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ABSTRACT

The results of the study of the phase composition and corrosion resistance of plasma coatings from composite powders based
on intermetallic in TiAl with the introduction of non-metallic refractory compounds (SiC or Si,N,) into its composition are
presented. The plasma coatings were deposited on the specimens of St3, AMg3 and VT6 alloys. The coatings were studied by
the methods of metallographic and X-ray structural phase analysis. The studies of electrochemical properties of the plasma
coatings were carried out by the potentiostatic method in a 3 % NaCl solution. As initial materials for plasma spraying, the
composite powders TiAl-SiC, TiAl-Si;N, produced by the method of mechanochemical synthesis were used. Using the meth-
od of X-ray structural analysis, it was revealed that the phase composition of the plasma coatings for TiAl-SiC system consists
of the following phases: TiAl, TiAl,, TiC, TiSi,, Ti,AIC, TiO,, and for the coating TiAl-Si,N, from the phases Ti,Al, Ti Si,,
TiN, TiO. The average thickness of the coatings was 200 + 50 um and the porosity did not exceed 10 %. It was found that the
introduction of SiC or Si,N, into the composition of the composite coating leads to a decrease in the corrosion current in a 3 %
NaCl solution by about an order of value, and the corrosion resistance of St3, AMg3 and VT6 alloys increases by 12-13, 8-9,
and 1.8-2.0 times, respectively. The service life of the plasma coatings made of TiAl composite powders with the addition of
SiC and Si_N, was calculated. The studied coatings belong to the class of resistant and are capable to protect metals in a 3 %
NaCl solution for a period from 6 to 10 years.
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INTRODUCTION

Intermetallics of Ti—Al system have a number of
unique properties such as high melting point, low
density, high modulus of elasticity, yield strength,
which grows (for TiAl) at an increase in temperature,
high values of heat and corrosion resistance. Titani-
um aluminides (TiAl, Ti,Al) can be used as structural
materials, such as protective coatings in gas and oil
refining facilities of the chemical industry, nuclear en-
gineering, where such characteristics as corrosion re-
sistance and resistance to high-temperature oxidation
are required [1-8].

Such methods of spraying coatings are used as
ion-plasma [9], magnetron spraying [ 10], electrospark
deposition [11]. The results of these works indicate
that introducing such elements as carbon, nitrogen
and silicon into the composition of the coatings al-
lows improving their protective and also anticorro-
sion properties.

At the PWI, for thermal spraying of protective
coatings based on intermetallics of Ti—-Al system,
composite powders (CP) with the introduction of
non-metallic refractory compounds (NRC) were de-
veloped, namely B,C, BN, SiC and Si,N,.
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In this work, to study the corrosion properties of
the coatings with CP based on TiAl intermetallics,
two compositions of TiAl + 12 wt.% SiC and TiAl +
14 wt.% Si,N, with addition of NRC were selected.
The choice of these compositions was made on the ba-
sis of comparison of corrosion resistance of SiC and
Si,N, with other compounds of this group (B,C, BN).

According to literary sources [12, 13], the begin-
ning of B,C oxidation is a temperature of 500 °C,
and at 800-1000 °C, oxidation transfers to the active
phase; BN is actively oxidized at 700—800 °C with the
formation of B,O,, N,, while Si,N, silicon nitride has
a high chemical resistance: compact specimens are re-
sistant to air for a long time at 1200 °C, and in an ox-
ygen medium, oxidation begins at 1000 °C and only
at 1400 °C it runs actively. Regarding silicon carbide,
as is known, even in an oxygen medium at 1300 °C,
the ratio of weight of the oxidized powder before the
initial state is less than 5 %.

Comparing the corrosion resistance of products
of interaction of CP components TiAl-NRC (for B,C
and BN they include carbides, nitrides, and for SiC
and Si,N, they are silicides, titanium and aluminium
nitrides) according to the literary sources [14], sili-
cides have a higher corrosion resistance as compared
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to other refractory compounds. This was the reason
for choosing CP types in this work.

