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ABSTRACT
The study investigates the formation of coatings via plasma spraying (PS) and high-velocity oxyfuel spraying (HVOF) using a 
TiH2–Al–TiC powder system. The composite powder was obtained by processing a powder mixture of the initial components 
TiH2, Al and TiC in a planetary mill for 5 h, resulting in the formation of agglomerated particles with a size of <40 μm. The 
resulting composite powder contains the initial components of the mixture and the products of their interaction — titanium alu-
minide Ti3Al, and MAX-phase carbide (Ti3AlC, Ti2AlC). The coatings, produced by plasma and high-velocity oxyfuel spraying 
methods, were investigated using X-ray phase analysis, optical microscopy and microhardness testing. It has been established 
that during plasma spraying, the phase composition of the produced coating differs significantly from that of the MChS powder 
used for spraying. The coating retains a TiC phase, but in a smaller quantity than in the initial powder, and contains a TiCN 
phase, which was formed during the interaction of nitrogen atoms with TiC as the powder passed through the plasma jet of 
powder particles and came into contact with the gaseous medium. Peaks for Al, the MAX-phase of Ti2AlC and Ti3AlC carbide 
were not detected in the X-ray diffraction pattern, which is likely associated with the intense oxidation of the powder particles, 
resulting in the formation of titanium oxide TiO2 in two forms (rutile and anatase) and aluminium oxide Al2O3. The coating 
contains Ti3Al and TiH2 phases in negligible amounts, which are present in the initial MChS powder. The plasma coating has a 
lamellar light structure with voids in the form of spalling (11 %) and contains unmelted fine powder particles. In high-velocity 
oxyfuel spraying, the phase composition of the coating differs only slightly from that of the initial powder; the coating inherits 
the phase composition of the initial MChS powder, as no new compounds are formed apart from oxides. The coating structure 
is thin-lamellar, consisting of light-coloured metallic and grey oxide layers, with a small amount of unmelted particles and a po-
rosity of (~2 %). The microhardness of TiC‒TiH2‒Al system coatings is 5400±1060 MPa for the PS coating and 3710±950 MPa 
for the HVOF coating.
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INTRODUCTION
The ternary compounds Ti3AlC2 and Ti2AlC belong 
to a leading group of ceramic materials known as 
MAX-phases. These phases are damage-resistant and 
combine ceramic and metallic properties. Like met-
als, they are thermally and electrically conductive, 
can be easily machined using conventional tools, and 
are resistant to thermal shocks. As ceramics, Ti3AlC2 
and Ti2AlC are lightweight, elastic-rigid and thermal-
ly stable, and retain their strength at high tempera-
tures, forming a continuous Al2O3 oxide layer on the 
surface of Ti3AlC2 and Ti2AlC at high temperatures. 
In particular, Ti3AlC2 exhibits some anomalous com-
pressive ductility at room temperature compared to 
conventional ceramics. Due to this unusual combina-
tion of properties, Ti3AlC2 and Ti2AlC are considered 
potentially attractive materials for various functional 
and structural applications, such as: structural materi-
als for high temperatures, heat exchangers for nuclear 
power plants, and materials for electrical contacts [1].

The synthesis of the Ti3AlC2 MAX-phase was first 
described in 1994 by Pitzka and Schuster by sinter-
ing powder mixtures of Ti, TiAl, Al4C3 and C [2]. The 
most widely used combinations of initial materials for 
producing the Ti3AlC2 MAX-phase are Ti/Al4C3/C, 
Ti/Al/C, Ti/Al4C3/TiC, Ti/Al/TiC, and Ti/Al/C/TiC 
[3, 4]. However, Ti3AlC is very difficult to synthesize 
due to its rather narrow phase range on the Ti–Al–C 
ternary phase diagram [2].

