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One of the current ways of increasing the operating
efficiency of gas turbine and diesel engines and ex-
tending service life of their components is to use ther-
mal barrier coatings (TBC) [1—4], which found prac-
tical application in gas turbine engines (GTE). In this
case a conventional structure of TBC consists of three
layers: NiCrAlY used as a bond coat and providing
adhesion of TBC to a component surface and its oxi-
dation protection at working temperatures of 900—
1100 °C, Al2O3 used as an interlayer acting as a barrier
for diffusion of oxygen to the bond coat and providing
adhesion of ceramics to the heat-resistant bond coat,
and external layer ZrO2⋅Y2O3 characterised by heat-
insulating properties. Such coatings are deposited by
using the atmospheric plasma spraying, decreased-
pressure plasma spraying and electron beam evapora-
tion methods [1, 5]. Heat-resistant nickel and iron
alloys are employed as materials of the GTE compo-
nents.

Diesel engines are another application field for
TBCs. Service conditions and goals of these coatings
in diesel engines differ from those in GTE. For in-
stance, the temperature of heating of the combustion
chamber components in diesels is 350—400 °C. Appli-
cation of the TBCs the gas temperature in the com-
bustion chamber to be increased to 850—900 °C, this
providing a complete combustion of fuel, decrease in
its consumption (by 15—20 %) and increase in the
engine power (by 8 %) [3, 6].

The most important problem whose solution is re-
lated to application of TBCs in diesel engines is to
increase the ecological efficiency of their operation by
reducing emissions into atmosphere. As proved by the
investigation results, the emissions can be reduced by
10—11 % [7]. At present the urgency of this problem
grows because of toughening of the requirements to
reduction of the emissions, this being attributed to a

change to the new, Euro VI index [8]. A difference
of TBCs in diesel engines also lies in a composition
of structural materials of the diesels, where aluminium
and titanium alloys are used to an increasing extent.

The main method for deposition of TBCs on the
surfaces of the combustion chambers of diesels is
plasma spraying. Conditions for formation of TBCs
and their operation on the surface of such materials
differ from those on heat-resistant alloys of the GTE
components. The said differences in service conditions
of TBCs for GTE and diesel engines make its necessary
to use for the latter the top heat-insulating layers of
a larger thickness (up to 1 mm or thicker) and change
requirements to the bond coat material, which does
not have to resist high-temperature oxidation and
creep, as is the case of coatings of the Me—Cr—Al—Y
system [1, 2, 6].

Therefore, development of the new compositions
of TBCs for application under conditions of operation
of diesel engines and the technology for their deposi-
tion on the surface of aluminium and titanium alloys
is a pressing problem for this engineering area.

Alloys with a quasi-crystalline structure, and first
of all alloys of the Al—Cu—Fe system, are of high
recent interest to researchers and production engineers
[9—11]. For example, alloy Al63Cu25Fe12, which corre-
sponds in chemical composition to the region of existence
of the quasi-crystalline ψ-phase, has such characteristics
as low thermal conductivity (1—2 W⋅m—1⋅K—1), high val-
ues of linear thermal expansion coefficient (LTEC)
(1⋅10—5 K—1) [12] and hardness (up to 10 GPa) [13],
elastic recovery ability (H/E < 0.02), corrosion re-
sistance in many aggressive environments [14—17],
heat resistance to a temperature of 500 °C [18—21]
and wear resistance [22—25]. All this allows an as-
sumption that coatings of the Al—Cu—Fe system alloy
can be applied as a binder interlayer in TBCs with
ZrO2, including for aluminium alloys. This quasi-crys-
talline alloy is close to ZrO2 in thermal conductivity,
this decreasing the level of internal stresses between
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the layers of a bond coat and ceramic coating, while
in LTEC equal to (14—18)⋅10—6 K—1 it is compatible
with the protected components of aluminium alloys
(their LTEC is (20—24)⋅10—6 K—1), which should lead
to decrease in residual stresses at an interface with
the substrate and increase in adhesion strength.

Parameters of thermal spraying of coatings of the
Al—Cu—Fe system alloy on different metals, including
aluminium, and properties of such coatings have been
much studied recently [11].

