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Abstract: The article describes the effect of heatireatmefiton the structural-phase state and properties
of a multilayer Cr-Al-Co-Y coating obtaiflediby magnetron sputtering. Heat treatment was carried
out at 400, 800 and 1000 °C. The study%f the mierostructure was carried out by electron microscopy
with energy dispersive analysis and‘pewdenX-ray diffraction. The surface of the samples was studied
by atomic force microscopys, The thickness of the Co-Cr-Al-Y coatings was 1.5-1.7 £ 0.2 um. The
obtained coatings are charactetized by a hardness of 4.7-6.4 GPa. A distinctive feature of the layers is
the absence of a crystalline structuréin some areas of the coating. The main process occurring during
the thermal treatment isithe formation of a spinel-type phase. For a single-layer sample after heat
treatment at 400 °@pit was not possible to fix extraneous reflections except for the reflections of the
silicon substratefiil and 220. For the rest of the samples, the appearance of reflections of a number of
phases,was noticed, suich as: SiO,, CoO, AlSig50; 5 and CrAlg 425i; 53. An increase in the treatment
temperature upyto 800 °C did not lead to significant changes. In the case of the multilayer sample, the
reflections ‘ofyvarious impurity phases disappeared and the CozO4 phase was formed. For samples
tréateddat 1000 °C, the formation of a spinel-type phase (Co304-CoCr,O4) was observed in all cases.
Daté on the structural-phase state and properties of the multilayer Co-Cr-Al-Y coating can be used to
predict the nature of such coatings after heat treatment.

Keywords: multilayer Co-Cr-Al-Y coating; heat treatment; magnetron sputtering; microstructure;
phase composition

1. Introduction

Hot parts of the industrial equipment (combustion chamber, turbine flow path, etc.,
with surface temperatures more than 850 °C) can work for a long time only if there are
special protective coatings on the surface. Conventionally, protective coatings can be
divided into two classes: metal heat-resistant coatings for protecting the surface of parts
from the corrosion and erosion effects of the working environment (heat-resistant coatings
can be single or multilayer, where each layer differs in its chemical composition and
thickness); complex heat-protective coatings (HPC) with a ceramic thermal barrier layer,
which, along with protecting the surface from the corrosive effects of the environment,
reduces the effect of heat flow [1-3]. The most widely used heat-resistant coatings include
aluminizing, aluminosilicizing, chromium-aluminizing and multicomponent coatings.
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Currently, the search for new thermal barrier coatings is primarily associated with the
optimization of the chemical composition of new compositions, with the development and
mastering of new technological processes based on the use of fundamentally new physical
effects, as well as with the use of newly created coatings [4-6]. The basic system of heat-
resistant coatings is Me-Cr-Al, where Me is Fe, Co, or Ni. Such coatings require the creation
of strong adhesion, the reproducibility of the composition of the evaporated material in the
coatings, the suppression of the droplet component, the exclusion of the columnar structure
and the associated through porosity, additional doping of the condensate and the inclusion
of diffusion-barrier sublayers in the coating [7-10].

Features of the composition of Me-Cr-Al-Y coatings are due to the following factors:
chromium is introduced to prevent high-temperature corrosion, bit itSise concerns only
the effect on the substrate and has an impact on the formatiénh of aycoatinglayer with
it [11-13]. Oxidation can be prevented by increasing the aluminuth content, but this can
also cause a decrease in the ductility of the coating. Yttrium isg@ble tosignificantly increase
the adhesion of the oxide layer due to the formation of rods bifiding the oxide layer and
the coating. However, the main function of using yttrium'is its ability to form compounds
with sulfur, which do not allow disintegration of the,oxide layer. Cobalt in the coating
composition significantly increases the resistance tg nataral oxidation, but it also leads to a
decrease in the melting temperature of the bladé coating and contributes to an increase in
the resistance of the blades to cyclic or jsothermal oxidation [14-16].

Methods used to form protective coatingselude plasma deposition, diffusion method,
magnetron sputtering, plasma arc cathode sputtering, laser method, electron-beam deposi-
tion, etc. [6,7,17]. The magnetron sptittering method is widely used to apply industrially
significant coatings [18,19]. Magnetron sputtering systems make it possible to set and vary
the properties and structures of coatinggywithin the required ranges. Magnetron sputtering
is characterized by high répeatability and stability of the deposited coatings both in terms
of the sputtering rate and thejchardeteristics of the resulting coatings. This feature of mag-
netron systems, unlike, for example, electron-beam evaporation, with well-selected modes
of deposition of individual layers, makes it possible to obtain rather complex multilayer
coatings without'ameed for a thickness control system. Due to the high energy efficiency
and degree @f ionization, magnetron sputtering makes it possible to obtain dense layers,
whichyis essential for substrate materials that do not allow heating [18,19].