In most methods, metal powders have been used 
as the source of Ti; these are expensive and result in a 
high cost for Ti3AlC2 [4]. TiH2 powders are interme-
diate products in the production of Ti metal powders 
and are cheaper than Ti powders. The cost of TiH2 
powders is 10 % lower than that of Ti powders with 
equivalent particle sizes. Nevertheless, when TiH2 
powders are used to produce Ti3AlC2, a prolonged 
annealing time is essential to remove hydrogen from 
the TiH2 prior to sintering. Furthermore, this dehydro-
genation process causes the formation of numerous 
pores in the synthesized products. Auxiliary pressure 
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is required during sintering to compact the samples. 
Increased cost due to expensive treatment is compen-
sated by reduced cost due to cheaper raw materials. 
Therefore, the use of TiH2 instead of Ti is appropri-
ate for the production of powders, rather than dense 
Ti3AlC specimens.

When using TiH2 as a source of Ti for the synthesis 
of the Ti3AlC2 MAX-phase, combinations of TiH2/Al/
TiC [4–8], TiH2/Al/C [9–12] and TiC/TiH2/Al/C [13] 
powders are used. For the synthesis of the Ti3AlC2 
MAX-phase, the powders were sintered in a vacu-
um using the pulse discharge sintering (PDS) method 
(PAS-V, Sodick Co. Ltd.) (so-called SPS) [4, 9], the 
powders were sintered in a tube furnace in an argon 
atmosphere using the pressureless reactive sintering 
(PLS) method [5], synthesis of powders in a vacuum 
furnace in an argon atmosphere [6–8], and the reac-
tive synthesis method [10, 11], microwave sintering 
(MWS) [12], and self-propagating high-temperature 
synthesis (SHS) [13].

The pulsed discharge sintering (PDS) method, also 
known as spark plasma sintering (SPS), is a recent 
innovation; its versatility allows for rapid densifica-
tion to near-theoretical density in a range of metallic, 
ceramic and other engineering components. During 
sintering using the PDS method in a TiH2/Al/TiC 
powder mixture [4], it was found that the synthesis 
mechanism of Ti3AlC2 occurs via reactions between 
the intermediate phases AlTi3, Al3Ti, AlTi and Ti2AlC, 
as well as the initial reagents.

During PLS sintering [5], 95 wt.% pure Ti3AlC2 
was produced from a TiH2/Al/TiC powder mixture; 
the sample had a porous structure and easily crum-
bled into powder. When adding Sn or Si to TiH2/Al/
TiC, the synthesis temperature decreased to 1200 °C, 
and a single-phase Ti3AlC2 product was obtained with 
a compact, almost pore-free microstructure.

After the synthesis of TiH2/Al/TiC powders in a 
vacuum furnace in an argon atmosphere [6–8], the 
phase composition of the samples after synthesis was 
found to be: 92 % Ti3AlC2 and 8 % Al2O3 [6], 91.51 % 
Ti3AlC2 and 8.49 % Al2O3 with a porosity of 13 % [7], 
95 % Ti3AlC2 and 5 % TiC with a porosity of 22 %; af-
ter hot pressing, the grains were significantly refined 
and the pore size decreased to 1 %, whilst the phase 
composition contained 89 % Ti3AlC2; 6 % TiC; 5 % 
Al2O3 [8].

During the PDS sintering of a TiH2/Al/C powder 
mixture [9], the dehydrogenation reaction was not 
complete when the powders were heated to 900 °C; 
compared with the TiH2/Al/TiC powder mixture [4], 
the content of the Ti3AlC2 phase in the TiH2/Al/C 
mixture was low. This can be explained by the greater 
amount of TiH2 powder used in the initial powders 

than in the case of the TiH2/Al/TiC powder mixture 
[4], in which approximately two-thirds of the Ti orig-
inated from TiC. 

Porous ceramics with a 100 % Ti3AlC2 content 
were successfully produced by reactive synthesis 
[10, 11] using TiH2/Al/C with varying Al content in 
the powder mixture. The effect of varying Al content 
on the phase composition of the powder mixture and 
on the pore structure was systematically investigated 
in the powder mixture [11], which showed that sin-
gle-phase porous Ti3AlC2 ceramics can be obtained by 
adjusting the amount of aluminium. As the Al con-
tent increases, the weight percentage of the Ti3AlC2 
MAX-phase grows, as well as the open and total po-
rosity; the maximum porosity is observed at 100 % 
Ti3AlC2 content. 