The key characteristics of the coatings (hardness,
thermal conductivity, corrosion and wear resistance,
etc.) have been found to depend on the phase compo-
sition of a sprayed layer, and first of all on the content
of the quasi-crystalline ψ-phase.

Dependence of quasi-crystallinity of the sprayed
coatings on the temperature conditions of their for-
mation is related to the fact that size of a region of
existence of the quasi-crystalline ψ-phase on the phase
equilibrium diagram depends on the temperature. As
the temperature decreases, the region of the ψ-phase
becomes narrower, this being accompanied by widen-
ing of the neighbouring region of the approximant
crystalline phase as a result of slight displacements
of atoms. At the same time, the approximant phases
located near the boundaries of existence of the quasi-
crystalline phase can have the same properties (in-
cluding thermal-physical ones) as quasi-crystals [26].

This study presents results of investigations of
heat-protecting properties of plasma and detonation
coatings with different structures (two- and multi-
layer, graded), in which partially stabilised zirconia
(ZrO2 + 7 % Y2O3) is used as a material of the pro-
tecting ceramic layer, and also such materials as alloys
AlCuFe containing the quasi-crystalline ψ-phase and
AlCuFeTiCrSi containing the approximant α-phase

are used as a bond coat material, along with traditional
heat-resistant alloy NiCrAlY.

Heat-protecting properties of the coatings were
investigated on a rig with specimens directly heated
by the flame jet of gas torch GN-2. The C3H8 and O2

mixture was used as a combustible. The torch was
placed at a distance of 50—60 mm from the surface of
a specimen. The specimens were heated for 5 s and
then cooled for 30 s by compressed air.

A thermocouple was calked to a depth of 2 mm in
a 30 mm diameter and 3 mm thick specimen with an
aluminium alloy coating on the opposite side to the
coating to measure the heating-cooling process dynam-
ics. The temperature was measured with digital mul-
timeter UT70B. The measurement range of the instru-
ment was 40—1000 °C, resolution was 1 °C, and error
depending on the measurement range was 1—3 %. Up to
10 heating—cooling cycles were conducted for each type
of the coatings. The maximal temperature of an uncoated
specimen regulated by the distance to it and by the
thermal power of the torch was approximately 400 °C.
That corresponded to the working temperature of com-
ponents of a piston group of internal combustion engines
(ICE) manufactured from aluminium alloys [3].

Heat-protecting properties of the coatings sprayed
by the detonation and plasma methods using AlCuFe
powders containing the quasi-crystalline ψ-phase and
75 % AlCuFe + 25 % TiCrSi powder mixture contain-
ing the approximant α-phase, as well as of the two-
layer coatings with the ceramic thermal barrier layer
of ZrO2 and metallic bond coat of NiCrAlY or AlCuFe,
and of the three- and five-layer (graded) coatings of
the above components were investigated. In this case
the task was to establish dependence of the efficiency
of heat-protecting properties of the thermal spray coat-
ings on such factors as a spraying method, structure

Table 1. Parameters of plasma spraying of TBCs

Coating composition Current, A Voltage, V Argon flow rate, l/min Spraying distance, mm

AlCuFe 500 30 25 130—140

NiCrAlY 500 30 25 130—140

50 % AlCuFe + 50 % ZrO2 500 50 25 110—120

50 % NiCrAlY + 50 % ZrO2 500 60 25 110—120

ZrO2 500 60 25 110—120

Table 2. Parameters of detonation spraying of TBCs

Coating composition
Flow rate of working gases, m3/h Layer thickness per

shot, μm
Spraying distance, mm

C3H8 O2 N2

AlCuFe 1.15 0.5 0.4 10—12 110

NiCrAlY 1.15 0.5 0.4 10—12 110

50 % AlCuFe + 50 % ZrO2 0.50 2.0 — 6—8 110

50 % NiCrAlY + 50 % ZrO2 0.50 2.0 — 6—8 110
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and phase composition of a coating, and thickness of
a sprayed layer.

The coatings were deposited by using process pa-
rameters identified from the results of studies [27—29]
dedicated to investigation of structure and phase com-

position of thermal spray AlCuFe coatings containing
the quasi-crystalline phase (Tables 1 and 2).