Adazge'set.of corrosion-resistant materials has been developed for magnetron sput-
teringyof the, Me-Cr-Al-Y system, which is most widely used as protective coatings under
conditions of high-temperature sulfide-oxide corrosion [20]. Me-Cr-Al-Y heat-resistant
coatings/reduce the temperature of the metal and have low thermal conductivity, low
density and withstand cyclic loads [13,21-23]. Me-Cr-Al-R coating of a regulated thickness
(60=80 pum) has been developed for working blades of turbine engines with a service life of
up to 10,000 h [3,5,8,9]. The studied microstructure of the complex gradient coating in the
initial state and after annealing is represented by different phases.

Previously, we have studied composite (Cr-Al-Co + ZrO;-Y,03) coatings on a Ni-Cr
alloy substrate [24]. The coating with a total layer thickness of 17-18 pm was obtained by
magnetron sputtering, including an inner layer (Cr-Al-Co) with a thickness of 10-11 pm
and an outer ceramic layer (ZrO»-Y,03) with a thickness of 6-7 pm.

The multifactorial nature of the formation processes of heat-resistant coatings and the
variety of causes and mechanisms of their degradation, damage and destruction during
operation do not allow choosing a universal protective coating. For each new modification
of parts, it is necessary to select a new coating or adjust the technology for applying a known
coating. Therefore, the existing compositions of coatings and technological processes for
their application are constantly being improved, fundamentally new technologies are
being developed and the most effective protection systems are being selected for new
heat-resistant alloys and new designs of air-cooled blades, etc.

Along with the chemical composition, one of the most important characteristics of a
heat-resistant coating should be considered its structure. The coating structure determines
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not only its strength, ductility, fracture toughness, fatigue resistance and other properties
but also its main characteristic—heat resistance. Obtaining an optimal structure is an
important condition for achieving the required coating properties. Therefore, the devel-
opment and widespread use of novel effective heat-resistant coatings and progressive
fundamentally new technologies for their creation is undoubtedly associated with the need
for deep systematic structural studies of these coatings at all stages of their creation and
operation. These studies should be aimed at the identification of the general patterns of
structure formation and the diffusion interaction of the coating with alloy and with the
protective oxide film. The change and degradation of the structure under the influence of
a wide variety of external factors, determining the role and mechanisms of influence of a
particular alloying element or a complex of such elements on the fofmatiemof the structure
and properties of the coating during deposition and technologieal heat treatment should
also be studied.

Thus, the main goal of this research was to reveal the chaftgés in‘the structural-phase
state and properties of the composite Co-Cr-Al-Y coating and,affer the heat treatment.

2. Materials and Methods

The object of the study was Co-Cr-Al-Y coatifigs4The coatings were deposited on a
single-crystal silicon substrate with the [100] ehystallographic orientation. Coating was
carried out by the magnetron method on_an ion-plasma setup, which was a vacuum
chamber with two magnetron sputtering systefns,of an unbalanced type and an ion source
with a closed electron drift [24].

The coatings were heat treated onja MILA-5000 unit (ULVAC Technologies Inc.,
Methuen, MA, USA). This setupywasused to'heat the samples at 400; 800 and 1000 °C. The
heating took place in a programmed mede with a given rate of reaching the desired tem-
perature, as well as duringythe transition from one temperature to another. The treatment
time at a given temperatureor seqlientially at several temperatures also took place in the
programmed mode: for 400 °C—10 min heating, holding for 10 h, cooling, removing after
1 h; for 800 °C and 1000 °C—the same, but heating was for 20 min, not 10 min. The samples
were heated underthighivacuum (1 x 10~7 mm Hg). Heat treatment of coatings at 400, 800
and 1000 °Cgwasiearried out in order to determine the effect of thermal treatment on the
structural-phase state and properties of composite coatings. After the annealing process
under the seléeted modes of thermal modification of each sample, the studies described
in thegarticle were carried out in order to establish the patterns of changes in the states
of thegeoatings, that is, what changes occurred after annealing at 400, 800 and 1000 °C.
Singe a system of such coatings can potentially be used for working blades of gas turbine
engines, it is necessary to evaluate the structural phase and mechanical properties of such
coatings after thermal exposure. The maximum temperature that the studied coatings
Were subjected to was 1000 °C. This temperature corresponds to the gas temperature at
the turbine inlet of currently operated gas turbine engines (the blade metal temperature of
900-1000 °C).

