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ABSTRACT

A review of research works is presented, devoted to formation of coatings, containing Cr,AIC MAX-phase, under the con-
ditions of the processes of thermal spraying. The main methods for producing coatings containing Cr,AIC MAX-phase is
plasma, high-velocity oxygen fuel and cold gas-dynamic spraying. As spraying materials, both powders with synthesized
Cr,AlC MAX-phase, obtained by the sintering method as well as powders of the mechanical mixture of initial components are
used. To preserve the MAX-phase in a powder and prevent the oxidation of particles in the process of spraying, high-velocity
spraying methods (high-velocity plasma, high-velocity oxygen fuel and cold gas-dynamic) are used. The velocity of particle
flight during spraying by these methods is 500-900 m/s. Therefore, in these cases coatings are formed, the phase composition
of which corresponds to the phase composition of sprayed powders, and the content of Cr,AlC phase in such coatings amounts
to 79-98 wt.%. In the case of using a mechanical mixture of components the plasma method is used in the spray process for
running of synthesis of the MAX phase, resulting in the formation of coatings with MAX phase content of up to 42 wt.%. Stud-
ies of phase transformations in powder particles during spraying, mechanisms of decomposition and/or formation of the MAX
phase, and the effects of spraying parameters on the structure and properties of coatings are shown. The prospect of further
practical use of thermal coatings, containing Cr,AIC MAX phase is described, which mainly consists in using them at elevated
temperatures, in particular, in the structures of thermal barrier coatings.

KEYWORDS: Cr,AlC MAX phase, thermal coatings, microstructure, mechanical properties, heat protection properties

INTRODUCTION

MAX phases belong to the class of ternary carbide
and nitride compounds, which are united by a com-
mon structural formula M, , AX , where M is the early
transition metal, A is an element of A-group (predom-
inantly groups 13 and 14), and X is C and/or N [1].
MAX phases can be additionally classified by their
n value as “211” for M,AX (n = 1), “312” M,AX,
(n = 2), “413” for M,AX, (n = 3), etc. They have a
hexagonal crystalline structure, which consists of MX
layers alternating with a layer of element A. M—X
bonds are extremely strong due to mixed covalently
ionic nature, whereas M—A metal bonds are relatively
weak. This unique crystalline structure is responsible
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Figure 1. Typical nanolaminated structure of MAX phases [2]
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for the characteristic layered nanolaminated structure
of MAX phases (Figure 1), and it ensures a unique set
of properties, which consists in a combination of the
properties of both ceramics and metal.

At present more than 150 MAX phases have been
identified and their number grows regularly due to a
combination of experimental studies and theoretical cal-
culations. Nonetheless, not all the possible combinations
are thermodynamically stable. For instance, in Ti—Al-C
system Ti,AlC and Ti,AIC, phases (n = 1 and 2, respec-
tively) are stable in a broad temperature range, while in
Cr-Al-C system the only stable phase is Cr,AlC.

Ternary carbide Cr,AlC is one of the most prom-
ising MAX phases for potential high-temperature
application due to its resistance to high-temperature
oxidation and hot corrosion [3]. At the same time, it
demonstrates excellent mechanical properties, includ-
ing relatively high hardness and Young’s modulus,
fracture resistance, bending strength and compressive
strength, electric and heat conductivity properties.

Properties of ternary Cr,AlC carbide [4-7]

Density, g/em?®. ... ... 5.21-5.24
Hardness, GPa.............. ... ... ... ........... 3.5-64
Modulus of elasticity, GPa . . ..................... 245-288
Shear modulus, GPa . ........................... 102-116
Bending strength, GPa .. ....... ... .. .. .. L 305-513
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Compressive strength, GPa. . ........................ 1159
Crack resistance characteristic, MPa-m'?. .. .......... 4.7-6.2
Heat conductivity, W/(m'K) (at 200°C). ................ 17.5
Coefficient of thermal expansion, K='. . ............. 1.33-10°°
Specific heat, J(kg'K) ........ ... ... 590
Electric conductivity, S/m.......................... 1.4-10°
PoiSSON™S Tatio. . . ..ot 0.153

