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It was determined that in an electrolyte con-
taining 1.75 g/L KOH+1 g/L NaySiO3+2 g/L
NaAlO,, with an increase in current density
Jrom 15 A/dm? to 50 A/dm?, the phase composi-
tion of the coating changes. In the three-phase
state (aluminum titanate, rutile, and amor-
phous-like phase), with increasing j, instead
of an amorphous-like phase, a crystalline mul-
lite phase appears. The hardness of the coat-
ing increases from 5400 MPa to 12500 MPa.
It was found that, in combination with alumi-
num titanate, mullite is the basis for achieving
high hardness in the coating. The formation of a
ceramic micro-arc oxide coating on the surface
of the VT3-1 titanium alloy makes it possible to
reduce the dry friction coefficient by more than
5 times to =0.09.

The effect of electrolysis conditions during
micro-arc oxidation of the VI3-1 alloy (titanium-
based) on the growth kinetics, surface morphol-
ogy, phase-structural state, and physical and
mechanical characteristics (hardness, coeffi-
cient of friction) of oxide coatings was stud-
ied. It was found that the process in the mode of
micro-arc discharges is stably implemented on
the VT3-1 alloy in an alkaline (KOH) electrolyte
with additions of sodium aluminate (NaAlO3)
and liquid glass (NaSi0s). This makes it possi-
ble to obtain coatings up to 250 um thick. In this
case, a linear dependence of the coating thick-
ness on the time of the MAO process is observed.
The growth rate of the coating increases with
increasing current density. The highest growth
rate was 1.13 um/min. It was revealed that in
an electrolyte containing 1g/L KOH+14 g/L
NaAlO, with an increase in the duration of
oxidation from 60 to 180 minutes, the relative
content of the high-temperature phase, rutile,
increases. In the coatings obtained in the elec-
trolyte 1.75 g/L KOH+1 g/L Na,SiO3+2 g/L
NaAlO,, with an increase in the duration of the
MAO process, the relative content of the amor-
phous-like phase decreases and the content of
the crystalline phase of mullite (3A1,03-25i0,)
increases

Keywords: micro-arc oxidation, VT3-1,
electrolyte type, growth kinetics, phase compo-
sition, wear resistance
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1. Introduction

a result of plasma technologies of materials, the method of

Plasma processes have recently become the basis of mod-
ern surface hardening technologies [1, 2]. Due to the strong
disequilibrium of such processes, it is difficult to simulate
them [3, 4], therefore, to predict the properties obtained as

structural engineering began to be used [5, 6]. This is es-
pecially important for engineering materials, where surface
properties in most cases determine their functional charac-
teristics. In this regard, the optimization of properties based
on the structural approach for this class of materials refers




mainly to the surface [7, 8]. The greatest effect of improving
the properties when using this approach was the creation
of ceramic-like coatings on the surface. Such coatings with
high properties are based on nitrides [9, 10], borides [11, 12]
and oxides [13, 14] of transition metals, both in the form of
single-layer [15, 16] and multilayer [17, 18] composites.

Recently, special attention has been paid to oxide ce-
ramic-like coatings in connection with the development of a
very promising method for surface modification — micro-arc
oxidation [19, 20]. The highest properties for this class of
coatings were mainly achieved during the formation (both
on the basis of the base material and by using special electro-
lytes) of a highly hard a-Al,O3 (corundum) phase [21, 22].

It should be noted that, as a rule, it is difficult to heat-
treat the coating after micro-arc oxidation. This is due to the
fact that the range of temperatures required for significant
structural and phase changes in such oxides is usually higher
than the melting point of the base material. Therefore, to
obtain the required composition of the coating, it is neces-
sary to change the technological conditions in the process of
micro-arc oxidation. In this regard, the development of the
method of structural engineering for the MAO process is of
great importance. This is an urgent task in connection with
the large range of alloy products for which the industrial use
of MAO processing is effective. In this connection, the gen-
eralization of structural data for various types of materials
is the basis for working out the MAO technology in order
to optimize it.