Determination of the structural-phase state and elemental composition by scanning
electron microscopy was carried out on a JEOL-2200FS (JEOL, Tokyo, Japan) (EDX) INCA
ENERGY scanning electron microscope (Oxford Instruments, Abingdon, UK). The acceler-
ating voltage was up to 30 kV, resolution up to 3 nm and instrumental magnification 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 morphology was
also studied on a Tescan Solaris FE-SEM two-beam scanning electron microscope (TESCAN,
Brno, Czech Republic) with an accelerating voltage of 20 kV in secondary electron modes.
The device is equipped with an AztecLive (Oxford Instruments, Abingdon, UK) energy-
dispersive X-ray characteristic spectrometer (EDX) with a semiconductor Si detector with
an energy resolution of 128 eV.

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

Preparation of a solid-state sample for TEM (preparation of a cross section by grinding
with etching) was carried out by applying a scratch with a scriber (Fine Point Diamond
Scriber 54467, Ted Pella, Redding, CA, USA) to the substrate on the reverse side of the sam-
ple. The gluing of the split pieces takes place with the front sides (films on the substrates),
in such a way that two ends become visible. A special epoxy two-part adhesive EpoxyBond
110TM 2-Part Adhesive (Allied High Tech Products Inc., Compton, CA, USA) was used.
The gluing was placed under a press, and then the glue solidifiedjby, héating,in an oven
at 130 °C for 15 min. Next, a quartz cylinder with a diameter ©f 5@m was tsed, on the
heated surface of which a layer of wax was applied and a gluing ofisamples)from the ends
is attached to the wax.

Further, the sample was polished at the LEICA EM TXR geinding)and polishing station
using four successive grinding wheels. A quartz cylinder with,samples glued to it was
placed in the holder of the grinding system, and the,sample was polished on one side
to a thickness of 200 pm. When the sample thickfiessgeached 200 pm, the cylinder was
again heated (to heat up the wax), the sample waswashed in a cuvette with acetone, and
silicon “satellites” were placed on the cylinder, between which there was a gluing of the
samples, but already turned over by the othex,(anpolished) side. After completion of
the mechanical grinding procedure, the cylinder with the samples was removed from the
instrument holder, satellites were removed from the cylinder, and a 3-mm copper ring was
glued on the top of the sample.

Next, 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 69%)ion etehing station. On the sample, in the place where the
deposited coating is Jocated, there will be a rather thin area where the structure through
the transmission in TEM could be seen. The sample was transferred to a special sample
holder EM-21010721020: Single Tilt Holder for JEOL-2200FS TEM (JEOL, Tokyo, Japan).
The sample holdeéx with*the sample was placed in a pre-prepared TEM, with an evacuated
chamber, heated nodes and included software. The chamber with the sample is pumped
out for@aboutd0.min.

The crack resistance of the coatings was evaluated on an NHT2 nanoindenter (CSM
Instruments, Peseux, Switzerland) with a Berkovich diamond indenter. Loading and
unléading were carried out at a rate of 20 mN/min, holding under load for 30 s. The
Oliver—Pharr method was used to determine the hardness and Young’s modulus. This
method for evaluating the crack resistance of the coating serves to form radial cracks. On
the sample surface, traces of these cracks propagate from the corners of the imprint.

