered
deformable body under the action of operational loads [77]. Resistance
to destruction and performance during operation of both the coating
itself and the element covered with the coating in general depend on their
stress-deformed state and the strength of the adhesion of the coating to
the base. At the same time, the effectiveness of the protective action of
the layered coating, especially the anticorrosion protection against
flooding in hydrogen sulphide environments of the oil and gas industry,
depends significantly on the integrity and thickness of the coating, the
strength of the adhesion of the layers to the steel base of the part.

It is widely recognized that the stability of the coating-substrate
interface is related to the interfacial adhesion forces and electrochemi-
cal properties of this region. That is why great attention should be paid
to the selection of rational thicknesses of coating layers to ensure both
the strength of adhesion to the base and the necessary service life of
machine parts during wear in aggressive corrosive environments.

In addition, in practice, there is a problem that it is difficult to
choose the thickness of the remaining unoxidized layer of aluminium
adjacent to the surface of the steel part during the PEO process. The
results of our methodical experiments showed that in the case of app-
lying PEO to the entire thickness of the pre-applied aluminium layer,
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electrical breakdowns occur on the steel, which reduce the adhesion
strength of the coating to the base, and in some cases, complete peeling
of the coating may occur, which nullifies all the advantages of PEO,
which consist in very good adhesion of aluminium oxide to the alumi-
nium coating layer from which this oxide is actually formed. Therefore,
it is advisable to turn the outer part of the aluminium layer into ce-
ramic with PEO, and leave the inner part (sublayer) of aluminium adja-
cent to the steel surface unoxidized. However, a systematic study on the
substantiation of the thicknesses of coating layers, which are formed by
a combined method (applying a layer of aluminium on steel and using
PEO), is practically absent, which prevents their rational design and use
in production for strengthening machine parts and was not well docu-
mented in the patent and scientific and technical literature.

The purpose of this work is the theoretical substantiation of the
thickness of the two-layer aluminium—aluminium oxide coating to en-
sure a reliable connection of the unoxidized aluminium coating layer
with the steel base of the part during the implementation of the PEO
process in the electrolyte and conducting mechanical and corrosion
tests.

To achieve the goal, the following tasks should be solved:

- to improve the technology of formation by the combined method
of two-layer Al-Al,O, coatings on a steel base using PEO;

+ to construct the mathematical model of temperature distribution
during PEO of an aluminium coating layer applied to a cylindrical steel
base;

 to determine the thickness of the unoxidized aluminium layer ad-
jacent to the steel surface, at which mutual diffusion processes occur at
the steel base—aluminium interface under the action of instantaneous
heat sources caused by the occurrence of spark discharges during PEO
of the outer part of the aluminium coating layer in the electrolyte;

- to study mechanical, tribological and corrosion properties of Al-—
Al O, coatings.

2. Materials and Methods

2.1. Materials and Technology for the Formation
of a Two-Layer Al-Al,O, Coating

Figure 1 shows the scheme of the developed combined technology using
PEO for the formation of a two-layer coating of Al-Al,O, on steel parts,
which includes a number of operations: applying a layer of aluminium
to the steel workpiece by any known method; conducting PEO while
leaving the aluminium layer adjacent to the steel surface unoxidized;
carrying out mechanical processing (if necessary); preparation of the
surface of the part before applying the aluminium layer is carried out
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Fig. 1. Structural diagram of the
technological process of forming
on steel by a combined method us-
ing PEO double-layer coating Al-
AlLO,

by common methods; washing
of parts after PEO is usually
carried out in water.

Blanks of cylindrical parts
were made from high-quality
structural carbon steel 45 Sta-
te Standard GOST 1050-2013
(analogues of European Union
1.1191, 2C45, C45, C45E,
C45EC, C46). The heat treat-
ment of carbon steel 45 sam-
ples was as follows: quenc-
hing from 850 °C in water
and tempering at a tempera-
ture of 460 °C. The resulting
mechanical properties were the
yield strength 5,, =1100 MPa
and the hardness of 34 HRC.
Chemical composition of the
steel 45 and properties of the
steel 45, aluminium and alu-
minium oxide are presented
in Table 1 and Table 2, re-
spectively.

The electric arc spraying
of the aluminium coating la-
yer on the steel cylindrical
workpiece was carried out on
a research and industrial in-
stallation constructed by us
on the basis of a modernized
electrometallization apparatus
ED-6, installed on the sup-
port of a TV-16 lathe, equ-
ipped with a three-jaw chuck
and a rotating rear centre.

‘ Billet part ’

¥

‘ Surface preparation

¥

‘ Deposition of aluminum layer

v

‘ Mechanical processing ’

v

[ Surface preparation }

v

PEO coating formation

v
Washing

]
Drying
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[ Rough machining ]

[ Fine mechanical processing ]

v

[ Finishing mechanical ]
processing

v

Washing

¥

Drying

A

( Quality control of PEO coated part )

The PSG-500 welding converter served as the source of electric current
for the ED-6 device, and the current was regulated by the RB-301 bal-
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last rheostat. The SO-TA compressor, equipped with a receiver and an
oil separator, provided compressed air through a nozzle for metal spray-
ing of two aluminium wires melted by an electric arc on the surface of
the workpiece. Modes (parameters) of electric arc spraying: aluminium
wire diameter of 2 mm (State Standard GOST 7871-75), spraying dis-
tance of 100 mm, spraying air pressure of 610 kPa, voltage of 20—-30 V,
current of up to 100 A, aluminium layer thickness 0f250-300 pm.

The PEO process of the aluminium layer of the coating applied to
the steel cylindrical workpiece of the part was implemented on the in-
stallation developed by us, which contains a galvanic bath for the elec-
trolyte, an electric stirrer, a process current source, and a water cooling
system; a control system for technological parameters of the process
(anode, cathode voltage, anode, cathode current and temperature), an
exhaust ventilation system and a blocking system against electric shock.
The galvanic bath is made of stainless steel 12Ch18N10T (State Stan-
dard GOST 563-72), is made in the form of a vertical cylindrical tank
with two walls that form a jacket for water cooling, and is installed on
electrically insulating supports in an extraction cabinet. The galvanic
bath (counter electrode) and the cylindrical workpiece of the part (elec-
trode), which is processed by PEO, are connected by appropriate current
leads to the capacitor-type process current source, which is powered by
industrial network (380 V, 50 Hz). During PEO, the workpiece is instal-
led coaxially with the vertical axis of the galvanic bath; the fume hood
is closed with a transparent curtain made of organic glass, which inter-
acts with the limit switch of the blocking system, which makes it impos-
sible to turn on the electrical power of the installation when the curtain
is open. For the PEO of the aluminium coating layer, a silicate—alkaline
electrolyte was used, which contained 2 g/1 potassium hydroxide (KOH,

Table 1. Chemical composition of the carbon steel 45, mass.% (GOST 1050—2013)

C Si Mn P S Cr Ni Cu Fe

0.42-0.50 | 0.17-0.37 | 0.50-0.80 | 0.030 [0.035| 0.25 | 0.30 | 0.30 | The rest

Table 2. Physical and mechanical properties
of carbon steel 45, aluminium and aluminium oxide

o HB E T o-10% Ay P> C,
Material 02> ? ) om deg W/(m-deg) | kg/m? | J/(kg-deg)
MPa | GPa | GPa | °C [160] [159] [159] | [45, 160]
Steel 45 1100| 3.11| 200 | 1450 1.19 38 7826 | 473
Aluminium 67| 1 72 659 2.29 209 2680 | 920
Aluminium | 300 | 22 247 | 2072 0.782 21.3 3950 0.905
oxide
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™
(2]

Fig. 2. Cross-sectional
morphology of two-lay-
er coating Al-Al,O, on
carbon steel 45: 1 — steel,
2 — a unoxidized layer
of aluminium, 3 — layer
of aluminium oxide for-
med by PEO; 3.1 — tran-
sition layer, 3.2 — func-

tional layer, 3.3 — po- —
rous layer 100_prn

3.2

3.1
2

State Standard GOST 9285-78) and 9 g/1 sodium silicate (Na,SiO,, State
Standard GOST 13078-81), dissolved in distilled water. The electrolyte
was prepared from chemically pure components by simply mixing them
in distilled water, which was obtained using a water distiller DE-4-2.
PEO process modes: current density of 5 A/dm?, voltage of up to 760 V,
electrolyte temperature of 65—-70 °C, thickness of the oxide coating
layer of 125-250 pm.