The traditional methods of producing samples
of Cr,AlIC ceramics are as follows: hot pressing [8,
9], hot isostatic pressing [10], high-temperature sin-
tering [11-14], self-propagating high-temperature
synthesis [15], spark plasma sintering [16, 17], and
other technologies of mechanical alloying and sinter-
ing [18]. Used as raw materials are different mixtures
of elements or compounds, including Cr/Al/graphite
(or soot), CrC /Al, AlCr /graphite, Cr/Al,C /graphite
and Cr,0,/Al/Al,C,. However, a mandatory require-
ment for synthesis of Cr,AlC phase is conducting the
above-listed processes at higher temperatures and
high pressing pressures, that is why these processes
are low-productive and energy consuming. These are
exactly the factors limiting mass production of mate-
rials based on MAX phases.

Another direction of MAX phase application is
their forming as protective coatings on product sur-
face. Coatings based on Cr,AIC MAX phase are
formed using the following methods of vacuum depo-
sition (PVD-methods): cathode-arc deposition [19-
21], pulsed-laser deposition [22, 23] and magnetron
sputtering. The most widely accepted is the mag-
netron sputtering method, which allows producing
dense homogeneous coatings [24-27]. For application
of Cr,AlC coatings by deposition methods individual
element targets (for instance, Cr, Al and graphite) or
composite targets (for instance, AlCr,, and Cr,AlC)
are usually used.

Coatings produced by the methods of vacuum
deposition, have the thickness of just several microns
and do not meet the requirements to operation under
extreme conditions. That is why the methods of ther-
mal spraying are used for deposition of coatings based
on Cr,AlIC MAX phase.

The objective of this work is analysis of literature
data on the conditions of formation and properties of
thermal coatings containing Cr,AIC MAX phase.

At present there exist just several dozens of works
devoted to studying formation of coatings containing
Cr,AlC MAX phase under the conditions of plasma
[28-31], High Velocity Oxygen Fuel (HVOF)) [32,
33] and cold gas-dynamic spraying [34, 35]. This is,
obviously related to difficulties of spraying materials
manufacture in the form of powder with a high MAX
phase content.

The methods of plasma, high-velocity oxygen fuel
and cold spraying differ primarily by the jet tempera-
ture and particle flight velocity, which is one of the
most important parameters of thermal spraying pro-
cesses, influencing the coating structure and proper-
ties. In plasma spraying, the plasma jet temperature
is equal to 10000—15000 °C (maximal particle flight
velocity is 400 m/s), leading to powder particle ox-
idation and decomposition of MAX phases, as in
the case of deposition of Ti,AIC powder [36]. MAX
phase oxidation and degradation can be avoided us-
ing the methods of high-velocity oxygen fuel and
cold spraying, where the jet temperature is equal to
2000-3000 °C and <1000 °C, respectively. Here, the
particle flight velocity is equal to 500-900 m/s, which
shortens time of particle interaction with oxygen and
the high-temperature jet. At spraying of Ti,AIC MAX
phase powders by high-velocity methods it is possible
to minimize particle oxidation and development of
phase transformations in them [37, 38].

FORMATION OF COATINGS
CONTAINING Cr,AlC MAX phase
UNDER PLASMA SPRAYING CONDITIONS

The method of high-velocity plasma spraying was
used to produce coatings of up to 100 um thickness
from Cr,AlC powder, manufactured by sintering Cr,
Al element powders and graphite (molar ratio of
2:1:1:1, respectively) and further grinding to particle
sized ;= 5.5 um, d,; = 10.4 um, d,; = 18.3 pm [28].
Spraying was performed with TriplexProTM-210
plasmatron (Oerlicon Metco). Optimization of spray-
ing parameters showed that the spraying distance has
the greatest influence on coating thickness, reduction
of which from 100 to 60 mm leads to coating thick-
ness increase from 30 to 90 um. Formation of coatings
of greater thickness at smaller spraying distances can

Table 1. Optimal modes of deposition of Cr,AlC powder by the method of high-velocity plasma spraying

Process parameters Coatings characteristics
0, (Ar), Vmin LA V, mm/s L, mm O, (Al),Vmin | O, (He), /min | Thickness, um Weight, mg
7.5 40 90 0.39
170 450 500 60 8 40 100 0.34
7.5 20 70 0.36

Note. Q, is the flow rate of primary plasma-forming gas; [ is the current; V'is the speed of plasmatron movement; L is the spraying distance;
0, is the transport gas flow rate; 0, is the flow rate of secondary plasma-forming gas. Deposition was performed in 5 passes.
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Figure 2. Microstructure of thermal barrier coating: / — Inconel
738 substrate; 2 — Cr,AlC coating; 3 — ZrO,~Y,0, coating

be associated with a higher velocity and temperature
of particles. The results of the conducted optimization
of plasma spraying parameters were used to establish
the modes, which ensure formation of Cr,AlC coat-
ings with the best values of sprayed coating thickness
and weight (Table 1).