During sintering by the MWS method [12], the 
synthesis reaction of Ti3AlC2 in the TiH2/Al/C powder 
mixture occurs at lower temperatures unlike with oth-
er sintering methods.

In the powder mixture 2.6Ti + 1.2Al + 2C  + 
0.1 TiH2 [13], the content of Ti3AlC2 is 80.6 wt.%, 
Ti2AlC is 13.6 wt.%, and TiC is 5.8 wt.%. With an 
increase in TiH2, a decrease in Ti3AlC2 was observed, 
accompanied by an increase in Ti2AlC. In the mixture 
2.6Ti + 1.2Al + 2C + 0.4 TiH2, 67.8 wt.% Ti3AlC2, 
28.6 wt.% Ti2AlC and 3.7 wt.% TiC were found. This 
may be associated with incomplete decomposition 
of TiH2 due to a decrease in combustion temperature 
with an increase in TiH2 content. The thermal decom-
position of TiH2 was intended to provide Ti for the 
synthesis reaction. Due to a lack of Ti when TiH2 is 
added, the amount of TiC decreases, which hinders 
the phase transition from Ti2AlC to Ti3AlC2. 

Mechanical grinding, mechanical activation and 
mechanical synthesis technologies are also success-
fully used in the production of so-called MAX-phases 
(Mn + 1AXn). Among sintering methods, mechano-
chemical synthesis (MChS) has attracted considerable 
attention from materials scientists due to the ease of 
synthesizing supersaturated solid solutions, amor-
phous phases, intermetallics and nanocrystalline ma-
terials in almost all alloys at room temperature. MChS 
is successfully used for the production of MAX-
phases [14–17]. For the Ti–Al–C MChS system, the 
mixing of powders of titanium (titanium oxide or 
titanium hydride), aluminium and graphite general-
ly leads to the formation of Ti–Al intermetallic com-
pounds and titanium carbide, whilst MAX-phases are 
formed in small quantities. MAX-phases of various 
stoichiometries are predominantly formed during sub-
sequent heat treatment of the powder at 600–1700 °C 
or during sintering of the powders within this tem-



5

Formation of coatings containing MAX-phases under thermal spraying conditions                                                                                                                                                                                                    

                                                                                                                                                                               

perature range, due to the interaction of the titanium 
and aluminium melts with carbide (TiC or Al4C3).

The PVD deposition method is used to produce 
thin films containing the Ti3AlC2 MAX-phase [18]. 
Coatings with a thickness exceeding 100 µm are typ-
ically required for applications under high tempera-
tures or severe conditions. Thermal spraying meth-
ods are used to deposit coatings with a thickness of 
>50 µm. The advantages of thermal spraying process-
es over other deposition methods lie in the simplicity 
of the equipment, the absence of the need to carry out 
processes in a shielding atmosphere, and the ability 
to produce coatings up to several millimetres thick 
on parts of various configurations. However, popular 
modern thermal spraying methods, such as plasma arc 
and high-velocity oxyfuel spraying, have not found 
widespread application in the formation of Ti3AlC2-
based coatings due to the high flame temperature, 
which typically causes decomposition and/or oxi-
dation of MAX-phases [19–22]. Instead, the PS and 
HVOF methods are used to deposit coatings based on 
the Ti2AlC MAX-phase, in which the Ti3AlC2 MAX-
phase is formed as a result of phase transformations 
during the deposition process [21, 22].

Coatings with a high content of the Ti3AlC2 MAX-
phase (74–84 %) were produced by a plasma method 
using a spray material in the form of a suspension [23]. 
In this case, unlike conventional air-plasma spraying, 
a liquid stream is used to feed the powder into the 
heat source instead of a carrier gas. This modification 
allows omitting the stage of heating the powder with 
a plasma torch, thereby enabling the deposition of 
heat-sensitive coatings. 