Figures 1—3 show typical structures of some of the
investigated coatings, and Figure 4 shows heating—
cooling cyclograms for uncoated specimens 1 and for

Figure 1. Microstructures of one-layer plasma (a, c) and detonation (b, d) coatings sprayed from Al63Cu25Fe12 (a, b) and 75 %
Al63Cu25Fe12 + 25 % Ti60Cr32Si8 (c, d) powders

Figure 2. Microstructures (×200) of two-layer coatings: a – plasma coating NiCrAlY—ZrO2; b – detonation coating AlCuFe—ZrO2

Figure 3. Microstructures (×100) of graded thermal spray coatings: a – detonation coating NiCrAlY—(75 % NiCrAlY + 25 % ZrO2)—(50 %
NiCrAlY + 50 % ZrO2)—(25 % NiCrAlY + 75 % ZrO2)—ZrO2; b – plasma coating AlCuFe—(75 % AlCuFe + 25 % ZrO2)—(50 % AlCuFe +
50 % ZrO2)—(25 % AlCuFe + 75 % ZrO2)—ZrO2
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specimens with the Al—Cu—Fe system alloy coatings
produced by the plasma 2 and detonation 3 methods.
Analysis of the cyclograms allowed evaluating the
effect of such parameters as a spraying method, thick-
ness of the sprayed layer and content of the quasi-
crystalline ψ-phase in a coating (Figure 5) on the
efficiency of heat protection provided by coatings of
identical compositions.

Allowing for the level of Tmax, the content of the
ψ-phase in initial AlCuFe powders exerts the most
substantial effect on the efficiency of heat protection,
the value of the above indicator being up to 60 wt.%
(see Figure 5). Transition to application of AlCuFe
powders containing 80 % of the ψ-phase (at thickness
of the AlCuFe coating equal to (800 ± 100) μm) has
almost no influence on the level of Tmax.

At the same time, evaluation of the effect of thick-
ness of the AlCuFe coating on its heat-protecting prop-

erties (Figure 6) showed that this effect decreases
with increase in thickness from 200 to 900 μm. De-
crease in the Tmax level compared to that of the un-
coated specimens per 100 μm of the coating thickness
is 37.0—43.5 °C at a coating thickness of 200 μm,
23.8—24.0 °C at a coating thickness of 500 μm, and
14.3 °C at a coating thickness of 900 μm. It was es-
tablished that the AlCuFe plasma coatings compared
to the detonation ones provide a more efficient pro-
tection of the substrate from heat flows, this most
likely being associated with a lower content of the
ψ-phase in the latter. This is caused by a more intensive
oxidation of material of the spraying particles, the
size of which in detonation spraying is 1.5—2 times
smaller than in plasma spraying.

The efficiency of heat protection by the thermal
spray coatings depending on the composition and in-
ternal structure (two- and multilayer) was compared
on specimens with the identical total thickness of the
protective layer equal to 500—600 μm (Figure 6).
Analysis of the results showed that decrease in tem-
perature of the protected substrate, showing the effi-

Figure 4. Cyclogram of heating and cooling of aluminium alloy
specimens without coating (1) and with AlCuFe coating deposited
by plasma (2) and detonation (3) methods (coating thickness –
400 μm, content of the quasi-crystalline ψ-phase – 60 %)

Figure 6. Efficiency of heat protection by plasma and detonation
coatings: 1 – without coating; 2 – NiCrAlY; 3 – AlCuFe; 4 –
NiCrAlY + ZrO2; 5 – NiCrAlY + (50 % NiCrAlY + 50 % ZrO2);
6 – AlCuFe + (50 % AlCuFe + 50 % ZrO2); 7 – NiCrAlY + (75 %
NiCrAlY + 25 % ZrO2) + (50 % NiCrAlY + 50 % ZrO2) + (25 %
NiCrAlY + 75 % ZrO2) + ZrO2; 8 – AlCuFe + (75 % AlCuFe +
25 % ZrO2) + (50 % AlCuFe + 50 % ZrO2) + (25 % AlCuFe + 75 %
ZrO2) + ZrO2; 9 – AlCuFeTiCrSi + (75 % AlCuFeTiCrSi + 25 %
ZrO2) + (50 % AlCuFeTiCrSi + 50 % ZrO2) + (25 % AlCuFeTiCrSi +
75 % ZrO2) + ZrO2 (see designations I—III in Figure 5)