2. Literature review and problem statement

Titanium and titanium-based alloys are important struc-
tural materials for mechanical engineering and medical
equipment and are often used as elements of friction pairs.
Therefore, for this class of materials, it is rather important
to improve the physical and mechanical properties of the
surface, which has been shown in numerous studies of the
functional properties of titanium and alloys.

In particular, in [23] the need to improve the functional
properties of the surface was associated with its relatively
high and unstable coefficient of friction (COF), in [24] the
need to increase the relatively low abrasive and adhesive
wear resistance was shown. Critical properties that need to
be improved for effective use of the material were also noted:
relatively low hardness [25, 26], strong tendency to abra-
sion [27] and low load-bearing capacity [27, 28]. All of these
characteristics significantly limit the use of titanium-based
materials in wear technology.

This problem has become especially important in con-
nection with the extensive use of titanium-based alloys in
medicine — in the form of various types of implants [29, 30].
The titanium oxide layers, which are formed on titanium
surfaces, do not have high mechanical properties and ad-
ditional processing is required to form a high-temperature
dense TiO,rutile phase [31, 32]. In this case, a relatively thin
natural oxide film on titanium is easily destroyed by friction.
The dry friction coefficient for a titanium-titanium pair is
0.6, which is close when tested in oil and water [33].

In addition, to ensure good adhesion of TiO,, for ex-
ample, to bone tissue, a large surface area and porosity are
required (at the level of tens of microns, which is compatible
with the size of the bone cell). As shown in [34], this can
provide titanium oxidation in the micro-arc mode.

As shown by the studies given in [35, 36], coatings ob-
tained as a result of micro-arc oxidation of titanium alloys
can significantly increase the elastic modulus and wear
resistance of the base material. In addition, such coatings
have high electrical insulating characteristics [37, 38], high
values of hardness and electrochemical potential [39, 40].
Moreover, such an important characteristic as wear resis-
tance can be increased tenfold [41].

The largest number of studies on micro-arc processing
of titanium alloys is associated with the Ti—6Al-4V al-
loy [42, 43]. It was found [44] that the treatment of the Ti
(Ti—-6A1-4V) alloy can lead to a significant content of the
mixed oxide Al,O3 TiOy (aluminum titanate).

However, electrolytes currently used for this have a
number of disadvantages. For example, the use of Ca-P
electrolyte does not provide the required growth rate [45],
while the H3P Oy electrolyte leads to an unstable process of
micro-arc oxidation and its transition to arc oxidation [46].

Good results were shown by the use of alkali-aluminate
electrolytes for micro-arc oxidation of titanium alloys. This
made it possible to obtain hard, heat-shielding, dielectric
coatings on the surface of titanium alloys [47].

However, little attention was paid to the study of the reg-
ularities of the formation of the phase composition and the
quantitative ratio of the phases included in MAO coatings
under various technological processing modes. Although it
is the phase composition of the coating that should deter-
mine their properties.

Also, in studies devoted to the investigation of the
processes of micro-arc oxidation of titanium alloys both in
alkali-aluminate and alkali-silicate aqueous solutions, and
in other electrolytes, the reasons for the kinetic features of
the growth of coatings have not been determined. Although
there is no doubt that with a change in the growth kinetics
of a coating on a titanium alloy (during its MAO treatment),
there is a change in the structure and phase composition of
such a coating, which determine its basic properties.

3. The aim and objectives of the study

The aim of the study was to identify the effect of the
electrolyte composition, current density and time of the mi-
cro-arc oxidation process on the phase-structural state and
properties of coatings formed during the anodic-cathodic
process on the VT3-1 titanium alloy.