The thickness of the coating layers was determined on transverse
microsections using a PMT-3 hardness tester using an eyepiece micromet-
re with a resolution of 1 ym. We conducted the microscopic studies of
coatings Al-Al,O, formed on carbon steel 45 at the Centre for collective
use of scientific instruments ‘Centre for Electron Microscopy and X-
Ray Microanalysis’ of the Karpenko Physico-Mechanical Institute of the
National Academy of Sciences of Ukraine (Lviv). We used a ZEISS EVO
40X VP scanning electron microscope (adjusted in the electron backscat-
ter diffraction (BSD) mode) (ZEISS Group, Jena, Germany).

A typical structure of a two-layer coating on steel is presented in
Fig. 2. Porous layer 3.3 is usually removed by mechanical processing. In
the two-layer Al-ALO, coating, the outer oxide layer is the working
layer and consists of the transition layer 3.I and the functional layer
3.2, and the inner unoxidized aluminium layer 2 ensures a reliable con-
nection of the working oxide layer with the steel base 1. Sometimes this
layer of aluminium 2 can act as a barrier, for example, to protect the
steel base I from hydrogen penetration during the operation of coated
machine parts in aggressive corrosive environments containing hydro-
gen sulphide.

During the construction of the two-layer Al-Al,0, coating, it is pro-
posed to choose rationally the thicknesses of the layers based on the
following considerations. The thickness of the solid-oxide working layer
should be chosen from the condition of ensuring the necessary service
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life of the wear parts of the machines with a certain reserve. Since the
corrosion rate of this oxide layer is quite low in most production envi-
ronments, it can be neglected. The thickness is calculated according to
known formulas based on the results of laboratory and industrial tests
of oxide coatings for wear, taking into account abrasive environments
and operational loads.

A hypothesis was put forward about the possibility of choosing the
thickness of the unoxidized layer of aluminium adjacent to the steel
under the condition of ensuring the flow of mutual diffusion processes
between aluminium and steel due to the action of instantaneous heat
sources, the occurrence of which is caused by electric spark discharges
during the breakdown of the oxide layer in the PEO process of alumi-
nium. This approach will increase the bond strength of the layered coa-
ting with the steel base.

2.2. Mechanical, Tribological and Stress Corrosion Cracking Testing

The authors determined the steel base—coating adhesion strength by the
adhesive method. The coating was formed on the end surface of steel
cylindrical samples with a length of 10 mm and a diameter of 10 mm.
For testing, the coated sample was glued coaxially to a similar steel
counter-sample without coating with VK-31 glue. Glue polymerization
was carried out under a load of 1 MPa at a temperature of 175 °C for
90 min in an electric resistance furnace. Detachment of the coating
from the surface of steel cylindrical samples with a diameter of 10 mm
was carried out on an ‘Instron’ tearing machine using self-centring
grippers. The adhesion strength of the coating to the steel base was cal-
culated using the formula ¢ = 4F/nd?, where F is the pull-off force; =« is
a constant number (z 3.14); d is the diameter of the cylindrical sample
with a coating on the end, d = 10 mm. The value of the adhesion strength
of the coating to the steel base was determined as the arithmetic mean
of the results of five test samples.

Laboratory testing of steel specimens with coatings for resistance to
sulphide stress cracking and stress corrosion cracking in H,S environ-
ments has been performed in accordance with the recommendations of
NACE Standard TM01772005, Item No. 21212. The test solution is an
acidified and buffered, H,S saturated aqueous brine solution: consist
of 5.0 wt.% NaCl and 0.5 wt.% CH,COOH dissolved of distilled water,
H,S saturation (2.5-3.0 g/1), pH 2.6—2.8 for testing at room tempera-
ture and atmospheric pressure. During the test, the pH did not exceed
4.0. Cylindrical steel specimens with a working part diameter of
3.81 £ 0.05 mm and a height of 15 mm were used for uniaxial tensile
tests, both with and without coatings. The non-working part of the
samples was covered with varnish. The samples were loaded on a self-
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made lever system. Steel samples with a single-layer Al coating with a
thickness of 250 pm and a two-layer Al-Al,O, coating with a total thick-
ness of 250 nm were tested with different thicknesses of the unoxidized
Al layer: 125 pm; 65 nm; 35 pm. Samples of heat-treated carbon steel
45 without coating were used as the etalon. The highest no-failure stress
in was determined after 720 hours of testing. The static strength value
(the maximum stress, at which the steel samples in the test solution do
not break during the base time of 720 hours) was determined as the
arithmetic mean of the results of three tests of the samples.

To carry out tribological studies, a machine was used for testing
samples with wear coatings according to the cylinder-disc scheme under
conditions of dry sliding friction. The test specimens had the shape of a
cylinder with a diameter of 3 mm and a height of 20 mm with a two-
layer Al-Al,O, coating on the end. The samples were mounted on a
holder and slid with an oxide coating on the flat end face of a carbon
steel grade 45 disk with hardness of 34 HRC in a reciprocating motion
in the radial direction to the axis of rotation of the disk/periphery of
the disk. Steel samples without coating served as the standard. The spe-
cific load of the sample and the average sliding speed were of 30 MPa
and 0.3 m/min, respectively. The friction path of the sample along the
Archimedean spiral was of 5000 m. The wear of the samples was mea-
sured using a watch-type indicator with a division accuracy of 1 um for
three samples.

2.3. Mathematical Model of Al-Al,O, Two-Layer Coating
2.3.1. Physical Formulation of the Problem

The authors consider a cylindrical body with a length providing practi-
cally independence of its value in the middle part from axial coordinate
of the cylinder during body’s temperature field determination caused by
heat sources of equal power along the axis. In terms of the mathematical
formulation of the problem, an infinite cylinder can replace by a finite one.

The steel cylinder with the radius of r, is pre-coated with a thick
layer of aluminium with the thickness of h. The outer diameter of the
cylinder is d, = 2(r, + h). Then, the PEO process is implemented in the
electrolyte, because of which the outer part of the aluminium layer is
transformed into aluminium oxide, but at the same time, the total thick-
ness of the formed aluminium oxide layer and the unoxidized aluminium
layer remains unchanged. This means that during the PEO of parts, the
thickness of the Al,O, oxide layer increases and the thickness of the Al
layer, on the contrary, decreases.

During PEO, because of the occurrence of spark and microarc dis-
charges, which pierce the oxide film on the outer surface of the alumi-
nium layer, plasma-chemical and electrochemical reactions occur. The
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main products of these reactions are aluminium oxides. The heat re-
leased during discharges causes an increase in temperature in the oxide
layer, the unoxidized layer of aluminium and the steel base (cylinder),
as well as heating of the electrolyte.

Let us assume that spark discharges occur at the aluminium—alumi-
nium oxide interface and are point discharges. Due to the uniformity of
the aluminium oxide layer formation and difficultness to specify the
spark discharge distribution regularity on the outer surface of the cylin-
der to study the temperature field in such a system, we will replace the
total spark discharges (their thermal power) with a surface (cylindrical)
heat source that takes place on the boundary aluminium oxide—unoxi-
dized aluminium. The power of this heat source over the entire surface
of the cylinder is assumed to be constant [W/m?], and its total power is
equal to the total thermal power of the spark discharges. Since the
thickness of the oxide layer increases in the PEO process, this means
that the heat source moves into the depth of the cylinder in the radial
direction.

The surface of the cylinder is washed with electrolyte in a galvanic
bath, which is cooled by running water at a constant temperature. Thus,
the temperature on the surface of the cylinder can be considered con-
stant and equal to the temperature of the electrolyte (boundary condi-
tion of the first kind).

From the point of view of the theory of heat conduction, we have a
temperature problem for a three-layer cylinder with an internal coaxial
surface cylindrical heat source that moves at a constant speed in the ra-
dial direction deep into the aluminium layer of the cylinder. At the same
time, the thickness of the upper formed layer of the cylinder (alumi-
nium oxide) increases, but the thickness of the second layer (unoxidized
aluminium layer) decreases. The thermophysical characteristics of such
a cylinder are functions of both the co-ordinates within the cylinder and
the time. Therefore, the one-dimensional problem is non-stationary.