THE AIM
of the study is to investigate the formation of coatings 
during plasma and high-velocity oxyfuel spraying of 
a TiC‒TiH2‒Al composite powder produced by mech-
anochemical synthesis.

MATERIALS AND PROCEDURES 
OF RESEARCH
A composite powder (CP) obtained by the MChS 
method from a TiC/TiH2/Al powder mixture was used 
as the spraying material. The following powders were 
used as initial materials for obtaining CP: 

● TiC powder (40–63 µm, TU 6-09-492‒75)  — 
79.2–80 Ti, 0.1‒0.2 C (free), 19.4–20.2 C (total), 0.1– 
0.6 Fe;

● titanium dihydride powder TiH2 (<40 µm, TU U 
114-10-026‒98) – 0.10 Fe, 0.06 Cl, 0.04 N;

● Al powder (PA-4, –50 + 40 µm) — <0.4 Si, 
<0.35 Fe, <0.02 Cu.

The composition of initial powders in the mixture 
was calculated to yield the Ti3AlC2 MAX-phase ac-
cording to reaction (1) and was 60.9TiC–25,4TiH2–
13.7Al (wt.%).

	 2TiC + TiH2 + Al = Ti3AlC2 + H2.	  (1)

The MChS process of the powder mixture was car-
ried out in an Activator 2SL high-energy mill for 5 h at 
a velocity of 600–900 rpm. Plasma spraying was car-
ried out using a serial UPU-8M installation with a Met-
co F4 MB plasmatron. For coating spraying using the 
high-velocity oxyfuel spraying method, a VShGPN-1 
installation was used, manufactured at the PWI based 
on the HIPOJET 2700M prototype (Metallizing Equip-
ment Co. Pvt. Ltd., India). The process parameters for 
PS and HVOF are given in Tables 1 and 2.

The following methods were used to investigate 
the powders and sprayed coatings: metallography, mi-
crohardness testing and X-ray diffraction phase anal-
ysis (XRD). A Neophot-32 optical microscope with a 
digital photography attachment was used to examine 
the structure of the powders and sprayed coatings. For 
quantitative analysis of the pore content in the coat-
ings, an optical method (image analysis method) was 
employed, which involves determining the area occu-
Table 1. Process parameters for PS-coatings using a TiC‒TiH2‒Al 
powder system

Parameter Value

Current, A 600

Voltage, V 40

Flow rate of plasma-forming gas Ar/N2, l/min 30

Ratio of plasma-forming gas Ar/N2, % 80/20

Flow rate of carrier gas N2, l/min 5

Powder feed rate, kg/h 1.4

Spray distance, mm 100

Table 2. Process parameters for HVOF-coatings using a TiC‒
TiH2‒Al powder system

Parameter Value

CH4 fuel gas flow rate, l/min 28

CH4 fuel gas pressure, atm 5.5

Oxygen flow rate, m³/h 4

Oxygen pressure, atm 8

Air flow rate, m³/h 15

Air pressure, atm 5

Carrier gas flow rate, l/min 20

Carrier gas pressure, atm 5

Spray distance, mm 140
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pied by the detected pores relative to the total area of 
the coating section. The digital image was processed 
using Image-Pro Plus software, which enables the 
measurement of porosity (by identifying inclusions 
that differ in colour and brightness) and the determi-
nation of their number and percentage by area. 

The phase composition of the powder particles and 
the coating was studied using a PANalytical X’Pert 
PRO X-ray diffractometer with CuKαl radiation 
(λ = 0.15406 nm). The anode voltage of the tube was 
45 kV, and the current was 40 mA. Diffraction pat-
terns were recorded at 0.025° interval with a sampling 
time of 1 s per point. The data from the diffractometric 
measurements were processed using the High Score 
Plus software. 

The microhardness of the coatings was investi-
gated using a PMT-3 microhardness tester at a load 
of 50 g. The principle of operation of the PMT-3 in-
strument is based on indentation of a diamond pyra-
mid into the tested material under a specific load and 
measuring the linear dimension of the diagonal of the 
resulting indentation.

