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This article describes the results of studying the structural-phase state of composite Co-Cr-Al-Y coatings 
in the initial state and after thermal treatment, obtained because of using the developed magnetron method 
for applying multilayer coatings with a controlled concentration of constituent elements. According to the 
results of SEM measurements, it was revealed that unannealed coatings form dense coatings with a columnar 
structure. The results of transmission electron microscopy confirm the SEM and EDS measurements, and 
there are clear layer boundaries in the structure for each type of multilayer coating. A distinctive feature of 
the synthesized layers is the almost complete absence of a crystalline structure for all types of Co-Cr-Al-Y 
multilayer coatings, which is apparently due to the amorphous properties of cobalt and its tendency to form 
metallic glasses. The main process occurring during the heat treatment of the studied multilayer coatings is 
the formation of a spinel-type phase.
The obtained results of experimental studies give new, deeper ideas about the processes of formation of 
structural-phase states of composite coatings obtained by magnetron sputtering.
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1 Introduction

One of the urgent problems in the field of 
mechanical engineering is the development 
of technology for improving the strength and 
performance properties of coating materials for 
critical parts of power plants [1]. Of great importance 
is the development of new methods of influencing 
the structure and properties of coatings, and the 
complex use of existing developments, the optimal 
combination of which can create new opportunities 
for directed influence on the structure and properties 
of the resulting coatings [2, 3]. At the same time, the 
structural-phase state has a significant impact on the 
physical, mechanical and operational properties of 
coatings.

The vast majority of heat-shielding coatings, 
including those for gas turbine blades, have an 
operating principle based on the ability of the surface 
layer of such coatings to oxidize with the formation of 

a protective film based on aluminum oxide Al2O3 [4]. 
The chemical composition (and mainly the amount 
of aluminum) is the main factor that determines the 
performance and other protective properties of such 
coatings [5, 6]. Therefore, in the bulk of the work 
on the study of heat-shielding coatings, considerable 
attention is paid to establishing the relationship 
between the composition of the coating and its 
protective properties. The relationship between the 
structure and properties of the coating is analyzed 
slightly [7].

However, all the accumulated experience in the 
development and operation of gas turbines shows 
that, in addition to the chemical composition, one 
of the most important characteristics of a heat-
resistant coating should be considered its structure 
[8-11]. The coating structure determines not only 
its strength, ductility, fracture toughness, fatigue 
resistance, and other properties, but also its heat 
resistance [12]. Obtaining an optimal structure is 
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an important condition for achieving the required 
properties of coatings [13]. Therefore, the further 
industrial development and widespread use of new 
effective heat-resistant coatings and progressive 
fundamentally new technologies for their creation 
are undoubtedly associated with the need for deep 
systematic structural studies of these coatings at all 
stages of their creation and operation, identification 
of the general patterns of structure formation of 
both coating materials and the coating itself, the 
diffusion interaction of the coating with the protected 
heat-resistant alloy and with the protective oxide 
film, the processes of change and degradation of 
the structure under the influence of a wide variety 
of external factors. These factors determine the 
role and mechanisms of influence of a particular 
alloying element or a complex of such elements on 
the formation of the structure and properties of the 
coating during deposition and technological heat 
treatment, on the dynamics of degradation of both 
structure and properties during operation [14-17].

Methods for studying the states and properties 
of coatings are widely covered in the literature [18]. 
Along with a large number of publications devoted to 
the original research, there are reviews on this topic, 
monographs, textbooks and reference books [19,20].

However, the above studies were mainly based 
on coating methods, while studies in terms of the 
structural-phase state and the relationship between 
the structure and properties of the coating were not 
fully investigated.