2.3.2. Derivation of the Differential Equation
for a Three-Layer Cylinder with a Moving Boundary
between the 2" and 3™ Layers and a Heat Source between Them

We have a three-layer cylinder (Fig. 3). The thermophysical properties
of each layer in this case are functions of the intracylinder co-ordinate
r. They can be represented by the following expressions [143]:

A1) =20+ AP = AD)S_(r—r)+ A2 = 2P)S_((r—r) + (b —v1)),
c(r,i)=cV+ (@ -cMS (r-r)+(®—-c®S_(r—(r,+h-v1)), (1)
p(r,t) =pW + (p® - pM)S_(r—r) + (p® - p?)S_ (r — (r; + h - v1)),

where r, t are the radial co-ordinate within the cylinder and the time
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Fig. 3. Calculation scheme of the three-layer cylinder

Fig. 4. Calculation scheme of the three-layer cylinder (redefinition of dimensions)

from the PEO process starting; A,, r, c¢(r,1), p(r,t) are coefficient of
thermal conductivity, specific heat capacity and density of the material
at arbitrary points of the cylinder, respectively; A,®, @, L® are ther-
mal conductivity coefficients of the 1%, 2", and 3" layers, respectively;
cV, ¢@, ¢® are specific heat capacity of the 1%, 2" and 3 layers, re-
spectively; p®, p@, p® are material density of the 1%, 2°¢ and 3™ layers
of the cylinder, respectively; S_(r — r,), S_(r — (r, + h — v1)) are asym-
metric unit functions [144]:
1, x>0,

S.(x)= {0, x < 0;

v is aluminium-oxide layer thickness increasing rate, in other words,
the rate of cylindrical heat-source displacement.

The heat conduction equation for a non-homogeneous cylinder has
the form:
o°T

6T=%8—T+&6—T+xtaz+w. (2)
r

cp—
ot or or r Or
The source function w is written as
w=¢qd_ (r—(r,+h-o1))), (3)

where ¢ is the power of the surface (cylindrical) heat source [W/m?2];
O _(r—(ry + h — v1)) is asymmetric delta function [144]:
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oS (r —(r, + h —v1))

d(r—(n+h-v1)) = 5
r

Let us find the derivative oA,/0r:

‘? W5 -+ P -2 r -+ h-vr)). ()
r

It can be shown that
¢(r,D)p(r,T) = VP + (ePp — S (r =7 + )
+ (c®p® — c@Pp@)S  (r—(r; + h — v1))
Let us substitute Eqgs. (3)—(5) and the first formula of the system of
expressions (1) into Eq. (2):

[P0 + @@p® — ) s (r— 1) +

N (0(3)p(3) _ c(2)p(2))si(r —(n+h- UT))]— =

T
oT

=[0 =2N8 = n) + 0 -4 (- +h-vD) o r (6)
O*T 10T
+ +——
or:  ror
+ P -AS r - +h- vr))] +¢5_(r — (r, + b — v1)).

We divide the left and right parts of Eq. (6) by
(10408 -2 S (=) + A0 -2 S (- + h-vD) |,

and, at the same time, we obtain the differential equation of thermal
conductivity for a three-layer cylinder in the following form:

o°T 10T 1 &1 1 oT
+ = —+ ———|S(r-r)|—+
e P )

r Gr‘ a, =1\ Qg i

2 7\1(1,4’1) aT
+Z(1— 0 jS(r r)g

i=1 t

1 2 1 1
a WJrzl: PGaY _x(z) S (r-n)|gs.(r—r),
t 1= t

where r, = r; + h — vt; q, is the coefficient of thermal conductivity of the
i-th layer of the cylinder.
Considering S_(r —r,)d_(r — r,) = 0 [143], Eq. (7) takes the following

j[x?) + 0P - AM)S () +

- (7)

r=r,

final form:
T 10T |1 &1 1 oT
+——=|—+ ———|S(r-r)|—+ 8
or* ror {al lzll(aﬂ ai] (r )} ()
2 ?J”D oT q
+;(1— g‘) JS_(I‘ - )E'Tri —@8_(7' rz).
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If we include the initial and boundary conditions to the differential Eq.
(8), then, we will have a boundary value problem for a three-layer cyl-
inder. In our case, these conditions will be as follow:
T(ry+hv=T, 9)
T(r,0)=T,, (10)
where T, is the temperature of the electrolyte on the surface of the cy-
linder r = r, + h; T, is the initial temperature of the points of the cylin-
der (T, = const).

The boundary value problem (8)—(10) is rather complicated. The
first reason for the complexity is related to the fact that we are not
considering a homogeneous cylinder, but a three-layer one, and the se-
cond reason, which causes the greatest complexity, is that over time the
thickness of the second and third layers changes, although their total
thickness remains the same. That is, we have a problem with a moving
boundary between the second and third layers of the cylinder.

Heat conduction problems with moving boundaries belong, as indi-
cated in Refs. [145, 146], to one of the most complex classes of non-
stationary heat conduction problems. Therefore, the boundary value
problem (8)—(10) requires a certain simplification to obtain an analytical
solution. If we take into account the fact that the thickness of the 2nd
and 3 layers is extremely small compared to the radius of the cylinder
r,, then, this means the possibility of replacing the variable thicknesses
of the 2" and 3! layers with their average values when determining the
temperature field in the cylinder of radius r,. We are primarily inter-
ested in the temperature field in the steel cylinder, on which the diffu-
sion processes at the interface between the steel cylinder and the alu-
minium layer (unoxidized) depend.

Let the constant values of the thicknesses of the 2" and 3 layers
be, respectively, h, and h,; h, + h; = h (Fig. 4). Then, we will make a
substitution in Eq. (8): r, = r, + h,.

Taking into account the simplification of the problem (%, = const,
h, = const), two approaches to finding the solution of the boundary
value problem (8)—(10) can be indicated. The first approach is to solve
the differential heat-conduction Eq. (8) for a three-layer cylinder under
the boundary conditions (9), (10). In the second approach, the insignifi-
cant thickness of the 2" and 3" layers can be taken into account, and
this will allow obtaining the heat exchange condition at the boundary
between the non-radiated layer of aluminium and the steel cylinder when
using the operator method [147] and further determine the temperature
field in the steel cylinder under the imposed boundary condition.

The use of the operator method to determine the heat exchange
conditions at the edges of shells and plates reinforced with thin
elements is known in the scientific literature [148-150]. Let us first
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apply the second approach to determine the temperature field in a
steel cylinder.

2.3.3. Heat Exchange Condition at the Interface
between the Steel Cylinder and the Aluminium Layer

To obtain the heat exchange condition at the boundary between a steel
cylinder and a layer of unoxidized aluminium, we first derive the diffe-
rential equation of heat conduction for a two-layer hollow cylinder,
which consists of an aluminium layer 2 and an aluminium-oxide layer 3.

We will use Eq. (2). The function A(r) in this case is characterized
as follows:

A(r) =22+ AE -L®)S (r— (r; + hy)), (11)
moreover, its derivative is
dh
o W AP s (r -y + hy)) (12)

Now the power of the internal heat source will be
w=¢qd_(r—(r,+h,)). (13)

The product of the specific heat capacity and the density of the ma-
terial of the hollow cylinder will have the form [143]:

c(r)p(r) = cPp® + (DD — c@p@)S_ (r — (r, + hy)). (14)
We substitute Eqs. (11)—(14) in Eq. (2) and get:

[P0 + (@ — )8 (r — (1, + 1 ))] T

= 09 29y (- (r + my) L +

Plr=rsh,

P00 100 298 (- h) |+
r or

2

n [x?) + OO -AD)S (r=(r, + I ))}a r +¢d_(r - (r, + hy)).

We divide the left and right parts of the last equation by A(r), and,
as a result, we get the thermal conductivity equation for a two-layer
hollow cylinder in the following form:

82T+1@:{i+[l_i)s(r_(r1+h2))}‘2_T+
T

2
or* r or a, a, a,

(15)

S (r—(nr, + hy)).