EXPERIMENTAL RESULTS 
AND DISCUSSION
The use of aluminium (belongs to a ductile material) 
as the initial component facilitates the repeated pro-
cesses of "cold" welding and refinement, resulting in 
the formation of conglomerated particles with a size 

of <40 µm after 5 h of processing at a drum rotation 
velocity of 900 rpm (Figure 1, a).

X-ray phase analysis has shown (Figure 1, b) that 
the CP produced after 5 h of processing has a multi-
phase structure consisting of the initial components 
(TiC, TiHx, Al) and the products of their mutual inter-
action, the formation of which may proceed via the 
following reactions: titanium aluminide Ti3Al accord-
ing to reaction (2), the MAX-phase Ti2AlC according 
to reactions (3) and/or (4), and the ternary compound 
Ti3AlC according to reaction (5). 

	 3TiH2 + Al = Ti3Al + 3H2;	  (2)

	 TiH2 + Al + TiC = Ti2AlC + H2;	  (3)

	 Ti3Al + 3TiC + 2Al = 3Ti2AlC;	  (4)

	 Ti2AlC + TiC + Ti3Al = 2Ti3AlC.	  (5)

During the spraying of the TiC‒TIH2–Al powder 
system using the PS method, significant phase trans-
formations occur; the phase composition of the pro-
duced coating (Figure 2, a) differs significantly from 
that of the sprayed MChS powder. The coating has 
a crystalline structure; the TiC phase remains in the 
coating, but in a smaller quantity than in the initial 
powder. No peaks of Al, the Ti2AlC MAX-phase, or 
Ti3AlC carbide were detected in the X-ray diffraction 
pattern; this is evidently associated with the intense 
oxidation of the powder particles, resulting in the for-
mation of titanium oxide TiO2 in two forms (rutile and 

Figure 1. Microstructure (a) and X-ray diffraction pattern (b) of the TiC‒TiH2‒Al coating

Figure 2. X-ray diffraction patterns of coatings produced from TiC‒TiH2‒Al powder: a — PS; b — HVOF
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anatase) and aluminium oxide Al2O3. The Ti3Al and 
TiH2 phases, which are present in the initial MChS 
powder, are present in the coating in negligible quan-
tities. The X-ray diffraction pattern shows peak split-
ting near the TiC peak, which belongs to the TiCN 
phase; the formation of this phase is associated with 
the interaction of nitrogen atoms with TiC as the pow-
der particles pass through the plasma jet, where they 
come into contact with the gaseous medium during 
the reaction: 

	 TiC + N2 → TiCxN1−x (0 ≤ x ≤ 1).	 (6)

Unlike plasma spraying, in the HVOF process the 
TiC‒TiH2‒Al powder particles do not undergo signif-
icant phase transformations, and the phase composi-
tion of the coating differs only slightly from that of the 
powder (Figure 2, b). In the coating, as in the MChS 
powder, the phases TiC, Ti3Al, as well as the MAX-
phase Ti2AlC and the carbide Ti3AlC are present; their 
quantities in the coating are slightly reduced com-
pared to the MChS powder, which is a consequence 
of the interaction of these components with oxygen 
during the spraying process, leading to the formation 
of titanium oxides TiO, Ti2O3 and aluminium oxide 
Al2O3. Thus, it can be concluded that in HVOF, the 
coating inherits the phase composition of the initial 
MChS powder, since no new compounds, apart from 
oxides, are formed. 

The partial or complete decomposition of the 
Ti2AlC MAX-phase during HVOF and plasma 
spraying of the TiC‒TiH2‒Al coating system occurs 
through the following reactions. At temperatures of 
600–1000 °C, partial decomposition of Ti2AlC takes 
place, leading to the formation of TiC, Al2O3 and 
Ti3Al phases through the reaction (7).