To achieve the aim, the following objectives were set:

— to determine the possibility of the MAO process on the
VT-1 alloy in an alkaline (KOH) electrolyte with additions
of sodium aluminate (NaAlO,) and liquid glass (Na,SiO3)
and to study the growth kinetics of such coatings;

— to determine the dependence of the phase composition
of MAO coatings on the oxidation time;

—to study the effect of the current density during oxi-
dation on the phase-structural state and hardness of MAO
coatings.

4. Material and method for studying the effect of
the type and composition of electrolyte on the structure
and properties of MAO coatings

The studies were carried out on the VT3-1 titanium
alloy, the chemical composition of which is given in Table 1.



Table 1

Chemical composition of the VT3-1 titanium alloy

Main elements, % Impurity elements, % no more
Ti Al Cr C Fe Si Zr O N
Basis | 5.5 2.5 0.10 | 0.30 | 0.15 | 0.30 | 0.20 | 0.05

VT3-1 is a deformed alloy with (a+B)-structure.

MAO treatment of alloys was carried out in an alkaline
(KOH) electrolyte with additions of sodium aluminate
(NaAlO») and liquid glass (NaySiOs, p=1.4 g/cm?).

Thus, 2 types of electrolytes were used:

1) 1.4 g/L. KOH+14 g/L NaAlO, (solution in distilled
water). For this series of samples, the current density during
electrolysis was j=20-40 A/dm?, and the duration of the
process for studying the growth kinetics and the phase for-
mation process was t=1, 2, and 3 hours.

2)1.75 g/L KOH+1 g/L Na,SiO3+2 g/L NaAlO, (solu-
tion in distilled water). For this series of samples, the current
density during electrolysis was j=15, 25, and 50 A/dm?,
and the duration of the process for studying the kinetics of
growth and the process of phase formation was t=1, 2, and
3 hours.

A capacitor-type power supply with a power of 40 kW
was used.

Determination of the phase composition of MAO coat-
ings was carried out according to the results of X-ray phase
analysis. The studies were carried out on a DRON-3 setup
(Burevestnik, Russia) in monochromatic K,—Cu radiation.
Diffraction spectra were recorded using the Bragg-Brentano
reflection scheme [48]. The survey was carried out both in
continuous and pointwise mode with a step of 26=0.1°. The
maximum error in determining the content of structural
crystalline components (with a detectability of 10 vol. %)
does not exceed £0.7 %. The minimum detectability of struc-
tural components is about 1 vol. %.

The results obtained in the study refer to the main coat-
ing layer (the technological layer was removed by cleaning
on abrasive paper).

For quantitative phase analysis, the method of reference
mixtures was used [49]. For this, calibration graphs of the
dependence of the intensities of the comparison lines on the
mixture composition were constructed. The basic compo-
nents of the coating composition were TiO, (anatase, ASTM
Card File 21-1272), TiO, (rutile, ASTM Card File 21-1276),
mullite (3A1,03 2Si0,, ASTM Card File 15-776) and alu-
minum titanate (TiAl,O5, ASTM Card File 26-40). If peaks
from the titanium substrate appeared in the diffraction spec-
tra, they were not taken into account when calculating the
coating composition.

The coating thickness was determined on a VT-10 NTs
vortex thickness gauge (Kontrolpribor, Russia).

The microhardness was determined using a PMT-3 de-
vice (AO LOMO, Russia).

5. Results of studying the growth kinetics, morphology,
phase-structural state, and properties of MAO coatings
on VT8-1 alloy

5. 1. Surface morphology and kinetics of coating
growth

The surface morphology of titanium alloy samples after
MAO treatment is shown in Fig. 1.

Fig. 1. Surface morphology of coatings on the VT-3-1 alloy:
a — general view of the surface (magnification x350);
b — enlarged view of the structure of “vesicular” formations
on the surface (magnification x1000)

It is seen that after microplasma oxidation, a “vesicu-
lar” surface is formed (Fig. 1, b). These “vesicular” forma-
tions correspond to the sections of the plasma channels of
plasma breakdown with the formation of a ceramic oxide
phase [50].