Along with this, the study of composite coatings 
is of great interest from a scientific point of view. 
They can have effects that other materials do not 
have. The microstructure of a film differs significantly 
from the structure of a bulk material of the same 
composition, and the properties of thin films are 
largely determined by their morphology. Structural 
defects in bulk materials, which do not significantly 
affect the properties, in thin films can radically affect 
their behavior. Surface roughness practically does 
not affect the characteristics of bulk materials, while 
for film materials it can be a factor that determines 
many parameters. Therefore, when studying thin-film 
materials, it is possible to discover new phenomena 
and patterns that can become the basis for creating 
fundamentally new technologies and devices.

At the same time, the analysis showed the 
relevance of studying the structural-phase state and 
properties of composite coatings, since at present, 
in conditions of limited material resources in the 

industrial complex, technologies that increase the 
durability (resource) of machine parts and assemblies 
are of particular importance.

The aim of this work is to study the structural-
phase state of the composite Co-Cr-Al-Y coating 
obtained by using the developed magnetron method 
for applying multilayer coatings with a controlled 
concentration of constituent elements, in the initial 
state and after heat treatment.

2 Materials and methods

The object of the study was Co-Cr-Al-Y 
multilayer coatings (1-, 2-, 4-, and 8-layers), which 
were deposited on a single-crystal silicon substrate 
with [100] crystallographic orientation.

 The coatings were deposited by the magnetron 
method on an ion-plasma setup, which was a vacuum 
chamber with two magnetron-sputtering systems of 
an unbalanced type and an ion source with a closed 
electron drift [21].

The structural-phase state and elemental 
composition were determined by scanning electron 
microscopy using a JEOL-2200FS (Japan) (EDX) 
INCA ENERGY scanning electron microscope 
(Oxford Instruments, UK). Accelerating voltage was 
up to 30 kV; resolution was up to 3 nm, instrumental 
magnification was up to x300,000. Samples were 
placed in a mold with a diameter of 30 mm, filled 
with epoxy filler, dried, and then the resulting puck 
was ground and polished.

The structure and microstructure of the annealed 
samples were studied using a ThemisZ electron 
microscope (Thermo Fisher Scientific, USA) with 
an accelerating voltage of 200 kV and a limiting 
resolution of 0.07 nm. Images were recorded using 
a Ceta 16 CCD array (Thermo Fisher Scientific, 
USA). The instrument is equipped with a SuperX 
(Thermo Fisher Scientific, USA) energy-dispersive 
characteristic X-ray spectrometer (EDX) with a 
semiconductor Si detector with an energy resolution 
of 128 eV.

Sample preparation for TEM studies was 
reduced to obtaining a cross section by grinding with 
etching. A scratch was applied with a scriber (Fine 
Point Diamond Scriber 54467, Ted Pella, USA) to 
the substrate on the reverse side of the sample. The 
coated substrate is cleaved along the scratch line 
by applying the required scalpel pressure. Bonding 
of individual parts takes place with the front sides 
(films on substrates) in such a way that two ends 
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become visible. A special epoxy two-part adhesive 
EpoxyBond 110TM 2-Part Adhesive manufactured 
by Allied High Tech Products, Inc. was used.

A quartz cylinder with a diameter of 5 mm was 
used. Wax was applied on the surface of this cylinder 
and a gluing of the samples was attached with the 
ends up. Then the sample was polished at the LEICA 
EM TXP grinding and polishing plant. The samples 
were subjected to additional thinning using ion 
etching. The copper ring with the sample was placed 
in a special holder for the Gatan Precision ION 
polishing system model 691 ion etching station. The 
sample was placed in the microscope holder EM-
21010/21020: Single Tilt Holder for TEM JEOL-
2200FS (JEOL, Japan) (Figure 1).

Figure 1 – Sample holder EM-21010/21020:  
Single Tilt Holder for TEM JEOL-2200FS.