The aim of this work is the studies of influence of
NRC (SiC, Si,N,) on corrosion resistance of plasma
coatings from TiAl intermetallics and evaluating their
protective action on carbon steels and light alloys (al-
uminium AMg3 and titanium VT6 alloys).

RESEARCH OBJECTS
AND EXPERIMENT PROCEDURE

The initial materials for plasma spraying were CP
TiAl-SiC and TiAl-Si,N,, produced by the method
of mechanochemical synthesis with a particles size of
40—63 um. The coatings were deposited on the speci-
mens of St3, AMg3 and VVT6 alloys in the installation
UPU-8M for plasma spraying using the following
modes: | =600A, U=40V, Q = 50 I/min, spray-
ing distance — 80 mm.

The coatings were examined by the methods of
metallographic, microdurometric and X-ray structur-
al phase (installation Dron-UM-1, monochromatized
CuK  radiation) analysis.

The electrochemical properties of the plasma coat-
ings were studied by the potentiostatic method in the po-
tentiostate P-5827M at a scanning rate of 0.2 mV/s and
a temperature of 18-20 °C. Stationary potentials were
measured relative to the silver chloride electrode.

For the studies, the medium of a 3 % NaCl solu-
tion was selected. The choice of this electrolyte is pre-
determined by the fact that the main use of titanium
and aluminium based alloys is the protection of parts
and units in the aircraft industry [15]. The limited ser-
viceability of individual units is associated with the
fact that in them during operation many factors inter-
act, which determines the conditions of operation —
high-temperature gas corrosion, corrosion under the
influence of CI- ions. The source of corrosion-aggres-
sive components can be water, containing chloride
ions, which enters the engine during injections (up to
1000—-1200 injections per year). The presence of CI~
ions leads to local destructions, as well as inhibits the
formation of passive films on the metal surface. That
is why as an aggressive medium for electrochemical
tests, a 3 % NaCl solution was selected. Based on
the experimental data, cathode and anode polariza-
tion curves were built in the coordinates E_= f(Igi )
where E. is the potential, V; ic is the corrosion current,
Alcm?. According to polarization curves, using the
graphic method, the rate of i_and the potential E_of
the corrosion respective to the extrapolation of Tafel
slopes on cathode and anode curves before their mu-
tual intersection were determined. Using the values of
corrosion currents, determined from the polarization

Ar+N

curves, the weight and depth index of corrosion of the
coatings were calculated by the formulas

_ i1A1000 K, =K, 8.76 ’

K
v nF p

where K is the weight index of corrosion, g/(m*h); A
is the atomic weight of metal, g/mol; n is the valence
of a metal ion, that went into the solution; F is the Far-
aday number, 26.8 A-h/mol; K, is the depth index of cor-
rosion, mm/year; p is the methane density, g/cm?; 8.76 is
the coefficient for the transition from the weight index
of corrosion K to the calculation for 1 h to the depth
index of corrosion K of about a year, calculated from
the number of hours per year (24x365 = 8760 h) and
divided by 1000.

RESULTS OF THE EXPERIMENT
AND THEIR DISCUSSION

Examinations of the microstructure (Figure 1) and
microhardness of the deposited plasma coatings indi-
cate that the developed coatings have heterogeneous
structure with uniform distribution of phases over
depth, any defects and delaminations at the interface
with the base are absent. The average thickness of the
coatings is 200 + 50 pum, the porosity is 8—10 %, the
microhardness is 5500 + 600 MPa for TiAl-Si,N, and
6000 £+ 100 MPa for the composite coating TiAl-SiC.
Using the method of X-ray structural analysis, it was
revealed that the phase composition of the plasma
coatings for TiAl-SiC system consists of the follow-
ing phases: TiAl, TiAl, TiC, Ti.Si,, Ti,AIC, TiO,, for
the coatings of TiAl-Si,N, system with TizAI, TiSSiS,
TiN, TiO (Figure 2). At the same time, the phase com-
position of the coatings does not depend on the type
of the base, on which they are deposited.