Three layers are clearly visible on the side cut of the
VT3-1 alloy after MAO treatment (Fig. 2). The first lowest
layer refers to the base metal of the VT3-1 alloy. The sec-
ond layer (base coat) consists of dense crystalline ceramic
components of the MAO coating and is the main functional
layer. The third (surface) layer consists of loose (usually
amorphous-like) structural components, has a “vesicular”
structure and is a technological layer that can be easily re-
moved after the MAO process.

Lechnological layer

Dase layer

Fig. 2. Microstructure of the side surface of the section of
the VT3-1 alloy after MAO treatment

To determine the kinetic characteristics of the coating
growth for all series of coatings, the dependences of the
thickness of the coatings on the time of the MAO process
were plotted (Fig. 3, 4).
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Fig. 3. Kinetics of the formation of the base layer thickness
of the coating on the VT3-1 alloy (electrolyte composition
1.4 g/L KOH+14 g /L NaAlO,) at different current densities:
1— /=20 A/dm?, 2 — =40 A /dm?
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Fig. 4. Kinetics of the formation of the base layer thickness
of the coating on the VT3-1 alloy (electrolyte composition
1.75 g/L KOH+1 g /L Na,SiO3+2 g /L NaAlO,) at different
current densities: 1 — /=15 A/dm? 2 — /=25 A /dm?,

3 — /=50 A/dm?

As can be seen from Fig. 3, 4, there is a linear dependence
of the coating thickness on the processing time, i.e., it is
determined by the amount of electricity passed. With an in-
crease in the current density, the growth rate of the coating
on the VT3-1 alloy increases.

In order to determine the growth rate, the obtained val-
ues were linearized by first-order polynomials, the equations
of which are shown in Fig. 3 and 4 near each of the graphs.
Based on the obtained dependences, the growth rates of
coatings were calculated at different current densities.

Based on the obtained dependences, the kinetic fac-
tor (coating growth rate V) in the electrolyte 1.4g/L
KOH+14 g/L NaAlO, changes from V4 /am2=0.77 pm/min
to V40 dm2=1.13 pm/min. Thus, with a twofold increase in
the current density in the electrolyte 1.4 g/L KOH+14 g/L
NaAlO,, the growth rate increases 1.48 times.

In the electrolyte 1.75 g/L. KOH+1 g/L Na,SiO3+2 g/L
NaAlO,, the growth rate also changes depending on the cur-
rent density (Fig. 4). Thus, with an increase in the current
density from 15 A/dm? to 50 A/dm?, the growth rate chang-
es from Visa/dm2=0.45 pm/min and Vys5a/4m2=0.77 pm/min
to Vsoa/dm2=1.13 um/min. Thus, with an increase in the
current density from 15 A/dm? to 50 A/dm?, the growth
rate of the coating increases more than 2 times. Thus, if we
compare the growth rate in two different electrolytes, then
the high content of NaAlOj in the first electrolyte increases
the relative deposition rate of the coating.

For a visual representation of the change in the growth
kinetics of MAO coatings with increasing current density
for different times of the process, the dependences h=/(j) are
of interest. These dependences are shown in Fig. 5, where
the dependences both for the total thickness (taking into
account the technological layer, dependence 2), and for the
base layer of the coating (dependence 1) are presented in
comparison.