X-ray diffraction phase analysis was performed on Shimadzu XRD 6000 instrument
(Shimadzu, Kyoto, Japan) with a Cu K« anode (A = 0.154 nm) by the grazing beam method
(shooting angle was 15°) in the 26 range 20-80°. Because of 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 ARLXtra instrument (Thermo Fisher Scientific,
Waltham, MA, USA). An X-ray tube with a characteristic radiation wavelength A = 1.5418 A
was used as an X-ray source. The sample before each shooting was fixed with glue on an
amorphous polycarbonate cuvette. The shooting of thin film samples was performed using
symmetrical (Bragg—Brentano) geometry, in the angle range of 15-70°, and asymmetric
geometry, in the range of 20-50° (in some cases, 15-70°). In the case of using asymmetric
geometry, the angle between the surface of the sample and the X-ray beam was changed in
the range of 1-5°, to analyze the material layer by layer. The step size during the study was
0.05°, and the accumulation time was 3 s at each point. X-ray diffraction phase analysis of
the films was performed using the 26 positions of individual peaks. Phase analysis was
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carried out using the CSM “Search-Match” software. The PDF-2 database compiled by the
International Committee on Diffraction Data JCPDS (ICDD) was used as a reference file.
The surface morphology of the Co-Cr-Al-Y coatings was recorded using an NTEGRA
Prima atomic force microscope (NT-MDT, Moscow, Russia). The shooting area for all
samples was 100 x 100 pm.
All the procedures are summarized in Table 1.

Table 1. Research plan.

Procedure Method
Coating Magnetron sputteping ©mSi substrate
Testing SEM, TEM, XRB, AEM, microhardness
Heating Treatment at 400, 800:and. 1000 §C
Testing after heating SEM, TEM, XRBP, AEM, mierohardness

3. Results and Discussion

Studies of the structural-phase state and propezties ofjthe Co-Cr-Al-Y coating in the
initial state were carried out. Figure 1 shows the Ibadgtzves’of a four-layer coating and
an optical photograph of the indentations. Thefopti¢al image shows that the indentation
depth was 360 nm, reaching approximately 24%'of the'film thickness.

Figure 1. Loading curves of the four-layer coating.

All studied Co-Cr-Al-Y coatings are characterized by a hardness value in the range of
4.7-6.4 GPa, which is the resulting average hardness of the main components of the coating:
Co, Cr and Al (Table 2). At the same time, the value of H/E* (E* = E/(1 — v), H is the
hardness of the material, E is the Young’s modulus of the material, v is the Poisson’s ratio)
is non-linear with a maximum for the four-layer coating (H/E* = 0.048), which makes it the
most crack-resistant system of all studied in this research.

Table 2. Microhardness of samples.

Sample Microhardness, GPa
Single-layer coating 5.60 + 0.11
Double-layer coating 6.30 £0.10
Four-layer coating 6.40 = 0.10

Eight-layer coating 4.70 £ 0.09
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The results of studying the cross section of coatings by scanning electron microscopy
and the corresponding energy dispersive spectra are shown in Figure 2.
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2. SEM images and energy-dispersive spectra of the cross section of the single-layer coating (a),
ur-layer coating (b) and eight-layer coating (c).

The thickness of all Co-Cr-Al-Y coatings is 1.7 £ 0.2 ym (Table 3). According to
the energy dispersive analysis data, the chromium concentration 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 chromium concentration.
The detection of a large amount of silicon is due to the feature of the method and the
detection of a signal from the substrate; therefore, it may not be taken into account when
measuring the mutual concentrations of the elements of the Co-Cr-Al-Y system. 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. In view of the fact that the same group of
elements is used in the layers, it is impossible to achieve a clear separation of the layers by
scanning microscopy.

Transmission microscopy results confirm the SEM and EDS measurements. TEM
images show clear layer boundaries for each type of multilayer coating (Figures 3-5,
Table 4). The Co-Cr-Al-Y system forms dense coatings without a pronounced columnar
structure characteristic of metal coatings.
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Table 3. Averaged R,, R, of the Co-Cr-Al-Y coating surface.
Sample R,, pm R,, um Coating Thickness,
um
Single-layer coating 20.3 127 03£0.1
Double-layer coating 17.0 121 0.6 £0.2
Four-layer coating 26.9 134 1.1+02
Eight-layer coating 16.7 101 1.7 +02

Col/Cr
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Figure 3. TEM image of the cross section of the coating and its elemental mapping (single-layer coating).
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Figure’'4. (TEM image of the cross section of the coating and its elemental mapping (four-layer
coating).

Table 4. Elemental analysis of composite coatings.

Elements, Mass%
Si Al Cr Co Y

Single-layer coating 549 £0.20 2410+0.04 3098=+0.05 36.86+0.05 2.58+0.12
Four-layer coating 1515+ 0.07 13.12+£0.07 40.06 =0.04 30.29+0.06 1.37+£0.63
Eight-layer coating 789 +£0.14 13.03+0.08 4936=+0.03 28144007 157041

Sample
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Figure 5. TEM image of the cross section of the coating and its elemental mapping (eight-layer
coating).