The sprayed coatings have a homogeneous dense
structure with pore content on the level of 7-8 %. The
content of Cr,AIC MAX phase somewhat decreases
relative to that in the powder (from 98 to 93 %), and
difficult to indentify secondary phases are recorded in
the coatings. The secondary phases can be chromium
carbides (Cr,C, Cr,,C,, Cr,C,) and/or chromium alu-
minides (Al,Cr,, Al Cr ,, AlCr,). These phases form
as a result of decomposition of Cr,AIC MAX phase,
because of the high temperature of plasma spraying
process.

In order to study the coating serviceability, a
Cr,AIC layer was deposited by the high-velocity
plasma method on the high-temperature Inconel 738
nickel alloy as a bond coat in the system of thermal
barrier coatings. A thermal barrier coating of zirconi-
um dioxide, stabilized by yttrium oxide ZrO_,—8 wt.%
Y,0, was deposited over it by plasma spraying meth-
od. The thickness of Cr,AlIC bond coat was ~ 40 pm,
that of the main ZrO,-Y,0, thermal barrier layer was
~ 400 pm. Adhesion between Inconel 738 substrate

Cr-C Al(Cr, C)
carbides 8.8 Al

Cr-C
carbides

Table 2. Phase composition of coatings of Cr—Al-C system at
different heat treatment temperatures

HT temperature, Phase content, wt.%
°C Al Cr,AIC Cr,C,
Without HT 9.3 4.6 89.1
400 6.7 2.7 90.6
500 5.1 4.5 90.4
600 - 8.2 91.8
700 - 14.8 85.2
800 - 23.7 76.3

and Cr,AlC coating, as well as Cr,AlC coating and
ZrO,~Y,0, was visually dense without any cracks or
delaminations on the interface (Figure 2). Coating re-
sistance was studied under the conditions of thermal
cycling at heating of the coating surface by the torch
up to 1400 °C (of the base up to 1050 °C) and cooling
to 70 °C. The coating fails after 745 cycles. The main
causes for fracture are open porosity and presence of
secondary phases in Cr,AlC bond coat, as well as in-
terdiffusion between the bond coat and the substrate.
Nonetheless, conducted investigations allow consid-
ering the possibility of application of coatings based
on Cr,AIC MAX phase as a bond coat in systems of
thermal barrier coatings.

A two-stage technology was proposed to produce
coatings containing Cr,AIC MAX phase, which con-
sists of coating deposition by the plasma method and
further heat treatment (HT) [29]. A mechanical mix-
ture of powders of chromium (afp = 40-70 pm), alu-
minium (d,=20-35 pm) and graphite (d,=1-5 pm)
(2:1:1 molar ratio, respectively) produced by the
method of mixing, conglomeration and spray-drying,
was used for spraying. Heat treatment of the coated
samples was conducted in an argon atmosphere at the
temperature of 400, 500, 600, 700 and 800 °C for 1 h.

Sprayed coating (without HT) consists predomi-
nantly of Cr.C, phase with residual Al; MAX phase
content is equal to only 1.6 wt.% (Table 2). Heat treat-
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CrAlC carbides
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Figure 3. Schematic explanation of the influence of HT temperature on deposited coating of Cr—Al-C system: ¢ — without HT; b —
HT at the temperature of <660 °C; ¢ — HT at the temperature of >660 °C

26



THERMAL SPRAYING OF COATINGS, CONTAINING Cr,AIC MAX-phase (REVIEW)

ment at the temperature of <600 °C does not lead to
any significant changes in the phase composition of
the coatings, but it changes considerably at the tem-
perature of >600 °C. Aluminium disappears from the
coatings and weight fraction of Cr,AIC MAX phase
increases up to 8.2 % after HT at 600 °C, up to 14.8 %
after HT at 700 °C and up to 23.7 % after HT at
800 °C. It means that liquid Al promotes atom diffu-
sion, thus accelerating nucleation and increase of the
content of Cr,AlC phase. Since Cr and C are homoge-
neously dispersed at the molar level in Cr—C carbides
(Cr,C, or Cr,,C)), they can thus react with residual Al
with Cr,AlIC formation. Influence of HT temperature
on formation of composite coatings based on Cr,AIC
is schematically shown in Figure 3.