Figure 5. Efficiency of heat protection by the thermal spray (800 ±
± 100) μm thick coating sprayed from the Al63Cu25Fe12 powder
depending on the content of the ψ-phase in the initial powder (a)
and thickness of the sprayed layer at a ψ-phase content of 60 % in
the initial powder (b): I – without coating; II – detonation
coating; III – plasma coating Figure 7. Piston of aluminium alloy with thermal barrier coating
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ciency of heat protection provided by the coatings,
depends on the following factors:

• coating composition. The AlCuFe coatings as a
metallic component are superior to the NiCrAlY coat-
ings (the value of Tmax is 24—47 °C lower);

• coating structure. The highest effect is achieved
with the five-layer (graded) coatings, which are su-
perior to the traditional two-layer ones (decrease in
Tmax is 125—135 °C, compared to 95 °C);

• deposition method. For all the coatings investi-
gated, the plasma method is advantageous over the
detonation one (difference in decrease in Tmax is 20—
30 °C).

The efficiency of protection grows with increase
in thickness of the protective layer. However, in this
case the level of internal stresses leading to separation
of a coating from the substrate because of differences
in LTEC also grows. From this standpoint, the Al-
CuFe coatings are advantageous over the NiCrAlY
ones when they are deposited on aluminium alloys,
which is attributable to closeness of their LTEC. The
data shown in Figure 6 are indicative of the presence
of an optimal value of the coating thickness, which
is related to its diminishing effect on the efficiency
of heat protection.

As the given results proved a high potential of the
AlCuFe coatings containing the quasi-crystalline ψ-
phase in use as thermal barrier ones for components
of ICEs made from aluminium alloys, it is of interest
to study their behaviour under the conditions close to
service ones for the ICEs.

The AlCuFe plasma coating produced by spraying
a powder with 45 % of the quasi-crystalline ψ-phase,
the detonation coating of the AlCuFeTiCrSi powder
containing 50 % of the approximant α-phase and, for
comparison, the ZrO2 plasma coating with a bond coat
of alloy NiCrAlY were tested. The coatings were ap-
plied to an ICE piston with a diameter of 78 mm and
76 mm high, made from the aluminium alloy (Fi-
gure 7). Thickness of the coatings was (450 ± 50) μm.
The tests were carried out on a rig (Figure 8) by
heating the piston surface with a torch located at a
distance of (55 ± 5) cm from the piston surface. Heat-

ing was performed for 3 s, and cooling – for 30 s.
The dynamics of heating of the piston bottom was
averaged over the results of 10 thermal cycles (Fi-
gure 9).

It was established that the ultimate temperature
of the piston bottom heated for 3 s by the flame of
the gas torch at the absence of a coating was 102 °C,
and that for the ZrO2 coatings with the NiCrAlY,
AlCuFe and AlCuFeTiCrSi bond coats was 71, 60 and
56 °C, respectively.

The experimental data obtained on behaviour of
materials of the Al—Cu—Fe system alloy containing
the quasi-crystalline ψ-phase, and of the Al—Cu—Fe—
Ti—Cr—Si system alloy with an approximant structure
(α-phase) used as thermal barrier coatings on the sur-
faces of aluminium alloy components are indicative of
their high efficiency. Under conditions of cyclic heat-
ing with a propane-oxygen jet of the torch, they are
superior in the indicator of a maximum achievable
temperature of the substrate to the traditional two-
layer thermal barrier coating, i.e. NiCrAlY/ZrO2.
Such thermal-physical properties of the investigated
coatings, along with the LTEC values close to those
of aluminium alloys, make them promising for devel-
opment of TBCs for diesel engines manufactured from
light alloys. In operation of ICE with a TBC the losses
of heat in the cooling system will be reduced, the
working temperature in the combustion chamber will
be increased, and the technical and economic indices
of operation of a diesel engine will be improved. De-
crease in temperature of the engine components will
allow intensity of their wear to be reduced.
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