From the obtained dependences, it is possible to esti-
mate the growth kinetics of coatings on the current density
for the process duration of 1 and 3 hours. With the process
duration of 1 hour (Fig. 5, @) in the range of current densi-
ties j=(15-50) A/dm?, the dependence of the growth rate
on the current density for the total coating thickness is
1.38 um/(A/dm?), and the growth rate of the base layer is
1.23 um/(A/dm?). With the process duration of 3 hours
(Fig. 5, b) in the current density range j=(15-50) A/dm?,
the dependence of the growth rate on the current density
for the total coating thickness is 3.62 um/(A/dm?), and the
growth rate of the base layer is 4.77 um/(A/dm?). Thus,

with an increase in the process duration, the current density
becomes an increasingly significant factor in increasing the
growth rate. In this case, the influence of the current density
has the greatest effect on the growth rate of the base layer
(Fig. 5, b, dependence 1). Apparently, this is due to a higher
temperature in the plasma micro-arc with an increase in the
coating thickness during growth for 3 hours, compared with
a similar value with a shorter process duration of 1 hour.
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Fig. 5. Dependences of the MAO coating thickness on
the current density during the MAO process (electrolyte
1.75 g/L KOH+1 g/L Na,SiO3+2 g /L NaAlO,):

1 — base layer thickness, 2 — total MAO coating thickness
(taking into account the technological layer). Duration of
the process: a — 1=1 hour; b — =3 hours

Also, from the presented data obtained in Fig. 5 results it
can be seen that with an increase in the duration of the MAO
process, the relative contribution of the technological layer
to the total thickness of the coating decreases. This may be
due to an increase in discharge power with an increase in
coverage [51].

5. 2. Phase composition of oxide coatings obtained
by changing the oxidation time and different electrolyte
compositions

As is known, the properties of MAO coatings are deter-
mined by their phase-structural state [51, 52]. To determine
the phase-structural state of MAO coatings, X-ray diffrac-
tometry was used.

X-ray analysis showed that the coatings on titanium al-
loys are mainly crystalline.

During electrolysis using 1.4 g/L. KOH electrolyte+
+14 g/L NaAlO,, a 3-phase state is formed in the coating
(base layer): anatase, rutile, and aluminum titanate (Fig. 6).

The phase ratio in the coating changes with the duration
of the MAO process and is practically independent of the
current density. Fig. 7 shows the dependences of the phase
composition for different durations of oxidation at a current
density j=40 A/dm?. It is seen that with an increase in the
duration of oxidation, the ratio of the crystalline phases of



rutile and aluminum titanate mainly changes (the relative
content of rutile increases and the content of aluminum ti-
tanate decreases).
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Fig. 6. Fragment of the diffractogram of the VT3-1 alloy after
MAO treatment in the electrolyte
1.4 g/L KOH+14 g /L NaAIlO, (1=3 hours)
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Fig. 7. Effect of oxidation duration on the phase composition
of the coating (electrolyte 1.4 g/L KOH+14 g /L NaAlO,):
1 — anatase, 2 — rutile, 3 — aluminum titanate

The phase composition and structural state of coatings
formed in an electrolyte with the addition of liquid glass
largely depend on the modes of the MAO process. The
composition of such an electrolyte during the electrol-
ysis of a titanium alloy included: 1.75 g/L KOH+1 g/L
NaySiO3+2 g/L NaAlO,. As studies have shown, such a
dependence is reflected in the fact that at a low current
density j=15 A/dm?, an amorphous-like phase appears
as one of the coating components (Fig. 8, a). With an
increase in the current density, changes occur in the
phase composition of MAO coatings: instead of an amor-
phous-like phase, mullite (3A1,0-2Si0,) appears as a
component. The diffraction spectrum of such a coating is
shown in Fig. 8, b.

Note that in the coatings under study, regardless of the
treatment time and current density, anatase is not detected.
The addition of liquid glass (NaySiO3) to the electrolyte
at a low flow density leads to the formation of an amor-
phous-like phase, and at a large one leads to the formation
of mullite (3A110328102)