After spraying the coating has a dense lamellar
structure, after heat treatment the coating structure
does not essentially change and the structure lamel-
larity is preserved (Figure 4).

Figure 5 gives the microhardness and crack re-
sistance values of coatings of Cr—Al-C system, pro-
duced by plasma spraying with subsequent HT.

Hardness of the produced coatings is equal from
544 up to 857 HV, and it mainly depends on chro-
mium carbide content. The coating hardness is some-
what lower than that of chromium carbides, because
of the presence of residual aluminium and porosity in
them. At coating heat treatment the quantity of soft Al
metal decreases, and that of the newly-formed Cr,AIC
phase increases, leading to an increase of hardness,
which reaches the maximal value after HT at the tem-
perature of 600 °C. After HT at 700 and 800 °C, the
coating hardness somewhat decreases, because of an
increase of the content of Cr,AIC MAX phase, the
hardness of which is equal to 350-640 HV.

Crack resistance value for a sprayed Cr,AlC coat-
ing (without HT) is equal to 1.29 MPa-m'?, while after
HT performance the crack resistance value increas-
es, and it reaches the maximal value (2.02 MPa-m'?)
after conducting HT at 700 °C. Increase of coating
crack resistance after HT is attributable to formation
of'a more homogeneous microstructure and more uni-
form phase distribution in the coatings.

Possibility of producing plasma coatings with a
higher content of Cr,AIC MAX phase (up to ~ 43 %)
without additional HT performance is demonstrated

Table 3. Phase content in plasma coatings of Cr,C,~Al-Cr system

Al content in the Phase content in the coating, wt.%
powder, mol.% Cr,AlC Cr-C
0,5 22.41 71.59
1 28.02 71.98
) 4278 57.22
3 30.25 69.75

Figure 4. Microstructure of plasma coating of Cr—Al-C system:
a — without HT; 5 — after HT at 800 °C

in the case of Cr,C, chromium carbide application as a
carbon source, instead of graphite [30]. The spraying
powder was manufactured by the method of conglom-
eration with subsequent spray-drying in the mixture
of initial powders of Cr,C,, Al and Cr in the molar
ratio of 1:x:1, where x=0.5, 1, 2, 3.

Investigations of the phase composition showed
that all the coatings contain Cr,AlC, Cr,C, and Cr,,C,
MAX phases, which is indicative of running of the
process of interaction of the powder initial compo-
nents during spraying with new phase formation. The
content of the carbide component and MAX phase in
the coatings is given in Table 3.

At deposition of powders with Al content of 0.5
and 1 %, initial Cr,C, phase is recorded in the coat-
ings, whereas at increase of Al content in the powders
up to 2 and 3 % this phase disappears, which is indica-
tive of a complete interaction of powder components.
Formation of substable (Cr, AI)C, carbide was also
noted in the coatings, which arises as a result of Al
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Figure 5. Microhardness (/) and crack resistance (2) of plasma
coatings of Cr—-Al-C system
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Figure 6. Scheme of phase transformations at plasma deposition of powder of Cr,C,~Al-Cr system

substitution in Cr—C lattice. At 2 % Al concentration
in the powder, a more intensive interaction of liquid
aluminium with Cr,C, and Cr with formation of (Cr,
ADC_and Cr,AlC is in place, which results in MAX
phase content in the coating reaching 42.78 %. At the
same time, increase of Al content in the powder up to
3 % leads to increase of (Cr, AI)C_phase content and
decrease of the quantity of Cr,AlC phase to 30.25 %
in the coating. The mechanism of phase transforma-
tions at plasma deposition of powder of Cr,C,-Al-Cr
system is shown in Figure 6.