A ® oT
+{ }L(z)JS (7" (7'1+h2))a—
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Equation (15) describes the temperature field in a two-layer hollow
cylinder, that is, in contact with a cylinder whose radius is r,. Since the
coating layers are very thin, we will try to replace the temperature field
of a thin two-layer cylinder with a complicated boundary condition at
the boundary of the second cylindrical layer—steel cylinder (r = r;). At
the same time, the system cylinder—two-layer hollow cylinder is referred
to the curvilinear coordinate system [151] (s, n), where s means the dis-
tance along the boundary between the layers of the hollow cylinder from
certain position s = 0; n is the distance from any point along the normal
to the boundary line between the layers.

The boundary value problem of thermal conductivity for a two-layer
cylinder will now be written as follows:

AT*_F{i_ijs_(r_(“hz»} oT" _

a, ag a, ?
A® oT *
_[1—7\452) 8_(r—(7'1+h2)7

Initial condition (t = 0) is

1
—QWS_(T—(G +h2). (16)

t

r=n+hy

T"=T, (T, = const); (a7
conditions of ideal thermal contact with a steel cylinder (n = -h,) is
=, 20 0L (18)
on on
in addition, the boundary condition (n = h;) is
T"=T, (19)

where T, T, are the initial temperature of the points of the cylinder and
the temperature of the medium (electrolyte) washing the cylinder in the
galvanic bath, respectively; T is the temperature of the points of a two-
layer hollow cylinder (redesignated); T is the temperature of the points
of the steel cylinder; A is the Laplace operator associated with the base
surface for the axisymmetric problem.

Note that condition (18) can be considered as an equation with de-
rivatives in the direction with respect to T or T®. Then, its solution in
the class of analytic functions will be functions of bounded index in the
direction n [152, 153].

In the coordinate system (s,n), the Laplace operator has the form

[151]:
a=[EH 2l
D) | on on
here, D =1 + n/r, r is the radius of curvature of the middle curve of the

layer.
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Since in our case the radius of curvature of the boundary between
the coating layers is much larger than their total thickness, then at the
same time, D ~ 1 and A ~ ¢%/0n?.

To solve problem (16)—(19), we will use the operator method [147].
Let us enter into Eq. (16):

. F . [L _ L] S(n)}z
a, a, a, ot

Now the equation takes the form

2r*
a@% +p’T" = BS_(n), (20)
where "
A OT? q
B = L - (21)
( }\’t(z)J an n=0 }\'1(‘2)

The solution of the inhomogeneous Eq. (20) is

T" = D, cos(pn)+ D, sin(pn)+§sin(pn)Sf (n). (22)
p
We take the derivative of T" by n:
oT” . B .
= pD, sin(pn)+ pD, cos(pn)+ Bcos(pn)S_(n)+ ” sin(pn)s_(n).

The last term on the right in the written equation is zero, when

n =0, and
oT"

on

Substituting (21) into (23),
after transformations, we get

x(Z) ] q
B = pD [ -1(-———=. (24)
}b(3) x?)

= pD,+B. (23)

n=0

and, then, from (21)

Considering (24), expression (22) takes the following form:
T" = D, cos(pn)+ D, sin(pn) +
;L(Z) (25)
+D, (X(a) ]sm(pn)S (n)- pk(3) sin(pn)S_ (n).

To find the constants of integration, D, and D,, we use the first
condition (18) and condition (19):

T = D, cos(ph,)— D, sin(ph,);

n=—n,

=T, = D, cos(ph,)+ D, sin(ph,) +
— 1 3 2 3 (26)
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A
+D, (E sin(ph,) - pk(S) sin(phy).

After simplifying the system of Eqs. (26), we obtain:

T = Dy cos(ph,)— D, sin(ph,),
’ (27)
7\‘(2)
T, = D, cos(ph;)+ D, k(3) ——sin(ph;) - pk(g) sin(ph,).
The solution of the system of Eqs. (27) has the form
A T\  sin(phy)+ 09T sin(phy)+ L sin(ph,)sin(ph,)
D _ n=—h, p (28)
1 )] : ®) : ’
A, cos(ph,)sin(ph,)+L,” cos(ph,) sin(ph,)
MO, cos(phy) -7, cos(phg))+%sin(ph3)sin(ph2)
D. =

2

A ® cos(ph,) sin(ph,) + 1P cos(ph, ) sin(ph,)

We substitute (25) into the second condition (18), take into account
(28), as well as the fact that, when n =-h,, T =T,

DT sin(ph, ) + 1P sin(ph,)+-L sin(ph,)sin( phz)}sin( ph,)
p

W0 e, N
" on ' x?) cos(ph,) sin( ph3)+7u53) cos(ph,) sin(ph,)

{kf‘n’) (Tc cos(ph,)—T cos(ph, ))+ q sin(ph,) cos(phz)} cos(ph,)
14
7»52) cos(ph,) sin(ph,) + ng) cos(ph,) sin(ph,)

In Eq. (29), T and 0T /0n are taken at n = —h,. We expand the trigo-
nometric functions in Eq. (29) into series and keep, at the same time,
only the terms £, and h;, which also are contained in the first power:

M G_T - ® 7»52)p2h2h3T 2 ® }“53) (Tc - T)+ qh,
4 T @) ®) ¢ [©)] ®) )
on A hy + )R, A hy + )R,

We multiply the left- and right-hand parts of the equation by
A®hy +A,®h, and divide by A, ®:

. (29)

+2%p

(30)

7\‘(1) (2) 3) oT (2) 2 3)
@ A7hy + A hz)a—nzkt hh,pT + L7(T. = T) + qh, . (31)
t
In Eq. (31), we substitute p?:
e__10
a, ot
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then, we get
2O x(Z)
L 0 SE Tty 0T 0T ety (@)
t

2

We divide the left- and right-hand parts of Eq. (32) by A, and obtain the
heat-exchange condition at the boundary between the steel cylinder and
the unoxidized layer of aluminium (n = —h,):

A 1+ 80T ca—T iT=iT+q, (33)
R Jon *ot R, R,

where R, = h,/0L? is the thermal resistance of the i-th layer (i = 2, 3);
C, = ¢, Ph,, c¢,@ is volumetric heat capacity of the 2™ layer [J/(m?-deg)]
(C, is heat capacity of 1 m? of the 2" layer [J/(m? deg)]). The thermal
resistance of the i-th layer is the temperature difference that occurs
when a unit heat flow (1 W/m?) passes through it.

We make sure that the boundary condition (32) is correct. It is ob-
vious that the power of the cylindrical heat source ¢, which is located at
the border of the 2" and 3" layers of the coating, causes the heating of
these layers and, in addition, the heating of the steel cylinder itself, the
radius of which is r,.

Let us solve equation (33) with respect to ¢:

R, \oT oT 1 1
_}\’(l) ]__|__2 — +C,——-—(T -TY+—(T -T . 34
1 f[ joan von gD o). G

In Eq. (34), A, V0T /0n is the value of the heat flow that goes to heat
the steel cylinder; C,0T /0t is the amount of heat that remains in 1 m? of
the 2" layer per unit of time and causes its temperature to rise; T, is
temperature of the boundary between the 2*! and 3 layers; (T, — T.)/R,
is the amount of heat entering 1 m? of the 3 layer per unit of time [W/m?].

The sum of the terms remaining on the right in Eq. (834) must be
zero, if the heat exchange condition (33) is valid, namely,

ALy )_ 20T _eh-T
R, on R, on h,

With a thin layer 2, the law of temperature change in it is almost
linear; therefore,

Z0L-T 0T
" h, " on
this means, because of the second condition of ideal thermal contact

(18), that the expression in round brackets is equal to zero. That is, the
heat exchange condition (33) fully coincides with the physical picture of
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heat distribution, which is generated by a cylindrical heat source lo-
cated at the boundary between the second and third layers.

3. Results and Discussion
3.1. Determination of the Temperature in a Steel Cylinder
Using the obtained heat transfer condition (33), it is now possible to

formulate the problem of temperature field distribution for a steel cy-
linder:

2
ot or® ror
T| , =Ty (36)
A, 1+i or +ng +i£ :T° +q; 387)
R, ar - or|._, Ryor|_ Ry
T, #%°; (38)

here, a is coefficient of temperature conductivity of the cylinder [m?/s];
A, is thermal conductivity coefficient of the cylinder (A, = A,).