Elemental mapping by constituent elements showed a relatively uniform distribution
of Al and Y in the coating, the layers of enriched /depleted Co/Cr alternate in accordance
with the parameters of magnetron sputtering.

The content of Co is a maximum of 36.86 £ 0.05% in the single-layer coating and a mini-
mum of 28.14 & 0.07% in the eight-layer coating. The chromium content, on the contrary, in-
creases with the increase in the number of layers: in the single-layer coating—30.98 + 0.05%
and in the eight-layer coating—49.36 & 0.03%. Aluminum is evenly distributed over all
layers of the coating. Its content in the single-layer coating is 24.10 &+ 0.04% and in the
eight-layer coating—13.03 £ 0.08%. Yttrium is located in the form of a small thin layer at
the film /substrate interface. During thinning using ion argon guns, it is etched away until
destruction (EDS detects a weak peak merged with a large silicon peak).
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A distinctive feature of the layers is the absence of a crystalline structure in some
areas of the Co-Cr-Al-Y multilayer coatings, which is apparently due to the amorphous
properties of cobalt and its tendency to form metallic glasses. Obtaining an amorphous
state is primarily associated with nonequilibrium processes occurring during the formation
of thin films. Since the amorphous state is metastable, when heated, it changes to a more
stable crystalline state. In the vast majority of cases, the crystallization of the amorphous
phase in metallic glasses occurs by the mechanism of nucleation and growth. The possibility
of glass formation is determined by such factors as the rate of cooling and the frequency of
nucleation of crystals [25,26].

EDS mapping in a sample of the eight-layer coating showed that the concentration of
Co increases closer to the substrate; apparently, an incompletely ¢ ess of film
growth is observed.

The results of the X-ray diffraction phase analysis of the coatl\

initial state by
the gliding beam method are shown in Figure 6.

Intensity (relative units)
N
o
!

10

T
>

Intensity (relative

: T T
20 30 40 50 60 70 80

Figure 6. X-ray diffraction phase analysis results: (a) single-layer coating; (b) four-layer coating;
(c) eight-layer coating.

The results of X-ray diffraction phase analysis for all Co-Cr-Al-Y coatings in the initial
state show that the main peaks can be distinguished on the X-ray patterns: 26 ~ 30°
and 57°, corresponding to the first and third order peaks of the silicon substrate (111)
(Table 5). The dominant Cr (110) peak at 26 ~ 43° is pronounced for multilayer coatings
and much less intense for single-layer coating. This correlates with the significantly lower
Cr concentration in the single-layer coating measured from the EDS results. Fourth-order
peaks Y (411) and Y (444) are also present.

The absence of Co and Al peaks is probably because they form an X-ray amorphous
layer, which is confirmed by the results of transmission microscopy. 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 coating. No formation of intermetallic compounds
in the deposited Co-Cr-Al-Y system was found.
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Table 5. Results of XRD phase analysis.
Sample Intensity, Rel. Units 20, ° Peak (hkl)
13 30 Si(111)
17 36 Y (411)
Single-layer coating 5 44 Cr (110)
5 63 Y (444)
1 57 Si (311)
19 30 Si(111)
25 38 (411)
Double-layer coating 24 44 110)
10 64 4)
5 56 * Si (311)
13 30 i(191)
17 36 Y (411)
Four-layer coating 13 43 Cr (110)
13 Y (444)
5 Si (311)
12 Si (111)
- . 17 35 Y (411)
Eight-layer coating 17 Cr (110)
7 @ 63 Y (444)
The diffraction pattern of the oating sample in the asymmetric geometry
mode is shown in Figure 7. In of using asymmetric geometry, the angle between

the sample surface and as changed in the range of 1-5°, to analyze the
material layer by layer. ing the study was 0.05°, and the accumulation time
was 3 s at each point. Clear ions in the symmetric geometry (Bragg—Brentano), with

asymmetric imaging geometry also did not allow detecting the peaks of crystalline phases,
with the excepti bstrate silicon, based on which it was also concluded that the
coatings wi hots in their initial state.
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Figure 7. X-ray diffraction pattern of the single-layer Co-Al-Cr-Y coating in asymmetric geometry mode.