Coating microhardness is equal to 11.33, 10.64,
10.27 and 10.1 GPa at Al content of 0.5, 1, 2, 3 % in
the powder, respectively. Coating hardness somewhat
decreases with increase of Al powder content in the
coating, which is attributable to phase composition of
the coatings, as phase hardness is of the following or-
der: Cr-C > (Cr, ADC_> Cr,AlC.

The coefficient of coating crack resistance is equal
to 2.37, 2.5, 2.6 and 2.4 MPa-m'? at Al content in the
powder of 0.5, 1, 2 and 3 %, respectively. Coating
strength is ensured by microlamellarity of the struc-
ture (Figure 7) which consists of alternating layers of
carbides and MAX phase. As MAX phase proper has
a nanolayered structure, its presence in the coatings
prevents crack propagation, leading to increase of the
coating strength as a whole.
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Figure 7. Microstructure of plasma coating of Cr,C,~Al-Cr system
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FORMATION OF COATINGS CONTAINING
Cr,AlIC MAX PHASE, UNDER

THE CONDITIONS OF HIGH-VELOCITY
OXY-FUEL SPRAYING (HVOF)

The influence of addition of Cr,AIC MAX phase pow-
der on formation and properties of NiMoAl based coat-
ings produced by HVOF-spraying method was stud-
ied [32]. A mechanical mixture of Ni-Mo—Al powder
with addition of Cr,AlIC MAX phase powder in the
amount of 10, 20 and 50 wt.% was used for spraying.
Cr,AlC powder was produced in several stages: sin-
tering of chromium and graphite powders (Cr:C = 2:1
at 1550 °C for 1 h in argon atmosphere), grinding of
CrC_ powder (x = 0.5) for 15 h and subsequent sin-
tering of CrC_and Al powders (CrC :Al = 2:1.4) at
800 °C for 2 h in argon atmosphere) [39]. The powder
consists of >99 % Cr, AlC phase with a small additive
of chromium carbide (<1 %). Characteristics of spray-
ing powder are given in Table 4.

It is shown that no decomposition or oxidation of
powders takes place as a result of HVOF-spraying,
and the coating phase composition corresponds to
phase composition of the powders. At the same time,
at deposition of the same compositions by plasma
spraying method [31] Cr,AIC MAX phase is absent
in the coatings, and oxides (ALO, and Cr,0,) and
carbides (Cr,C, and Cr,C,) form as a result of de-
composition and oxidation. This is associated with a
higher temperature of the jet at plasma spraying than
at HVOF-process. In other works [33] it is reported
that during HVOF-spraying partial decomposition
of Cr,AIC MAX phase takes place with formation of
Cr,C, chromium carbide. In this study it was possible
to minimize the process of oxidation and ensure pres-
ervation of MAX phase in the coating by conducting
the process of HVOF-spraying at lower oxygen flow
rate (250 I/min) and 0.24 ratio of propane/oxygen
flow rates.

Produced composite coatings of NiMoAl-Cr, AlC
system have a dense layered structure; coating porosi-
ty decreases compared to NiMoAl coatings from 4.6 to
3.6, 2.13 and 1.95 % when using powders with addition
of 10, 20 and 50 wt.% of Cr,AlC powder, respectively.
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Table 4. Characteristics of powders of NiMoAI-Cr,AlC system for HVOF-deposition

Element composition, wt.%
Powder name Phase composition Average particle size, um
Ni Mo Cr Al C
NiMoAl 54 44 - 2 - Ni, Mo 7098 £1.5
NiMoAI-10 wt.% Cr,AlC 48.3 39.3 5.43 5.54 1.43 Ni, Mo, Cr,AlIC 69.54+£3.5
NiMoAI-20 wt.% Cr,AlC 43.2 352 11.2 7.5 2.9 Ni, Mo, Cr,AIC 68.12+4.0
NiMoAI-50 wt.% Cr,AlC 27 22 27.96 15.99 7.05 Ni, Mo, Cr,AlIC 79.38+£5.0
Cr,AIC - - 55.99 29.98 14.03 Cr,AIC 66.34+1.5

Formation of a denser microstructure can be the conse-
quence of addition of fine Cr,AlC particles to NiMoAl
matrix and their uniform distribution in the coating
structure, which leads to their densification.