To solve the problem (35)—(38), we used the integral Laplace trans-
form [145]. One of the most powerful generalizations of this transfor-
mation is the Laplace—Stieltjes integral [154, 155]. We apply this trans-
formation to Egs. (35)—(38):

_ 2m
T = g dT+1dT (39)
dr® rdr
R, \oT — - T
2|1+ 2 |9L + Cy(sT| _my+ 17 -l 2 (40
R, )or| r=n R, '» SR, s
T #o, (41)

where s is parameter of Laplace transform.
The solution of Eq. (39) has the following form [145]:

7T _ Al, (\/ErJ+A2KO (\/Er}, (42)
S a a

where I (x), K (x) are modified zero-order Bessel functions.
To find the integration constants A, and A,, we use the boundary
conditions (37) and (38):

g e S e
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+ C,S [AlI0 (\/Erlj + AK, (\/Er1 ]:l + (43)
a a
1 £l s | L T g
+R3{A1IO(\/ZGJ+A2KO[\/;3J+ s} sR3+s'

It follows from the boundary condition (41) that, since A, =0, at r —» 0,

K, [irj — —0. So,

a
T = Al, L\/Er}E, (44)
a S

and therefore, condition (42) is

Bllsrl )2 x Spll=f-Th g
Al[lt[lJrRJ aIl(\/;rlJJr[CszrstIo(\/;rlJ] SR +s.(45)

Hence,
A - (T,-T,)/ B, + q

TR ]

Now the Laplace transform of the temperature function in the cy-

linder is written as
L ) +q |1, \/gr
R, a

T = Y (47)
,{Xt [1+R2) iIl (\/ET‘IJJF[CZS"‘IJIO [\/grlﬂ ’
R, )\a a R, a

Expression (47) satisfies both differential Eq. (39) and boundary
conditions (40) and (41). To obtain the original of the function (47), it
is necessary to perform the inverse transformation over the function 7.
Expression (47) is the ratio of two generalized polynomials with respect
to s, while the denominator power is greater than that of the numerator
and does not contain a constant. In addition, this means that the decom-
position theorem may be used to find the inverse transformation of the
function (47).

To apply the decomposition theorem, the roots of the denominator
in (47) are found:

bl B o ] o

342 ISSN 1608-1021. Prog. Phys. Met., 2023, Vol. 24, No. 2

(46)




Design of a Two-Layer Al-Al,O, Coating for Corrosion and Wear Protections of Steel

2
From Eq. (48), the roots are: (1) s, = 0; (2) ¢, = 0. Herefrom, s = —a%,

/s i
n, =i|—n (n=1,2,3, ...).
ai

The transition to ordinary Bessel functions is carried out as follows:
I,(2) = i"'J,(iz), I (2) = J(i2),

where i is an imaginary unit, that is, i2 = -1.
From the last equation after transformations, we get:

x(1+gJJ(p)+( a ;]Jo(uho. (49)

n 3l

Equation (49) has many roots p, (n =1, 2, 3, ...) that means that there
will be many roots for S,.

The inverse Laplace transform of function (47), using the decompo-
sition theorem [145, 156], will be:

V() < ()
T=T00) Zae () 0

where v(s)=((T.-T,)/ Ry +q)I, (\ﬁrJ
(p(s)zkt[l+%J 211[\/%4}(02“%3]10(\/%}.
Here,
v(O)= "5 0(0)= 7

o0 =1+ 7| %I[\f} \fzf;[ MJIMJH
o 2o )

After transformations, the last expression is

q)’(s)z{kt(l+%zJ2r‘—;+C2}Io(\/;rlj (CS;%R) (\En] 51)

As a result of the transformations, formula (50) is
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T=T,+qR;+
+i (T, -T,) / By + I, Gip,r / r)e " (52)
n= a : .
1 ay, R, | n (—CZ:L’L+1/R3 "
— = | 1+ 22 L+ Gy I (,) + ! I,G
n {( stza 2} o) daw, /o

After transformations of the last expression, we get:
2

T=Tc+qu—2(Tc—76+ng)i><
a

_amy
. JO(M:rJe i
<y 1 . . (53)
n= & ¢

T {[xt@ +R3);+2C2R3}J0(un)+( 1 —C2R3jJ1(un)}

ap,

Here, J(u,r/r,), J,(11,) are Bessel functions of zero and first order. Con-
sidering that Bessel functions have a bounded index, a series of func-
tion (51) with coefficients of a bounded index in the theory of functions
was first studied by Lepson [157] (see also Ref. [158]).

Let us make sure that the expression (53) is indeed a solution of the
boundary value problem (35)—(38). Firstly check, whether (53) satisfies
the differential Eq. (35):

_
|
— =2(T.-T, +qR, )~ L ! , 54
or (c it s)a ; f(H,,) (54)
where
2
)=t {2 RS 2R )+ e )

oT rt & Jo(u”r
o _ _ h /1 : 56
- 2(T, T0+qR3)a zl ) (56)

Let us substitute (54) and (55) into the right side of Eq. (35):

(azT 1aTJ
a +—— =

or:  ror
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“’n |:J [un rj rl Jl [“nrj:| auz
r T, r r, 5T
= 2T, - T, + qR, )rfz AN —=e

2
n

e 57
7, v 6D

_a,

e r e
+ 2T, - T, + qR) 1> = !
0 3 1; f(l-«ln)

Hn “’n flzr
wJo(r Jrze
=2(T. - T, + qR,)1;’ L1 .
0 R3 1; f(u,,)

The result in Eq. (57) is equal to (56) that means that (53) satisfies
the differential Eq. (35).

It is analytically difficult to verify the validity of the initial condi-
tion (36). This condition will be verified numerically later
Let us consider the boundary condition (37):

2
_ M

oT oL e
C —on -1 +qr) Y :
ar r=n a n=1 f(l’l'n)
2 .
oT AN
=2T -T +qR3)r2 1
otl,_, ° ' ; f(u,)
A
& dyw,)e "
Tﬁ—T"'qu 2(T, - T—I—R)1 1
T a Z; f(u,)
Substituting the obtained values 0T/orl,_, , 0T/01,_,, Tl,_,,, into the
boundary condition (37), we have: ,
_aw,
.M [1+];2 jrnJl(H,,)e g
T,
2(T. - T, + qR, )L 8/ +
a zl fu,)
2 o
r 2
L Gy, rize 1
+2(T. - T, +qR,) 7 1
. Z )
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2

- L g2 -+ qR)
R, a

i
P TR A A R N P A T I
y i n R, no Ry,

7(u,)

The expression in square brackets under the sum sign is equal to zero,
since {u,} are the roots of Eq. (49), i.e.,

[ szaT oT T
A1+ =2 | — — —T| _ = +q .
R, ) or ocl, R, "™ R,

This means that Eq. (563) satisfies the boundary condition (37).

Condition (38) is also satisfied by expression (53), because the nu-
merator in Eq. (53) rapidly approaches zero as p, increases.

To perform calculations of the temperature field in the cylinder ac-
cording to the formula (53) and to check, if the analytical expression
(53) really satisfies the initial condition (36), the following initial data
were taken:

(1) thermal conductivity coefficient of steel grade 45

A =38 W/(m-deg) [159];
(2) volumetric heat capacity of aluminium
C2 = c®p® =896.4-2680 = 2402352 J/(m?- deg),
where ¢, is specific heat capacity of aluminium (896.4 W/(m3-deg)),

p® is density of aluminium (2680 kg/m3 [159]);
(3) average aluminium layer thickness formed during PEO

h,=0.318-103 m;
(4) heat capacity of 1 m? of the second layer (aluminium)
C,=C®-h,=2402352-0.318-10"2 = 763.948 J/(m? deg);

(5) temperature resistance of the second layer (aluminium)

1

r=n

h
R, = xé)’ A,® = 209 W/(m-deg) [159],
t
-3
R, = % =1.521531-10° (m? -deg)/W;

(6) coefficient of temperature conductivity of steel grade 45
a=27-10%=m?/h = 7.5-10°m?/s;
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(7) temperature resistance of the third layer (aluminium oxide)

h, 0.282-10° s
=—32 =-—— ~—  =1.325007-10"° (m? deg)/W,
AP 21.2829 ( &)/
where £, is the average thickness of the aluminium-oxide (Al,O,) layer
formed during PEO (h; = 0.282-103 m), A,® is coefficient of thermal
conductivity of aluminium oxide (A,® = 21.2829 W /(m-deg) [160]);
(8) power of the PEO process
kiU
P=""= [W/dm?],
V2
where i is current density during PEO (i = 5 A/dm?), U is voltage during
PEO (U = 760 V), k is coefficient taking into account the part of the
power that goes to heating the three-layer cylinder; so,

p=0-T5760_;500.9 W/dm? =188090 W/m? ;

V2
(9) temperature of the electrolyte is assumed constant and is equal to
T, ="T70°C.