X-ray phase analysis was performed on a 
Shimadzu XRD 6000 instrument with a Cu anode 
Kα (λ = 0.154 nm) by the grazing beam method 
(shooting angle 15°) in the range 2θ = 20-80°. Due 
to the low intensity of the peaks, the initial signal 
was approximated by Gaussian curves. Studies were 
also carried out using the X-ray powder diffraction 
method on the ARLX’tra instrument (ThermoFisher 
Scientific). The sample before each shooting was 
fixed with glue on an amorphous polycarbonate cu-
vette. Shooting of film samples was performed us-
ing symmetrical (Bragg-Brentano) geometry, in the 
angle range of 15-70°, and asymmetric geometry, in 
the range of 20-50°. The PDF-2 database compiled 
by the International Committee on Diffraction Data 
JCPDS (ICDD) was used as a reference file.

The heat treatment of the coatings was carried 
out on a MILA-5000 unit (ULVAC-RICO (Japan), 

equipped with IR halogen lamps with a total power 
of 4 kW and a maximum radiation intensity in the 
range of 0.8-1.2 µm. The unit allows operation in 
the temperature range from up to 1000 °С with a 
maximum temperature increase rate of 100 °С/min. 
On this installation, work was carried out to heat the 
samples at 400 °С, 800 °С and 1000 °С. The heating 
took place in a programmed mode with a given rate 
of reaching the desired temperature, as well as dur-
ing the transition from one annealing temperature to 
another. The annealing time at a given temperature 
or sequentially at several temperatures also passed in 
the programmed mode.

3 Results and discussion

The study of the structure and composition of 
multilayer coatings was carried out using electron 
microscopy. One of the results of the study of the 
cross section of coatings and the corresponding 
energy dispersive spectrum is shown in Figure 2.

According to the results of SEM measurements, 
it was revealed that the Co-Cr-Al-Y system forms 
dense coating with a columnar structure typical for 
metal coatings. The images on Figure 2 show that 
during the deposition process a coating was formed, 
which has a high-relief character. The thickness of 
all synthesized Co-Cr-Al-Y coatings varies within 
2.0±0.2 µm, and the thickness of an individual layer 
is 0.4 µm. The distribution of the constituent elements 
of the coating from point to point practically does not 
change. We believe that the presence of silicon atoms 
in the composition of the coatings is due to it’s getting 
there precisely from the detection of the substrate 
itself, since the distribution of silicon atoms over 
the depth and width of the coating is uniform. The 
presence of an oxygen peak in the EDS spectrum is 
due to its adsorption on the cut surface after removal 
from the vacuum chamber.

Transmission microscopy results confirm the 
SEM and EDS measurements. Figures 3 and 4 show 
transmission microscopy images and corresponding 
elemental mapping. Elemental mapping by 
constituent elements showed that with a relatively 
uniform distribution of Al and Y in the thickness 
of the coating, the layers of enriched/depleted Co/
Cr alternate in accordance with the parameters 
of magnetron sputtering described in [22, 23]. A 
large amount of Y in the substrate during elemental 
mapping is associated with the superposition of the 
spectra of Y and Si in the EDS spectrum.
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A distinctive feature of the synthesized layers is 
the almost complete absence of a crystalline structure 
for all types of synthesized multilayer Co-Cr-Al-Y 
coatings, which is most likely due to the amorphous 
properties of cobalt and its tendency to form metallic 
glasses.

Figure 4 shows that the structure of the samples 
is columnar, microcracks are noticeable, which 
may indicate the presence of microstresses in the 
film, while ion etching showed these microstresses. 
However, it is possible that ion etching slightly 
destroys the film during thinning, and microcracks 
may be a consequence of the destruction of the film 
surface.

Film layering is also clearly visible in all TEM 
images. In the STEM mode, the number of layers is 
displayed more clearly, the boundaries of all layers 
are clear, which means that the process of layer 
growth during deposition took place in the optimal 
mode.