In Fig. 9, the change in the phase composition of coat-
ings from the time of the MAO process for three values of
the current density during electrolysis in an electrolyte of
1.75 g/L KOH+1 g/L NaySiO3+2 g/L NaAlO, is compared.
As can be seen, the main trend characteristic of all values of
jisanincrease in the content of rutile with an increase in the
duration of the process.
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Fig. 8. Areas of X-ray diffraction spectra of MAO coatings
obtained in an electrolyte solution of 1.75 g/L KOH+1g/L
Na,SiO3+2 g /L NaAlO, at a current density:

a— =15 A/dm? (t==hour); b — /=25 A /dm? (1=3 hours)
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Fig. 9. Effect of oxidation duration (electrolyte 1.75 g/L
KOH+1 g/L Na,SiO3+2 g /L NaAlO,) on the phase
composition of the coating at a current density:

a — =15A/dm% b— =25 A/dm% ¢ — /=50 A/dm?;

1 — rutile, 2 — amorphous-like phase, 3 — aluminum titanate,
4 — mullite

Thus, it has been shown that the MAO technology makes
it possible to form oxide coatings of different phase compo-
sition by changing the electrolysis conditions (electrolyte
composition, current density, processing time).



Note that the specific volume of the formed oxides ex-
ceeds the volume of the base on which it is formed. So, for
TiOg Viou/ Vet £1.8; for Al TiO5 — Vi / Viner <4.4; for mullite —
Vox/ Vet ©13.9. This factor contributes to the formation of
continuous coatings.

5. 3. Hardness and tribotechnical characteristics of
MAO coatings on VT3-1 alloy

An important characteristic of the mechanical properties
of MAO coatings is their hardness.

Fig. 10 shows the distribution of hardness over the thick-
ness of the coating. A slight decrease in hardness is observed
when approaching the coating surface. This can be explained
by an increase in the porosity of the surface layer in com-
parison with deeper layers, since no changes in the phase
composition were revealed.
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Fig. 10. Distribution of microhardness over the thickness of
the oxide coating of the VT3-1 alloy processed by micro-arc
oxidation (electrolyte 1.75 g /L KOH+1 g /L Na,SiOs+2 g/L
NaAlO,, /=50 A /dm?, 7=3 hours): @ — dependence of the
microhardness in the “base material — coating” transition
region; b — snapshot of the side surface of the “base
material — coating” transition after indentation

It should be noted that the highest hardness of coatings
obtained by MAO treatment of the VT3-1 alloy in an elec-
trolyte solution of 1.4 g/L KOH+14 g/L NaAlO, does not
exceed 6500 MPa.

The change in the hardness of MAO coatings obtained in
the electrolyte 1.75 g/L KOH+1 g/L NaySiO3+2 g/1. NaAlO,
under different technological conditions of deposition is
shown in Fig. 11.

As can be seen from the results presented in Fig. 11, a large
increase in the hardness of MAO coatings is observed at j=
=25 A/dm?. In the case of relatively thin coatings (about 45 pm,
at =1 hour), the hardness reaches 10,000 MPa (Fig. 11, a),

and with a larger thickness (about 145 pum, at t=3 hours), the
hardness reaches the highest values of 12,500 MPa (Fig. 11, b).
If we compare these parameters with the data on the phase
composition of such coatings, we see (Fig. 9) that, under these
conditions, crystalline mullite is formed in the coatings instead
of an amorphous-like phase (at low hardness).
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Fig. 11. Dependences of the hardness of MAO coatings
(electrolyte: 1.75 g /L KOH+1 g /L Na,SiO3+2 g /L NaAlO,)
on the current density during oxidation and the thickness of

the formed base layer: @ — oxidation duration t=1 hour;

b — oxidation duration =3 hours

The antifriction (tribotechnical) characteristics of the
hardest coatings were estimated from the value of the friction
coefficient under step loading in the load range 0.12—2 kN.
Wear tests were carried out on an SMTs-2 friction machine
according to the disk-block scheme. The research results are
shown in Fig. 12.
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Fig. 12. Dependence of the coefficient of friction on the load
for friction pairs: 1 — “VT3-1 alloy — SCH20 gray cast iron”,
2 — “VT3-1 alloy with MAO-coating — SCH20 gray cast iron”



As can be seen from the results obtained, the formation
of a ceramic micro-arc oxide coating on the surface of the
VT3-1 titanium alloy makes it possible to reduce the dry
friction coefficient by more than 5 times. In this case, the
effect increases with increasing test load.