Addition of Cr,AlIC powder to NiMoAl alloy pow-
der leads to increase of both the coating hardness
and modulus of elasticity. Average nanohardness of
NiMoAl, NiMoAl-10 % Cr,AIC, NiMoAl-20 %
Cr,AlC, NiMoAI-50 % Cr,AlC and Cr,AlC coatings
is equal to 390 + 20, 446 + 20, 501 + 20, 637 + 20
and 663 + 20 VHN . respectively; modulus of elas-
ticity is 193 £ 4.201, 201 + 5, 209 + 3, 221 £ 6 and
264 £ 5 GPa, respectively.

Among the studied composite coatings Ni-
MoAl-20 wt.% Cr,AlC coating has the lowest friction
coefficient and highest wear resistance under the con-
ditions of sliding friction, which was determined by
pin-on-disk procedure. Increase of the strengthening
phase amount to 50 wt.% Cr,AlC leads to lowering of
the tribological properties, because of poor cohesion
strength of the coating.

FORMATION OF COATINGS CONTAINING
Cr,AlIC MAX PHASE UNDER

THE CONDITIONS

OF COLD GAS-DYNAMIC SPRAYING
Investigations of formation of coatings containing
Cr,AlIC MAX phase under the conditions of cold
gas-dynamic spraying were conducted in work [34].
Spraying was performed using powder of Sandvik

Company (Sweden), which was ground prior to that
to particle size d ;= 2 um, d,; = 9 pm, d;; = 23 pm.
Spraying was conducted using Impact 5/11 System of
Impact Innovations Company (Rattenkirchen, Ger-
many). Nitrogen at the pressure of 50 bar and 1000 °C
temperature was used as the carrier and working gas.

In the produced coating, similar to the powder, the
main phase is Cr,AIC MAX phase (approximately
68 % in the powder and 79 % in the coating); second-
ary phases are chromium carbides, such as Cr,C, (ap-
proximately 17 % in the powder and 10 % in the coat-
ing) and Cr,C, (approximately 16 % in the powder
and 12 % in the coating). It is noted that as the phase
content in the coatings and powder was determined
by comparing the peak height on the roentgenograms,
the obtained data on their amount are of a tentative
nature.

It is shown that at collision of Cr,AIC MAX phase
particles with the substrate, their plastic deformation
and spreading take place, resulting in formation of a
dense microstructure of the coating (porosity <3 %)
and an interface with the steel base (Figure 8, a).
Coating thickness is nonuniform and varies from 200
to 320 um. Coatings are characterized by local hetero-
geneity of the microstructure and presence of cracks
and delaminations (Figure 8, b), which is caused by
insufficient strength of cohesion between the parti-
cles. Availability of such coating defects is attribut-
able to nonuniform powder feeding, because of its
low flowability and vibration mode of operation of the

Figure 8. Cr,AlC coating produced by the method of cold gas-dynamic spraying: a — microstructure; b — appearance of coating

cracking
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Table 5. Technological parameters of cold gas-dynamic deposi-
tion of powder based on MAX phase Cr,AIC

Gas pressure | Spraying dis- Number of | Gas temperature
(N,), bar tance, mm passes (N, °C
650
40 60 10 750
950

powder feeder, which may lead to power fraction sep-
aration into particles of different size. It is noted that
increasing the coating quality required performance
of further investigations on improvement of techno-
logical properties of the powders and optimization of
cold spraying parameters.

Coating microhardness is equal to 585 + 63 HV ,
nanohardness is 1153 + 321 HV . The difference
in micro- and nanohardness values is attributable to
the difference in measurement procedures. Loading
at nanoindentation is much smaller, and, thus the in-
dentations are limited to the plane of one deformed
coating particle and reflect its properties. Results of
microindentation reflect the averaged value of mi-
crohardness of the entire coating and they largely de-
pend on cohesion between the particles and presence
of pores in the coatings. Proceeding from photos of
indentations from nanoindenter, the measured nano-
hardness corresponds to hardness of chromium car-
bide and hardness of the interface between the carbide
particles and Cr,AlC inclusions.