Elemental analysis showed that Co and Cr are 
distributed in the layers in the form of a gradient. 
At the same time, the content of Co in a single-
layer coating is the maximum value – 27.63%, in a 
4-layer coating – the minimum value – 19.4%. The 
chromium content, on the contrary, increases with 
the increase in the number of layers. So, in a single-
layer coating, this value is 18.82%, and in an 8-layer 
coating – 24.15%. Aluminum is evenly distributed 
over all layers of the film. Its content remains largely 

unchanged. In a 1-layer coating – 9.75%, 4-layer – 
8.85%. Yttrium is located in the form of a small thin 
layer at the film/substrate interface; during thinning 
with the help of ion argon guns, it is etched away until 
destruction (EDS detects a weak peak that “merges” 
with a large silicon peak). The silicon content in the 
coating in 1, 2 and 4-layer coatings is in the range 
of 5.00 – 5.44%. In this case, in an 8-layer coating, 
this value is 3.89%. This is due to the formation 
of a diffuse region at the film–substrate interface. 
The oxygen content in the multilayer coating was 
found to be in the range of 10-20%. The presence of 
oxygen in the surface layer of the coatings is due to 
its adsorption on the cut surface after removal from 
the vacuum chamber, as well as after argon etching.

Figure 5 shows the results of X-ray phase analy-
sis by the method of a grazing beam of coating sam-
ples of 4- and 8-layer coatings.

For all synthesized Co-Cr-Al-Y coatings, the 
main peaks can be distinguished: 2θ ≈ 30° and 57°, 
corresponding to the peaks of the first and third order 
of the silicon substrate (111). Dominant peak of Cr 
(110) at 2θ ≈ 43°, pronounced for multilayer coat-θ ≈ 43°, pronounced for multilayer coat- ≈ 43°, pronounced for multilayer coat-
ings of 2- and 8-layers and much less intense for a 
single-layer coating. This correlates with the sig-
nificantly lower Cr concentration in the single layer 
coating measured from the EDS results. Fourth or-
der peaks are Y(411) and Y(444). The absence of Co 
and Al peaks is probably because they form an X-ray 
amorphous layer, which is confirmed by the results 

                                               а)                                                                                                b)

Figure 2 – An energy dispersive spectrum (a) of the coatings  
and SEM images of a cross section of the coating (four-layer coating) (b).
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of TEM. Summing up the results of TEM and XRD, 
we can state the formation of an amorphous Co/Al 
matrix with Cr and Y nanocrystals distributed in the 

thickness of the coating. The formation of intermetal-
lic compounds in the deposited Co-Cr-Al-Y system 
was not detected.

                                             а)                                                                                              b)

 Figure 3 – TEM images of the cross section of the coating (a)  
and its elemental mapping (four-layer coating) (b)

Figure 4 – Microstructure of various sections of all series of coatings
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The results of studies of the structural-phase 
state of Cr-Al-Co-Y coatings because of thermal 
treatment in an Ar medium at 400 °C showed some 
changes in comparison with untreated samples. 
In the case of the single-layer sample, it was not 
possible to detect extraneous reflections except 
for the reflections of the silicon substrate 111 and 
220. These reflections are mainly due to the defo-
cus of the incident beam on the sample at small 
angles of incidence. However, for the remaining 
samples, the appearance of reflections of a number 
of phases was noticed: SiO2, CoO, AlSi0.5O2.5, and 
CrAl0.42Si1.58.

A further increase in the annealing tempera-
ture in Ar at 800°C does not lead to significant 
changes. In the case of a sample consisting of 
two composite layers, the reflections of various 
impurity phases disappeared and the Co3O4 phase 
was formed. It should be noted that the CoCr2O4 
phase, which also has a spinel-type structure, has 
a similar set of reflections in position and inten-
sity, and the elemental analysis data showed a 
fairly homogeneous distribution of chemical ele-
ments in the material. In this regard, overlapping 
of peaks in the diffractogram may occur, and this 
phase, meanwhile, may be present in the sample. 
In the case of the sample with eight layers of the 

composite, the formation of a phase similar to 
Y2O3 was also observed.