6. Discussion of the results of the effect of electrolysis
conditions on the growth kinetics, phase-structural state,
and properties of MAO coatings

As it was found in this study, it is possible to achieve
high functional properties of the surface using the method
of micro-arc oxidation. In this case, in a relatively short time
(about 180 minutes), a hardening coating with a thickness of
up to 250 um can be formed on the surface (Fig. 3-5).

The phase composition and structure of such coat-
ings, obtained by micro-arc oxidation of the VT3-1 alloy,
depend not only on the composition of the electrolyte,
but also on the current density and time of the oxidation
process (Fig. 6—9). This is explained by an increase in the
density of the energy released in the discharge and, accord-
ingly, a higher temperature of the process.

This allows, in addition to the standard titanium oxide
phases (rutile and anatase), to obtain new phase states in the
coating, for example, aluminum titanate and mullite.

Thus, the production of oxide layers in a micro-arc dis-
charge plasma allows expanding the class of formed oxide
phases and their structural states. This makes it possible
to fundamentally change the properties of titanium alloys,
since the thickness of such oxide layers during oxidation in
air is relatively small (up to 10 um) and such coatings have
a low hardness.

As was shown, as a result of using sodium alumina-
te (NaAlO») in the electrolyte during the MAO process,
it is possible to obtain aluminum titanate (Al,TiOs) in the
coating, which can be seen in Fig. 6, 7. This makes it possible
to achieve a hardness of 6500 MPa in such coatings.

However, the greatest effect can be achieved when using
a combined electrolyte containing, in addition to alkali
(KOH, which increases the oxidizing ability of the elec-
trolyte) and sodium aluminate (which supplies the coating
material), also water glass Na;SiOs3. At the same time, this
use is not only due to the standard applying of a substance
as a reflowing coating [50], but also allows the formation
of new phases containing silicon. At low currents, the ther-
modynamics of the process, apparently, does not allow the
formation of a crystalline phase and, as studies have shown,
an X-ray amorphous phase is formed (Fig. 8, ). However,
at a high current density, it is possible to achieve regimes in
which, instead of the X-ray amorphous phase, the formation
of a crystalline mullite phase occurs (Fig.8,5,9,b,¢). In
this case, a high-hardness state with a hardness of about
12000 MPa is achieved.

The results of studies of the effect of the phase compo-
sition on the hardening of titanium alloys indicate that it is
necessary to use electrolytes that ensure the formation of a
coating containing a large amount of the Al,TiO5 phase —
aluminum titanate and mullite.

The formation of a ceramic oxide coating of high hardness
(12,000 MPa) on the surface of a titanium alloy can signifi-
cantly reduce the coefficient of surface friction. For example,
in the tribological pair “VT3-1 alloy with MAO-coating —
gray cast iron SCH20 GOST 1412-85”, the dry friction coeffi-
cient can be reduced by more than 5 times and reaches /=0.09.

However, the use of such micro-arc oxidation for parts
of heavily loaded friction pairs requires the achievement of
a more uniform surface morphology in MAO coatings on
titanium alloys and an increase in tribological characteris-
tics. Therefore, in further studies to improve the tribological
properties of the surface, it is proposed to test other compo-
nents, for example, rutile (NaPOj3)g [51] in the electrolyte.

7. Conclusions

1. It was found that the MAO process in the micro-arc
discharge mode is stably implemented on the VT3-1 alloy in
an alkaline (KOH) electrolyte with additions of sodium alu-
minate (NaAlO,) and liquid glass (Na,SiO3). This makes it
possible to obtain coatings up to 250 pm thick. In this case,
a linear dependence of the coating thickness on the time of
the MAO process is observed. It was determined that the
growth rate of the coating increases with an increase in the
current density (an increase in the current density by 2 times
leads to an increase in the growth rate by about 1.5 times).
The highest growth rate was 1.17 um/min.