The studies of the Kinetics of the electrode poten-
tials of the developed plasma coatings made it possi-
ble to reveal that the values of the electrode potential
are stabilized within 40—60 min during the immersion
of the coated specimens into it. The stationary poten-
tials E of the studied coatings in a 3 % NaCl solution
were —0.2 — —0.7 V, depending on the base material.
The highest positive potential is observed in the coat-
ings deposited on VT6 alloy (-0.2 V), followed by
the coatings deposited on St3 and AMg3 alloy being
—0.58 and —0.7 V, respectively. The specified discrep-
ancies in the values of the stationary electrode poten-
tial E_ can be explained, first of all, by the difference
in the chemical composition of the base material. The
plotted dependence curves in the coordinates E_ — 1
have approximately the same form (Figure 3). Thus,
the I region corresponds to a rapid change in E_ in the
Il region, a slow change in E,, occurs, and in the IlI
region, the initial equilibrium value of the potential
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Figure 1. Microstructure (x400) of plasma coatings of TiAl-SiC system (a—c) and TiAl-Si,N, (d—f), deposited on St3 (a, d), aluminium

AMg3 (b, €) and titanium VT6 (c, f) alloys

is restored very slowly, at which the rate of running
anode and cathode processes is equal.

The analysis of the obtained polarization curves
(Figure 4) showed that the nature of the corrosion
behaviour of the plasma coatings with CP TiAl-SiC,

rents (Table 1), determined by extrapolation of Tafel
regions of the polarization curves, showed that the
coatings deposited on titanium VVT6 alloy are charac-
terized by the minimum corrosion current i , respec-
tively, and its corrosion resistance is the highest.

TiA1-Si,N,, deposited on different bases, is approx- In the literature, the information about the electro-
imately the same. The comparison of corrosion cur- chemical behaviour of the alloy based on intermetallic
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Figure 2. X-ray patterns of plasma coatings in the initial state: a — TiAl-SiC; b — TiAI-Si,N,
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Table 1. Results of electrochemical studies of plasma coatings in
a 3 % NaCl solution

Electrochemical characteristics
Base Coating
E,V E,V i, Alem?
- -0.84 -0.5 2.6:10°
AMg3 TiAI-SI.N 064 | -046 | 4.110°
alloy 3 4
TiAI-SiC -0.7 -0.51 5.2-10°°
- -0.48 -0.5 6.5-10°°
St3 TiAI-Si,N, -0.58 | -0.41 5.4:10°
TiAI-SiC -0.58 -0.36 4.4-10°
- -0.04 0.04 2.6:10°°
VTG alloy TiAI-Si,N, -0.2 -0.01 3.5-10°°
TiAI-SiC -0.2 -0.01 3.2-10°°

of TiAl titanium is available [15], according to which
ina 3.5 % NaCl solution, the corrosion current i_for it
is about 5-10° A/cm?. Electrochemical studies of the
plasma coatings (Table 1) showed that the introduc-
tion of carbide and nitride additives into TiAl alloy,
which leads to the formation of new phases during
plasma spraying of CP, produced by the method of
mechanochemical synthesis, increases its corrosion
resistance in the electrolyte by an order of value (i_ =
=10 A/cm?).

The corrosion potential of the plasma coatings on
St3 shifts by 0.1-0.2 V in a more positive direction
as compared to the stationary potential, on the polar-
ization curves, inhibition of the cathode process of
hydrogen release can be observed. The analysis of an-
ode polarization curves (Figure 4, a) indicates that in
the region of active dissolution (near the potential of
—0.38 V), a linear relationship between the potential
and the logarithm of the current density is observed.
When the potential is further increased (= —0.3 V),
the dissolution process is inhibited and the saturation
current is achieved, after which the current density re-
mains unchanged when the potential is increased.