For samples annealed at 1000 °C, the formation 
of a spinel-type phase (Co3O4–CoCr2O4) was ob-
served in all cases. In the sample with two layers, im-
purities were also found similar to those observed at 
lower annealing temperatures, but were not observed 
for the sample annealed at 800°C. In this case, this is 
because the samples had different areas and, there-
fore, contained different amounts of the substance, 
based on which the reflections of impurity phases 
could not be observed in the case of one sample, but 
the phases themselves could be preserved. In the case 
of 2-layer and 4-layer composites, the yttrium oxide 
phase was detected (Figure 6).

The structure of the samples, as well as in the 
unannealed ones, is columnar, the same microcracks 
are observed as in the unannealed samples. The 
layers are clearly distinguishable on the TEM, 
STEM images, and on the EDS maps. There is a 
“mixing” of elements in the layers of annealed 
samples (Figure 7).

Similarly, to the previous series (annealed at 
400°C), there is a “mixing” of elements in the film 
layers.

The structure of the samples annealed at 1000°C 
is shown in Figure 8.

                              a)                                                                                             b)

Figure 5 – X-ray phase analysis: (a) four-layer coating; (b) eight-layer coating
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   a)                    b)

Figure 6 – X-ray diffraction patterns of the Y-Co-Al-Cr sample in asymmetric geometry depending  
on the annealing temperature of the samples: (a) – single-layer; (b) – four-layer coatings

Figure 7 – EDS analysis of single-layer coating at 1000 °C

                    a)                                       b)                                               c)                                       d)

Figure 8 – Structure of samples annealed at 1000°C: (a) 1-layer; (b) 2-layer; (c) 4-layer; (d) 8-layer samples.
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.The structure is similar to all previous samples; 
the presence of layers is clearly distinguishable in 
all modes of TEM (also SEM). As with the previ-
ous annealed samples, mixing of the film layers is 
noticeable. The silicon content in the coatings after 
heat treatment increased significantly – more than 
10 times. This applies to 1-layer coating (400°С) – 
29.52%, 2-layer coating (400°С) – 33.10%. It was 
observed that the cobalt content decreases with in-
creasing annealing temperature. So, for 1, 2, 4 and 
8-layer coatings annealed at a temperature of 400°C, 
the cobalt content is 31.30; 17.10; 7.57; 3.58% re-
spectively. For 1, 2, 4, and 8-layer coatings annealed 
at 800°C, the cobalt content is 4.00; 19.91; 4.50; 
10.37% respectively. Aluminum is distributed even-
ly over all layers of the film. The maximum content 
of Al in 1-layer coatings subjected to thermal treat-
ment at temperatures of 400 and 1000˚С. The mini-
mum value for the Al content is set in the 8-layer 
coating (400˚С) – 1.49%. In the remaining samples, 
this figure ranges from 3.60 to 8.22%. Chromium 
and cobalt are distributed in a gradient. The average 
value of the chromium content is generally similar to 
samples without thermal treatment. However, it has 
been found that for 8-layer (400°C), 1-layer (800°C) 
and 2-layer (1000°C), the chromium content is 1.38, 
3.20 and 4.60%, respectively. After heat treatment 
of coatings, it was possible to establish the content 
of Y: in 1-layer (400˚С) – 0.72%, in 8-layer (400˚С) 
– 0.04%, in 1-layer (1000˚С) – 0 .97%, in 4-layer 
(1000˚С) – 0.32%, in 8-layer (1000˚С) – 0.52%. At 
an annealing temperature of 400°C, the oxygen con-
tent in 1 and 8 layer coatings was not established, 
similarly for 1 and 4 layer coatings at a processing 
temperature of 1000°C. The oxygen content in 2 and 
4 layer coatings at the annealing temperature is 25.80 
and 45.82%, respectively. As noted above, the pres-
ence of oxygen in the surface layer of the coatings 
is due to its adsorption on the cut surface after being 
removed from the vacuum chamber.