In work [35] the method of cold gas-dynamic
spraying was used to produce relatively dense (9 %
porosity) of the coating with up to 98 % MAX phase
content. Powder produced by sintering a mixture of
Cr,C,, Cr, Al powders (in the ratio of 1:1:2.05) at 1300
°C in argon atmosphere for 2 h with subsequent grind-
ing in a planetary mill for 2 h was used as the spray-
ing material. The produced powder has high purity, its
main phase (>98 %) being Cr,AlIC MAX phase with
admixtures of Cr,C, carbide, Cr,Al aluminide and
AL O, oxide. Particle size is equal to: d,, = 4.1 pm,
d,=7.6pum,d, =132 pm.

Spraying was conducted onto a stainless steel sub-
strate using Kinetiks 8000 system (Oerlikon Metco,
Switzerland) with application of technological param-
eters, shown in Table 5.

Coatings of 40-100 um thickness were formed as
a result of spraying. The coating phase composition
corresponds to that of the powder, which is indicative
of absence of particle oxidation during spraying and
degradation of Cr,AIC MAX phase.

It is shown that at increase of gas temperature from
650 to 950 °C denser coatings are formed (porosity de-
creases from 12.4 to 9.1 %, respectively) and the num-
ber of cracklike defects is reduced. This is attributable

30

to increase of temperature and velocity of the sprayed
particles and degree of their deformation at collision
with the base. It results in greater cohesion between
the particles and formation of coatings with a smaller
number of defects. No cracks or delaminations were
observed on the interface of the coating—steel substrate,
which is indicative of a good strength of cohesion with
the substrate. At the same time, it is noted that at in-
crease of working gas temperature from 650 to 950 °C
the value of residual stresses in the coatings increases
from 200 up to 310 MPa, respectively, and it may lead
to coating delamination during operation.

The possibility of using a coating with Cr,AIC
MAX phase as a bond coat in the thermal barrier coat-
ing system of a bond coat—main thermal barrier layer of
ZrO,~Y,0, was considered. A Cr,AlC bond coat was
deposited on the steel substrate by cold spraying and a
ZrO,~Y O, coating was applied over it by the plasma
method. No spallations, delaminations or secondary
phase formation as a result of the reaction on the bond
coat—-main layer interface are observed. This is indica-
tive of the potential for application of Cr,AlC coating
produced by the method of cold gas-dynamic spraying,
as a bond coat in thermal barrier coating systems.

CONCLUSIONS

Based on the conducted analysis of the specialized
scientific literature, the possibility was shown of pro-
ducing coatings, containing Cr,AIC MAX phase, by
the methods of thermal spraying, using both synthe-
sized powders with a high content of the MAX phase,
and a mechanical mixture of individual elements.

One of the most critical aspects during the process
of thermal spraying of coatings containing Cr,AlC
MAX phase, is particle oxidation and running of un-
desirable reactions with MAX phase decomposition
and reduction of its amount in the coatings. These
decompositions are caused by noncongruent melting
of MAX phases, which, certainly, is one of the main
difficulties of their spray deposition.

When deposition is performed using powders,
where the main phase is Cr,AIC MAX phase, it is ra-
tional to apply high-velocity thermal spraying meth-
ods, such as high-velocity plasma, high-velocity flame
and cold gas-dynamic spraying. Owing to high veloc-
ities of particle flight, the time of interaction with oxy-
gen and high-temperature jet is reduced, which allows
producing coatings, where the phase composition cor-
responds to that of the deposited powder. However,
coatings based on Cr,AIC MAX phase produced by
the method of cold gas-dynamic spraying, are charac-
terized by presence of cracks and inner delaminations,
considering their low cohesive strength.
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Powders of a mechanical mixture of (Cr + Al +
graphite, Cr,C, + Al + Cr) initial components are used
in plasma spraying. In this case, Cr,AIC MAX phase
synthesis occurs directly during deposition and for-
mation of the coating layer at interaction of the initial
components. Increase of MAX phase content in these
coatings can be achieved through their further heat
treatment.

Under the conditions of the above-mentioned
deposition methods dense coatings with <9 % poros-
ity and dense interface with the steel substrates are
formed. Coating hardness depends mainly on their
phase composition, and it varies from 5 to 11 GPa.

On the whole, the need for further development of
materials for deposition and optimisation of the pro-
cesses of producing the coatings is stated in the works
devoted to investigations of formation of thermal
coatings containing Cr,AIC MAX phase.
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