2.1t was revealed that in an electrolyte containing
1g/L KOH+14 g/L NaAlO, with an increase in the oxida-
tion duration from 60 to 180 minutes, the relative content
of the high-temperature phase — rutile, increases. In the
coatings obtained in the electrolyte 1.75 g/L. KOH+1 g/L
Na,SiO3+2 g/L NaAlO,, with an increase in the duration of
the MAO process, the relative content of the amorphous-like
phase decreases and the content of the crystalline phase of
mullite (3A1,03-2Si0,) increases.

3.1t was determined that in an electrolyte containing
1.75g/L KOH+1 g/L Na,SiO3+2 g/I. NaAlO,, with an in-
crease in the current density from 15 A/dm? to 50 A/dm?, the
phase composition of the coating changes. At a low current of
15 A/dm?, a three-phase state is formed (aluminum titanate,
rutile, and an amorphous-like phase). An increase in j to
50 A/dm? leads to the appearance of a crystalline mullite pha-
se instead of an amorphous-like phase. In this case, the hard-
ness of the coating increases from 5,400 MPa to 12,500 M Pa.
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Quenched and tempered steels are needed for high-
ly-stressed structures in military and non-military
equipment. This paper was written for studying the
structure and properties (hardness and impact ener-
gy absorbed) of medium-carbon and carbon-man-
ganese steels before and after Quench+Temper and
Double Quenched+Tempered. Because water is cheap
and easy to control, it was used as a quenching medi-
um. This study compares the hardness and impact
energy absorbed of quenched plus tempered and dou-
ble quenched plus tempered steels. The results showed
that double quenched plus tempered steel hardness was
higher than in quenched plus tempered steels. Besides,
the grain structure is refiner than that of quenched
plus tempered steel. The taking of the austenite tem-
perature and holding time is essential because of the
hardness at the end of the quenching process. The
study aims to obtain hardness and impact energy from
quenching+tempering and double quenching+temper-
ing of medium-carbon and carbon-manganese steel for
armor steel. In the first step, five specimens were heat-
ed at 900 °C (held for 30 minutes), cooled in freshwater
and produced Q900 Steel. Then, these specimens were
heated at 750 °C, 800 °C, 850 °C, and 900 °C, held for
30 minutes and provided Q900+750 Steel, Q900+800,
0900+850 Steel, and Q900+900 Steel. These specimens
were tempered at 150 °C (held for 30 minutes) and
produced Q900+750&T Steel, Q900+800&T Steel,
0900+850&°T Steel, Q900+900&’T Steel. Martensite
reached the cooling period 357 °C to 182 °C, tempered
at 150 °C (held for 30 minutes). Hardness for dou-
ble-quenching and tempering is higher than for conven-
tional. The maximum impact energy of double-quench-
ing and tempering heat treatment of Q900+850&T
steel is suitable for armor steel used

Keywords: austenitizing, coarsening, compacting,
embrittlement, hardening, holding, quenching, refin-
ing, softening, tempering
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1. Introduction

In Indonesia, medium-carbon and carbon-manganese
steels are the raw materials for military equipment (e. g.,
main battle tank body, etc.) and commercial users (e. g., pres-
sure vessel, chain conveyor, etc.). However, because of the
difficulty of quenching and tempering on 1.500%2,000 mm
plates, mechanical properties were inconsistent. This means
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the mechanical properties generated between the first,
second, and next batches are not consistent. This results in
non-uniform product characteristics, so the market’s selling
value cannot compete with other steel industries. Also, the
hardness and impact energy (very important in armored
steel products) are not uniform.

Medium-carbon and carbon-manganese steels are the
raw materials for armored steel. However, due to the difficul-