4 Conclusions

The structural-phase state before and after heat 
treatment of multilayer Co-Cr-Al-Y coatings on a 
silicon substrate, obtained by the magnetron method, 
has been studied. According to the results of SEM 
measurements, it was revealed that unannealed coat-
ings form dense coatings with a columnar structure 
typical for metal coatings. The total thickness of one 
layer of the composite coating, which includes se-

quential Co-Cr-Al-Y components, ranges from 2.0 ± 
0.2 µm, and the thickness of a separate sublayer of 
each element is 0.4 µm. The study of the local and in-
tegral elemental composition of coatings shows that 
the matrix has a gradient character. According to the 
data of energy dispersive analysis, the concentration 
of chromium in the coating increases with an increase 
in the number of layers, with a proportional decrease 
for cobalt, which is associated with the influence of 
the second layer with an increased concentration of 
chromium.

Transmission microscopy results confirm the 
SEM and EDS measurements. The structure contains 
clear layer boundaries for each type of multilayer 
coating. Elemental mapping by constituent elements 
showed a relatively uniform distribution of Al and 
Y in the thickness of the coating and layers of en-
riched/depleted Co/Cr alternate. A large amount of 
Y in the substrate during elemental mapping is as-
sociated with the superposition of the spectra of Y 
and Si in the EDS spectrum. A distinctive feature of 
the synthesized layers is the almost complete absence 
of a crystalline structure for all types of synthesized 
Co-Cr-Al-Y multilayer coatings, which is associated 
with the amorphous properties of cobalt and its ten-
dency to form metallic glasses.

For all Co-Cr-Al-Y coatings, the main peaks can 
be distinguished: 2θ ≈ 30° and 57°, corresponding to 
the peaks of the first and third order of the silicon 
substrate (111). Dominant peak Cr (110) at 2θ ≈ 43°, 
pronounced for multilayer coatings of 2-8 layers and 
much less intense for a single-layer coating. This cor-
relates with the significantly lower Cr concentration 
in the single layer coating measured from the EDS 
results.

The results of studies of the structural-phase 
state of Cr-Al-Co-Y coatings after the heat treat-
ment in an Ar medium at 400 ° C showed some 
changes in comparison with untreated samples. The 
appearance of reflections of a number of phases was 
noticed: SiO2, CoO, AlSi0.5O2.5, and CrAl0.42Si1.58. A 
further increase in the annealing temperature in Ar 
at 800°C does not lead to significant changes. For 
samples annealed at 1000°C, the formation of a spi-
nel-type phase (Co3O4–CoCr2O4) was observed in 
all cases. In the sample with two layers, impurities 
were also found similar to those observed at lower 
annealing temperatures, but were not observed for 
the sample annealed at 800°C.

Based on the data obtained, it can be stated that 
the main process occurring during the annealing of 



53

As. Zhilkashinova et al.                                                                       Phys. Sci. Technol., Vol. 9 (No. 1-2), 2022: 45-54

these composites is the formation of a spinel-type 
phase. In this case, despite the symbol Co3O4, the 
composition of the resulting spinel may be different, 
and may include Cr, Y, and Al, based on the possible 
charge states of these cations (Cr3+, Al3+, Y3+). Their 
final formation for all samples occurs in the tempera-
ture range of 800-1000°C. In this case, the yttrium 
oxide phase can form separately from particles with 
this structure, which is due to the large size of the 
Y3+ cation. Apparently, one of the main reasons for 
the formation of spinel structures is the partial acidi-
fication of films, which was already demonstrated for 
the initial amorphous samples by the TEM method, 
and the uniform character of oxygen saturation of the 
layers indicates that the samples were acidified at the 

stage of their deposition onto the substrate. The cal-
cination of samples in an inert atmosphere does not 
lead to the reduction of oxides, but to their crystalli-
zation. This allowed to conclude that in the future, to 
obtain composite layers by heat treatment, it is neces-
sary to use a medium with a more reducing character, 
for example, a mixture of Ar + H2 or He + H2 gases, 
which will contribute to the reduction of the original 
spinels.
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