EV

20 40 60

t, min

Figure 3. Change of stationary potential over time for plasma
coatings

For the plasma coatings, deposited on AMg3, the
corrosion potential is also shifted by 0.2-0.3 Vin a
more positive direction (0.5 V), which indicates a
uniform dissolution of the base through the pores of
coatings of ions A1**. Analysis of anode polarization
curves allowed revealing that the electrochemical
process occurs in the region of anode dissolution and
at a potential close to zero, its inhibition occurs.

In spraying of plasma coatings on VT6 alloy, the
corrosion potential enters the passive region in con-
nection with the formation of the protective layer of
titanium TiO, oxide on the surface.

The plasma coatings, deposited on St3 and AMg3,
reduce corrosion currents in the studied electrolyte by
one order and negligibly affect the corrosion resis-
tance of VT6 alloy.

After corrosion experiments, an X-ray phase analysis
of surface areas on the plasma coatings, exposed to the
aggressive environment, was carried out. It was revealed
that the phase composition of the coatings, deposited on
different metal bases, is slightly different.

Thus, the coatings with CP TiAI-SiC between the
main phases of TiC, Ti Si, and intermetallics of TiAl
system on St3 contain iron FeO and Fe304oxides, on
AMg3 aluminium Al,O, oxide, on VT6 titanium TiO,
oxide (Figure 5, a—).
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Figure 4. Polarization curves of plasma coatings with CP TiAl-SiC and TiAl-Si;N, in a 3 % NaCl solution, deposited on St3, AMg3

and VT6 alloys: a — 1 — St3; 2 — TiAl-SiC; 3 — TiAl-Si,N,;
alloy; 2 — TiAl-SiC; 3 — TiA1-Si,N,

b—

1— AMg3 alloy; 2 — TiAl-SiC; 3— TiAl-Si,N

3 V4

c—1—VT6
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Figure 5. X-ray patterns of the surface of plasma coatings with CP TiAl-SiC (a—), TiAl-Si,N, (d-¢), deposited on St3 (a, d), alumin-
ium AMg3 (b, e) and titanium VT6 (c, f) alloys, after corrosion tests in a 3 % NaCl solution

For the coatings with CP TiAI-Si N, on St3, in ad-
dition to the main phase composition of TiN, Ti Si,
and intermetallics of Ti-Al system, iron Fe,O, oxide
was detected. These results may indicate that the ag-
gressive environment is penetrated into the interface
of the coating with the base with the release of corro-
sion products on the surface of the electrode.

Analysis of corrosion test results showed that the
plasma coatings with CP TiAl-SiC and TiAl-Si,N,
reduce the rate of corrosion of St3 by 10-16 times,
AMg3 alloy by 8-9 times and VT6 alloy by 1.8-2.0
times. An increase in corrosion resistance can be ex-
plained by the formation of titanium silicide (Ti.Si.)
in the plasma coatings. From literary sources it is
known that silicides of metals significantly improve
the corrosion resistance of coatings and alloys in vari-
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ous aggressive environments, which is predetermined
by the presence of strong covalent bonds metal-non-
metal, and also Si—Si bonds [17, 18].

According to the polarization curves, the plasma
coatings deposited on the surface of St3 and alumin-
ium AMg3 alloy affect the rate of anode dissolution
both in the active region, as well as in the region of
their passive state, the anode process is inhibited (see
Figure 4, a, b).

The process of anode dissolution of coatings
on St3 proceeds mainly according to the reaction
Fe—Fe?+2e, Fe?* ions pass into the solution from the
base material through the pores in the coating. This is
confirmed by the data of XRD, where it was revealed
that after corrosion tests, on the surface of the coat-
ings deposited on St3, a layer of corrosion products
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Table 2. Resistance and service life of plasma coatings in a 3 % NaCl solution