	 6Ti2AlC + 3O2 → 6TiC + 2Al2O3 + 2Ti3Al.	 (7)

At temperatures >1000 °C, the MAX-phase struc-
ture is destroyed and completely oxidized to TiO2, 
Al2O3 and CO2/CO according to the reaction (8).

	 4Ti2AlC + 15O2 → 8TiO2 + 2Al2O3 + 4CO2 (CO).	(8)

The decomposition of the Ti3AlC carbide phase 
proceeds in a similar manner through the following 
reactions (9), (10).

	 12Ti3AlC + 3O2 = 12TiC + 2Al2O3 + 8Ti3Al;	 (9)

	 4Ti3AlC + 19O2 → 12TiO2 +	  
	 + 2Al2O3  +4CO2 (CO).	 (10)

The TiC‒TiH2‒Al plasma coating has a lamellar 
light-coloured structure with yellow and a few dark 
brown lamellae (Figure 3, a). The coating contains 
voids in the form of spalling, accounting for 11 % of 
the volume, formed during the preparation of the coat-
ing’s microsection as a result of its brittleness. Un-
melted fine powder particles are also observed in the 
coating. In HVOF, coatings with a dense, thin-lamellar 

Figure 3. Microstructure of coatings produced from TiC‒TiH2‒Al powder: a — PS; b — HVOF
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structure are formed, comprising light-coloured me-
tallic and grey oxide interlayers and a small number 
of unmelted particles (Figures 3, b). The presence of 
unmelted particles indicates that the powder particles 
with a higher melting point do not have time to heat 
up during the short residence time in the jet and, as 
a result of high-velocity spraying, do not acquire the 
necessary ductility to form lamellae and are deposited 
in the coating in a solid or slightly ductile state. The 
coating has a low porosity (~2 %).

The multiphase nature of the TiC‒TiH2‒Al coat-
ings produced by PS and HVOF methods is con-
firmed by the variation curves of the microhardness 
distribution (Figure 4), which show a wide range 
of values between 3250–8650 and 1550–7000 MPa 
for PS and HVOF, respectively, with two peaks 
of the most probable microhardness values  — 
4150  and 6000 MP a for PS (Figure 4, a) and 2450 
and 4250 MPa (Figure 4, b) for HVOF. The average 
microhardness is 5400±1060  MPa for the PS-coat-
ing and 3710±950 MPa for the HVOF-coating. The 
slightly higher microhardness of the PS-coating is 
evidently associated with a higher content of TiC car-
bide in the coating, whereas the HVOF-coating con-
tains the softer and more ductile phases of Ti2AlC and 
Ti3AlC carbides.

Conclusions
The carried out studies have shown that during the 
MChS process of TiC‒TiH2‒Al powder mixtures, the 
initial components interact to form the Ti2AlC MAX-
phase instead of the Ti3AlC2 MAX-phase, for the for-
mation of which the content of the mixture’s initial 
elements had been calculated. 

When spraying the TiC‒TiH2‒Al MChS powder 
system using PS and HVOF methods, a large amount 
of the initial TiC phase remains in the coatings after 
spraying, indicating that the reaction between the 

components of the MChS powder is not fully com-
pleted during spraying. 

During the plasma spraying process, the Ti2AlC 
MAX-phase undergoes complete decomposition due 
to the effect of temperature and interaction with ox-
ygen.

In the HVOF process, the TiC‒TiH2‒Al powder 
particles do not undergo significant phase transforma-
tions and the phase composition of the coating dif-
fers only slightly from that of the powder; however, 
during spraying, partial decomposition of the Ti2AlC 
MAX-phase occurs due to the interaction of the pow-
der particles with oxygen, resulting in the formation 
of oxides.

During the plasma spraying, coatings are formed 
with low cohesive strength of the layer, as evidenced 
by the significant number (11 %) of discontinu-
ities and spalling in the structure. The structure of 
HVOF-coatings is dense, the coatings are formed of 
partially melted, deformed particles. The microhard-
ness of the produced PS- and HVOF-coatings is 5.4 
and 3.7 GPa, respectively.
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