Taking into account the accepted initial data, during the numerical
verification of the initial condition (36), it was established that at the
initial moment of time the temperature at all points of the cylinder is
equal to 20 °C.

When calculating the temperature distribution in the cylinder
depending on the radius of the cylinder points and the time from the
beginning of the PEO process (heating), results were obtained, which
show that, after a relatively short period of time (t = 180 s) from the
beginning of the PEO, the temperature at all points of the cylinder be-
comes the same, i.e., a steady state occurs in the cylinder. The obtained
temperature (T = 72.49 °C) is a stationary temperature arising from the
action of the surface cylindrical heat source, which is located at the
boundary of the aluminium-oxide and aluminium layers (Fig. 4). In rea-
lity, during PEO, we do not have a cylindrical heat source, but practi-
cally instantaneous point sources of heat of extremely low thermal ener-
gy @ = 0.002 J, which act at different points of the cylindrical surface
at the boundary of the aluminium-oxide layer and the aluminium layer
(the position of these points, obviously, continuously changes) so den-
sely and with very small time intervals between successive flashes of
discharges so that the temperature on each cylindrical surface remote
from the heat sources in the middle of the steel cylinder is constant.
After a short period, the temperatures on all these cylindrical surfaces
equalize and become equal to 72.49 °C. Only in a small layer of alu-
minium directly adjacent to the edge cylindrical surface of the steel
cylinder radius r,, we will have a non-stationary temperature, since this
layer is in close proximity to the action of instantaneous point heat
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sources during PEO (they are separated by a thin unoxidized layer of
aluminium).

It is of great interest to find out what temperatures are possible on
the outer surface of a steel cylinder? As known from the PEO techno-
logical process, in the final stage of it, the thickness of the aluminium
layer applied to the steel cylinder decreases to the size of the unoxidized
layer (of 35—65 pm). This interest is explained by the fact that, at a
temperature T equal to 0.47T  of the metal (T, is a melting T), diffusion
processes occur from steel to aluminium and vice versa. It is necessary
to theoretically confirm or deny the phenomenon of diffusion at the
boundary between an unoxidized layer of aluminium and a steel cylin-
der. It is not possible to establish the real temperature field in the cy-
linder caused by instantaneous point sources, since there is no reliable
data in the literature about the frequency of their occurrence and their
distribution over the entire surface of the aluminium layer during PEO.

The calculated temperature field in the cylinder coincides with its
real temperature field during the PEO process with the exception of a
small layer adjacent to the edge surface of the cylinder radius (Fig. 4).
If the PEO process is stopped, then, after an extremely short period of
time (hundredths of a second), the temperature in this layer will also be
equal to 72.49 °C.

The results of measuring the temperature distribution of the elec-
trolyte during PEO of aluminium alloy by a thermal imaging camera
[161] show that the minimum temperature near the stainless steel elec-
trode is of 46.6 °C, and the maximum temperature is of 92.7 °C in the
area, where the rectangular aluminium part is located.

3.2. Determination of the Temperature for the Half-Space

To obtain a good approximation of the real temperature field in an un-
oxidized aluminium thin layer of a cylinder experiencing heating by
instantaneous point heat sources during PEO, let us consider the follow-
ing temperature problem for a half-space. At the initial moment of
time, the temperature at all points of the half-space is the same and is
equal to T,. The temperature at the edge of the half-space (z = 0) is con-
stant and equal to T,. An instantaneous point source of heat acts at the
point with coordinates x = y = 0 and z = z,. However, this source of heat
does not work continuously, but only at moments of time t = 14, 1,, 1,4
and t,. It is necessary to establish the temperature field distribution in
the half-space.

Why is a point heat source considered in a half-space and not in a
cylinder? The following explanation may be given here. The energy of
an instantaneous point source during a discharge is extremely small and
it causes a temperature change in a very small volume, which means
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that the geometry of the body will not affect the temperature in that
volume. It follows that there is no need to consider the temperature
problem for a cylinder with point sources, since its solution is signifi-
cantly more complicated than for a half-space, and the result will be
practically the same.

The temperature T, can be taken as the stationary temperature in
the cylinder (T = 72.49 °C) and the co-ordinate z can be taken equal to
the distance of the cylindrical source to the outer surface of the alumi-
nium-oxide layer, i.e., 2, = h,. Under this condition, the temperature
occurring at distances of 35—65 um from the instantaneous point source
deep into the half-space is approximately that occurring on the surface
of a steel cylinder at the final stage of the PEO process.

The formulated problem may be mathematically written as follows:

9 7"”5
r] au, e '

6T J(n 2
d T,
2T -T, +qR,) e > L

)y n
at a n=1 f(un)
o°T o°T o°T 10T Q 4
+ + =————08(x)d(y)d(z — z o(t — 1, 58
under initial conditions:
T| =T T|., =T, T|.,, > T (59)

here, T is temperature field in half-space; x, y, z are co-ordinates of
half-space points; t is time; A,, a are the coefficients of material thermal
conductivity and temperature conductivity of the half-space, respec-
tively (we take aluminium as the material of the half-space); @ is energy
of an instantaneous point source [J]; Dirac delta functions [144] are:
5(x), 8(), 8(2 - 2,), 8(1 - 1),

To ensure the possibility of applying Fourier integral transforms, a
new function of T, is added to consideration:

T,=T-T,. (60)
Let us express T through T, and substitute into Eqgs. (58) and (59).
Therefore, the result is
T, o°T, ©o°T, 10T, @ 4
+ + =———=— ——03(x)d(y)d(z—2= (- 61
axZ ay2 822 a a}t kt ( ) (y) ( 1); (T ’Cl) ( )
for such conditions:
T

1/1=0

=0, T

1/2=0

=0, T

1/z>mo

—0. (62)

We solve problem (61), (62), using the Fourier exponential trans-
form [145, 146]

?(g):ﬁ j f(x)edx (63)
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by the variables x and y, as well as the sine Fourier transform [145, 146]

F(p)= \ET F (2)sin(pz)dz (64)
T 0
by variable z.

As a result of applying transformation (63) to Eqgs. (61), (62) by
variables x and y, we obtaln

= 82 1 aT
—(&% + T p—Ll==1_ S S(t— 65
(& +¢% 62 L o 2M (= - 2)2 t-1), (69
Tl/r:OZO’ Tl/z 0=0, Tl/z—)w -0, (66)

where T, is double integral Fourier transform of a function T,; &, C are
parameters of integral transformations, respectively.

Next, we use the integral transformation (64) to Eqs. (65), (66) by
variable z and obtain:

aT 2 2 onm . Qa . S
?+a(é’; +C+p )Tl_x/ﬁkt sm(pzl);f)(t—rl), (67)

T, ,=0. (68)

The solution of Eq. (67) under condition (68) has the following
form:

Qa . N ()
= ———sin(pz,) Y e PRyt -1,), (69)
' V2r® A, ' z l

i=1

where U(t — 1,) is the Heaviside function [144].
We use inverse integral transformations. So, inverse sine Fourier

transform
;e
T

4 0
= —(‘Z a4 D ety (r - 1) j e 7 % sin(pz,) sin( pz)dp.
n 0

T, sin(pz)dp =

S t—38

}\'t i=1
After taking the last integral, we get [162]

_ (z-2, ) (2+2,)
=~ Qa . 1 —a(é +0%)(1-1,) 4a(rir~) 4a(r—lr-)
"U(t—r1,)|e V—e ) 1.(70)

. i a(r—r)

Next, we perform inverse exponential Fourier transformations:

ﬁzﬁj;T roe
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As a result, the solution of problem (61), (62) takes the form

22 +y? (2-2,) (2+2,)?