Coating (base) Depth indxr:/fyzgirosion Ka Point on the resistance scale Service life, years
TiAl-Si,N, (AMg3 alloy) 0.058 5 6
TiAl-Si,N, (St3) 0.045 4 7
TiAl-Si,N, (VT6 alloy) 0.042 4 8
TiAl-SiC (AMg3 alloy) 0.055 5 6
TiAl-SiC (St3) 0.049 4 7
TiAl-SiC (VT6 alloy) 0.036 4 10
Notes. 1. For St3 K, = 0.5935; for AMg3 — 0.4925; for VT6 — 0.0667 mm/year. 2. All coatings belong to the group “resistant”.

consisting of iron oxides (FeO, Fe,O,) is formed. The
process of anode dissolution of the coatings on AMg3
alloy proceeds according to the reaction Al—>Al*+3e,
on the surface of the coatings, a layer of Al,O, oxide
is formed.

The polarization curves for the coatings deposited
on VVT6 alloy are located quite close to each other, the
corrosion potential indicates the passive state of the
surface of the specimens as a result of the formation
of a film of titanium TiO, oxide on them. The corro-
sion potential, which is close to zero, characterizes the
completely passive corrosion resistance of the coating
surface [19]. It should be noted that inhibition of an-
ode dissolution occurs both for the alloy itself and for
the plasma coating as well (see Figure 4, c).

The values of the corrosion currents, found from
the polarization curves, made it possible to calculate
the depth index of the coating corrosion. To charac-
terize the corrosion resistance, a ten-point evaluation
scale was used, according to which the plasma coat-
ings can be attributed to the group “resistant”. The
calculated service life of the plasma coatings indicates
the possibilities of their operation in the environment
of a 3 % NaCl solution for 610 years (Table 2).

In terms of corrosion resistance, the plasma coat-
ings with CP TiAl-SiC are not inferior to the compos-
ite coatings produced by sintering of powders of Ti Al
intermetallics with the addition of silicon carbide and
deposited on a titanium alloy by the electrospark
method (i, = 2.04-10° A/em?) [20].

CONCLUSIONS

1. It was found that the plasma coatings have hetero-
geneous structure with uniform distribution of phases
over depth and the absence of defects and delamina-
tions on the interface with the base. The phase com-
position of the plasma coatings for TiAI-SiC system
consists of the following phases: TiAl, TiAl,, TiC, Ti-
sSi, Ti,AIC, TiO,, for TiAl-Si,N, system with Ti Al
Ti Si,, TiN, TiO. The thickness of the coatings was
200 + 50 pm.

2. The introduction of non-metallic refractory
compounds into the plasma coatings based on TiAl in
spraying on the bases of St3 and AMg3 allows increas-
ing their corrosion resistance in a 3 % NaCl solution
by an order of value, in spraying on the base of VT6,
the corrosion resistance does not increase significantly.

3. Corrosion resistance of the plasma coatings
based on TiAl almost does not depend on the nature
of a refractory additive (SiC and Si,N,), which is in-
troduced, because for both coatings, the formation of
Ti_Si, occurs, as a result of which this characteristic
increases.

4. The plasma coatings with CP TiAl-SiC, TiAl-
Si3N4, which are deposited on the bases of St3, AMg3
and VT6, increase their corrosion resistance in a 3 %
NaCl solution by 12—13 times, 8-9 times and 1.8-2.0
times, respectively.

5. The plasma coatings can be placed in the fol-
lowing line by increasing their corrosion properties:
coatings on AMg3 — coatings on St3 — coatings on
VT6.

6. According to the scale of corrosion resistance,
the plasma coatings with CP TiAl-SiC and TiAl-
Si,N, belong to the “resistant” group. The calculated
service life of the coatings indicates the possibility of
their operation in the environment of a 3 % NaCl solu-
tion for a period from 6 to 10 years.
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DEVELOPED in PWI

SUPER LARGE PROFILED SINGLE CRYSTALS
OF TUNGSTEN AND MOLYBDENUM

PWI grows and delivers tungsten and molybdenum single crystals in the form of 20x160%x170 mm size plates and in
the form of a body of rotation up to 85 mm in diameter. Size of crystals can be increased to 20x250x300 mm.
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