T — Ra U(t-1) e 14w | o daw) |, delw) | (71)

' (= (Zw/na(t - ti))3

To calculate the temperature T (T = T, + T,) in the half-space, for-
mula (71) and the initial temperature T, were used. Calculations were
performed for different moments of time t and different values of co-
ordinates z and x close to the point of flash of an instantaneous point
source of heat (single discharge during PEQO). The specified point source
flashes at a point in the half-space with coordinates x =y =0 and z =z,
at the time instant: t,, 1,, 15, T,.

During the calculations, the following input data were taken: the
material of the half-space is aluminium; energy of an instantaneous
point heat source @ = 0.002 J; coefficients of thermal conductivity and
temperature conductivity of aluminium, respectively, A, = 255/(m-deg),
a = 9.2592592-107° m?/s; moments of flash of an instantaneous point
source of heat (spark discharge): 1, = 0 s, 7, = 0.01 s, 1, = 0.02 s,
1, = 0.03 s; co-ordinates of the instantaneous point source of heat: x =
=y =0, z=2 =0.282-102 m; the initial temperature in the half-space
T,="72.49 °C.

The obtained calculation results indicate that, with a thickness of
the unoxidized aluminium layer from 0.035 to 0.040 mm, the tempera-
ture on the steel cylinder surface after flashes of instantaneous new
point heat sources during PEO exceeds 1000 °C. This means that the

< (0 1.2

S 60 ¢ ] 1.0 ] o

< 50 8 .

) n & 0.8

g 40 5

5 . 0.6

% 30 g

.8 20 QCE 0.4

Q

e m ]
0 1 1 1 O 1 1 1

a b c d e a b c d e

Fig. 5. The adhesion strength with the steel substrate of the one-layer Al coating
with a thickness of 250 um (a) and the two-layer Al-Al,0, coating with a thickness
of 250 ym with different thickness of the unoxidized Al layer: 125 pm (b); 65 pm
(c); 35 pm (d); 0 pm (e)

Fig. 6. The static resistance to sulphide stress cracking of carbon steel 45 with one-
layer Al coating with a thickness of 250 nm (a) and two-layer Al-Al,0, coating with
a thickness of 250 pm with different thickness of the unoxidized Al layer: 125 pm
(b); 65 pm (c); 35 pm (d); 0 pm (e)
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mutual diffusion of iron from steel to aluminium and vice versa will
take place in the layers of these composition materials adjacent to their
contact surface, which will ensure the emergence of a diffuse connection
(welding) of the applied layer of aluminium to the steel base in a two-
layer coating: lower — unoxidized layer of aluminium, outer — alumi-
nium oxide layer formed in the PEO process.

The results of studies [163, 164] show that diffusion processes, es-
pecially grain boundary diffusion, begin to occur in aluminium alloys at
elevated temperatures (7' > 0.4T , where T is the melting temperature
of the alloy). Such diffusion phenomena will contribute to the possibi-
lity of forming a metallurgical bond between the aluminium layer and
the steel, which ensures a significant increase in the adhesion strength
of the two-layer Al-Al,O, coating to the steel substrate. In particular,
the work [165] is devoted to the study of the processes of the diffusion
connection of an aluminium alloy with steel. The results indicate that
metallurgical bonding can be observed between the coatings and the
steel substrate.

3.3. Results of the Mechanical, Tribological
and Stress Corrosion Cracking Testing

The results of testing samples for the adhesion strength of coatings to
a steel base are presented in Fig. 5. With a thickness of the unoxidized Al
layer of 125 um (Fig. 5, b), the adhesion strength of the coating to the base
is of 40 MPa and is practically the same as for a single-layer Al coating
with a thickness of 250 ym without PEO, namely, of 39 MPa (Fig. 5, a).
An increase in the thickness of the formed PEO oxide layer/decrease in
the thickness of the unoxidized aluminium layer leads to an increase in
the bond strength of the double-layer Al-Al,O, coating with the steel base.
At the same time, the maximum adhesion strength of the two-layer
coating to the steel base is achieved with a thickness of the unoxidized
aluminium layer of 35 ym and is of 61 MPa (Fig. 5, d) that corresponds
to the value obtained from the results of theoretical calculations of the
thickness of the unoxidized aluminium layer from 35 pm to 40 pm.

At such thicknesses of the unoxidized layer of Al on the surface of
the steel base, after flashes of instantaneous point sources of heat du-
ring PEO, the temperature exceeds 1000 °C, i.e., mutual diffusion pro-
cesses of Al into the steel base and Fe into the unoxidized layer of alu-
minium occur, which ensures an increase in the adhesion strength of the
coating due to the emergence of a diffusion bond in 1.56 times. In the
case of applying PEO to the entire thickness of the Al coating of 250
nm, the bond strength of the obtained oxide coating with the base de-
creases to 11 MPa (Fig. 5, e) due to the occurrence of electrical break-
downs on the steel, which does not have valve properties.
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Fig. 7. The wear resistance of the 2.0
two-layer Al-Al,O, coating with a
thickness of 250 pym on a carbon
steel 45 substrate with different
thickness of the unoxidized Al
layer: 125 pm (a); 65 um (b); 35 pm
(¢); 0 pm (d)

1.5

Figure 6 shows the re-
sults of testing steel samples
with coatings for resistance
to sulphide cracking in elec-
trolyte according to Standard 0 : : :
TMO0177-2005 for 720 hours. a b ¢ d

An aluminium coating with a thickness of 250 ym increases the re-
sistance to sulphide cracking of carbon steel 45, the static hydrogen
fatigue limit of which is of 0.2 from the yield point (Fig. 6, e¢) to 0.94
from the yield point (Fig. 6, a). Oxidation of the outer part of the
aluminium coating layer significantly increases the resistance of steel to
sulphide cracking (Fig. 6, b—d). Thus, the maximum limit of static
hydrogen fatigue (1.07) is reached at a thickness of the unoxidized alu-
minium layer of 65 pm (Fig. 6, c¢). A further increase in the thickness
of the formed PEO oxide layer/decrease in the thickness of the unoxi-
dized aluminium layer leads to a decrease in the static hydrogen fatigue
limit of steel with a two-layer coating (Fig. 6, d). The protective effect
of two-layer coatings is related to the shielding and electrochemical ef-
fect. The significant protective effect of the two-layer Al-Al,O, coating
can be explained by the increase in the shielding effect of the oxide
layer. Due to the increased volume of aluminium oxide formed during
PEO, compared to the volume of aluminium used (V,,,,,/V, = 1.31), the
closing of pores and the formation of residual compressive stresses in
the oxide layer of the coating are ensured. This effect helps to slow
down the process of H,S diffusion from the electrolyte through the laye-
red coating to the steel base, and accordingly, the amount of depolar-
izer H" decreases, and the catalytic action of hydrogen sulphide on the
recombination of hydrogen atoms weakens, which ultimately prevents
flooding of the steel and its cracking.

The results of wear tests are presented in Fig. 7.

The analysis of the results shows the high wear resistance of the
oxide layer of the two-layer Al-Al,O, coating, comparable to carbon
steel 45. It should be noted that the increase in the thickness of the
formed PEO oxide layer/decrease in the thickness of the unoxidized alu-
minium layer practically does not affect the amount of wear of the
samples (Fig. 7, a—c).

Relative wear resistance
-
o
T
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In general, the test results carried out, according to Figs. 5-7,
show, that during the construction of two-layer Al-Al,O, coatings, the
thickness of the unoxidized Al layer, which is calculated theoretically
and confirmed experimentally, must be chosen from the condition of
increasing the adhesion strength of the layered coating to the steel base,
and the thickness of the Al,O, oxide layer must be chosen from the con-
dition of ensuring the specified service life of machine parts for wear.
In addition, the developed two-layer Al-Al,O, coating also provides
effective protection of carbon steel against flooding, embrittlement and
cracking in hydrogen sulphide environments. The advantage of pro-
posed two-layered Al-AlL,O, coatings with respect to the hard-faced
layers [114] is the significantly higher resistance in the hydrogen-en-
riched environments.

In further research, it is planned to experimentally establish the
thickness of the unoxidized aluminium layer adjacent to the steel sur-
face of the two-layer Al-Al,O, coating, the oxide layer of which is
formed by PEO, at which diffusion processes begin to occur at the steel
base—aluminium interface, as well as study the distribution of chemical
elements in this zone and make a comparison with the results of theore-
tical calculations.

4. Conclusions

As a result of the research, we can summarize and conclude as follows
below.

e An analysis of strengthening technologies and the influence of
plasma electrolytic oxidation regimes of valve metal materials on the
structure, microstructure and physical and mechanical properties of
oxide coatings was carried out.

e The technology of forming on steel by the combined method of
double-layer Al-Al,O, coatings, using PEO in the electrolyte has been
improved; a mathematical model of temperature distribution during
PEO of an aluminium coating layer applied to a long cylindrical steel
part was constructed.

e The procedure for analytical research of the temperature distribu-
tion in a steel cylinder covered with a layer of aluminium at the inter-
face of the components of the two-layer Al-Al,O, coating during PEO
was developed.

e It was established that, with a thickness of the unoxidized alu-
minium layer from 0.035 to 0.040 mm, the temperature on the surface
of the steel cylinder after flashes of instantaneous point heat sources
from the action of electric-spark discharges during the PEO of the outer
part of the aluminium layer exceeds 1000 °C and is more than 0.47T
(here, T_ is a melting temperature of aluminium/steel). Thus, at the

m
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theoretically determined thickness of the unoxidized aluminium layer
adjacent to the surface of the steel, mutual diffusion processes will oc-
cur at the steel-aluminium interface, that is, the diffusion of iron from
steel to aluminium and vice versa, from aluminium to steel, which will
ensure the emergence of a diffuse connection (welding) of unoxidized
layer of aluminium to the steel base of two-layer Al-Al,O, coating:
inner—unoxidized layer of aluminium, outer—aluminium oxide layer
formed in the PEO process.

The test results shows that in a two-layer Al-Al,O, coating, the
thickness of the unoxidized Al layer, which is calculated theoretically
and confirmed experimentally, must be chosen from the condition of
increasing the adhesion strength of the coating to the steel base due to
the emergence of a diffusion bond, and the thickness of the Al,O, oxide
layer must be chosen from the condition of ensuring the specified ser-
vice life of machine parts for wear.
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! Igano-®paHKiBCbKUI HAIiOHAJbHUIN TeXHiUHUM yHiBepcuTeT HadTH i rasy,
ByJs. Kapmarceka, 15, 76019 Isano-®pankiBcbk, YKpaiHa

2 IH)KeHepHO-TeXHiUHUA KoJemk, YHiBepcuTeT Anb-BasH,
Iopora MiKHaApPOZHOTO ae€pOIOPTY, MOPAA 3 IoIeo Abbaca 6in PipHac,
10070 Barmag—H:xanpia, Ipak

PO3POBKA IOBOITAPOBOI'O IIOKPUTTS Al-AlL,O, 3 OKCUOHMM IITAPOM,
C®OPMOBAHUM IIJIASMOBHUM EJIEETPOJIITUYHNM OKCUIOYBAHHSIM
AJIIOMIHIIO, OJIST BAXVCTIB KPUIII BIJT KOPO3II TA 3HOIIIYBAHHS

IIpoanasidoBaHO TexXHOJIOTiI (DOPMyBaHHSA IMOKPUTTIB IJIs 3aXUCTy AETAJIIB MAaIIWH i
obsamHAHHA Bifi KOpo3ii Ta 3HOIIyBaHHSA B aI'PECUBHUX cepemoBUINlaxX. Po3riasamaeTsesa
BILIMB PEKUMIB IJIa3MOBOTO ejieKTpoaituuroro okcuaysauusa (IIEQ) BeHTUIbHUX Me-
TaJTiYHUX MaTepiajiB Ha OyJ0BY, MiKPOCTPYKTYpPY Ta (hisumKo-MexaHiuHi BIacTUBOCTL
OKCUAHUX HOKpUTTiB. [lyiA BupimenHsa Iiel mpobieMu IEePCHEKTUBHOI € PO3POOKa
KOMOiHOBaHOI TeXHOJIOTil: HAHEeCeHHA IIapy aJIOMiHiI0 HA MOBEPXHIO KPUIEBUX JeTa-
aiB 3 moganbmiuM #oro ITEQ. Meroio maHoi po0OTH € TeopeTHYHe MOCTiAKEeHHS PO3-
MOJiJIy TEMIepaTypu y KPUIIEBOMY IMUJIIHAPi, MIOKPUTOMY IIIapoM aJIOMiHi0, Iig dac
ITEO psi oOrpyHTYBAHHSA TOBIMUHU ITApPiB JBOIIAPOBOr0 MOKPUTTSA aJIOMiHi—OKCH
Aumrominiro. Pospo6ierno yeranoBky ais IIEO Ta TexHogoriuHuii mpoiiec (popMyBaHHs
jgeommaposoro nmokputta Al-Al,O, Ha moBromipHuX geranax. CTBOpEHO MaTeMaTUUYHY
MO/IeJIb HECKiHUEeHHOT'O0 TPUIIIapOBOTO MUJIiHAPA 3 BHYTPIIIHIM KoaKciaJlbHUM IIOBEPX-
HEBUM IWJIIHAPUYHUM AKEPesoM Tellja, IO PYXAeTbCA 3 IOCTiHHOMI IBUAKICTIO B
pagiarbHOMY HANPAMKY BIJINO ajdioMiHifioBoro mapy muirinzpa. Momgesib 3aCHOBAHO
Ha PO3B’A3aHHI KpailoBol 3amaui TeMJIONMPOBIAHOCTA 3 YMOBOIO i/1eaJbHOTO TEIJIOBOI'O
KOHTaKTy Mixk mrapamu. Ilig wac IIEO yTBoproeThCA TBEPAUH OKCUAHUM II1ap, ajie TOB-
IMHAa HEMPOOKCUAOBAHOTO ITapy aJIOMiHil0 3MeHIIyeTbCcsa. TemmoismuHi xapaxTe-
PUCTUKU TAKOTO MUJIIHApPA € QYHKIIAMU pamialbHOI KOOpAWHATU IUJIiHApA Ta dacy.
Ilix wac mo6ya0BU IBOIIAPOBOTO MOKPUTTS JOIJIFHO BUKOPUCTOBYBATH PE3YJIbTATH
TEIJIOBUX PO3PAXYHKIB [JA OOI'PYHTYBAHHSA TOBIIWHU IIPUJIETJIOTO 0 IOBEPXHI Kpuiri
mapy HEOKCHUIOBAHOI'O AJIOMiHiI0 3a ymMoBU 3abeslledeHHs Iepediry mporieciB Baa-
eMHOI nudysii Ha Merki momijay MiK ajloMiHieM i KpuIlero AJA IMiABUINEHHS Mil[HOC-
TH 3UYeIlJIeHHsS MOKPUTTSA 3 OCHOBOIO 3a PaXyHOK HarpiBaHHS MUTTEBUMU [yKepeaMu
TeIIa, COPUUYNHEHUX i€l iCKPOBUX €JEeKTPUUYHUX pos3psaniB y mporeci ITEO. Tos-
I[MHA 30BHIITHBOTO CYI[iJIBHOTO MIAPY OKCHUAY AJIOMiHiI0 BUOMpAETHCA 3 YMOBU 3a-
OesmeyeHHA HEOOXiTHOTO TepMiHy CIYy:KOU AeTaTiB MAlIWH Ha 3HOIIYBAHHA 3 IEBHUM
30epeskeHHAM. Pe3yibTaTi MpOBeJeHUX MEXaHIUHUX, TPUOOJOTIiYHUX BUIPOOYBAHb i
BUIIPOOYBAHHSA Ha KOPO3iliHe PO3TPICKYBaHHS KPUIEBMUX 3PasKiB 3 po3po6JIEeHUM IBO-
mapoBuM nokpurram Al-Al,O, nokasasu BUCOKi ioro ekcmryaraniiiai BiacTuBOCTi.

KarouoBi coBa: gBolrapoBe MOKPUTTS, adOMiHiN, oKcuza AJIOMiHiIO, KPUIlA, MarTe-
MaTHUYHA MOJeJb, TeMIeparypa, Judysid.
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