For the multilayer Co-Al-Cr-Y sample, some features are observed. On the X-ray
pattern, reflections of polycrystalline phases were noticed, which do not belong to silicon
and clearly belong to other phases (Figure 8). The transition to asymmetric geometry also
confirmed the presence of these peaks. Phase analysis showed the three most suitable
candidates based on the positions of the reflections are Co3O;4 (d = 2.4716 A), AlSip50, 5
(d =3.79 A) and SiO; (d = 4.21 A). The formation of all these phases, apparently, can be
associated with the interaction of the substrate, the film substance and the environment
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during the preparation of the composite. Silicon dioxide, in particular, could form on the
surface of the single-crystal substrate prior to film deposition.
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Figure 8. X-ray diffraction multilayer Co-Al-Cr-Y coating: (a) in normal mode; (b) in

asymmetric geometry at diffe ; (c) in asymmetric geometry at oc = 1°.

The surface morphology of single-layer and multilayer Co-Cr-Al-Y coatings is shown
in Figure 9. AFMyresults of all coatings correlate with SEM measurements. The average
roughness Ragfe ples is in the range of 16-27 um (the initial roughness of the Si
substrate is without a strict dependence on the number of layers, which is probably
duett 0 s structure of the coatings. The peak roughness of coatings, Szmayx, is
incltisions and melting of part of the sprayed material.

e effect of temperature on the structural-phase state and properties of the
C s,/the samples were heated up to 400 °C, 800 °C and 1000 °C.

amples after heat treatment at 400 °C, some changes are noticed using XRD. In the

f the single-layer sample, it was not possible to fix extraneous reflections except for

e reflections of the silicon substrate 111 and 220 (Figure 10a). These reflections are mainly

ue to the defocus of the incident beam on the sample when it is incident at small angles.

However, for the rest of the samples, the appearance of reflections of a number of
phases was noticed, such as: 5iO;, CoO, AlSiy50, 5 and CrAlg 4,Si; 55 (Figure 10b).

Further increase in the treatment temperature to 800°C does not lead to significant
changes. In the case of the multilayer sample, the reflections of various impurity phases
disappeared and the Co304 phase formed (Figure 11). It should be noted that the CoCr,O4
phase, which also has a spinel-type structure, has a similar set of reflections in position and
intensity, and elemental analysis data showed a homogeneous distribution of the elements
in the material.

For samples treated at 1000 °C, the formation of a spinel-type phase (Co304-CoCr;O4)
was observed in all cases. In the sample with eight layers, impurities were also found
similar to those observed at lower temperatures but were not observed for the sample
treated at 800 °C. In this case, this is because the samples had different areas and, therefore,
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
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be preserved. In the case of the four-layer coating, the yttrium oxide phase was found
(Figure 12). Results of XRD phase analysis after heat treatment are summarized in Table 6.

b

ym
Peak-to-peak, Szmax 750.36 nm Peakto-peak, Szmax 20485
Ten point height, Sz 373.149 nm Ten point height, Sz 3
Average Roughness, Sa 168016 nm Average Roughnes, 364141 o
Root Mean Square, Sq 38.0298 nm Root Mean S
Figure 9. Surface morphology of the single-layer (a) an er (b) Co-Cr-Al-Y coating.
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Figure 11. X-ray diffraction patterns of four-layer (a) and eight-layer (b) Co-Al-Cr-Y coatings in
asymmetric geometry after heat treatment at 800 °C.
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Table 6. Phases revealed as a result of X-ray diffraction phase analysis after heat treatment.

Sample Phase
2-, 4-, 8-layer coating (400 °C) SiO,
2-, 4-, 8-layer coating (400 °C) CoO
2-,4-, 8-layer coating (400 °C) AlSip50;5
2-, 4-, 8-layer coating (400 °C) CrAlg 4251 58
4-, 8-layer coating (800 °C) Co304

8-layer coating (800 °C),

. Y,0
4-, 8-layer coating (1000 °C) 23
1-, 2-, 4-, 8-layer coating (400 °C) Co0304—CoCrpOy
¢ b
c-Co,0, = N o
y y-Y.0, w - Si
‘ c c 304 w
. w
i o bkt c y |
ik L’ | CURp e ! |
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The main process occurring during heat treatment of multilayer composites is the
formation of a s -type phase. In this case, despite the symbol Co304, the composition
of the resultingispine be different and may include Cr, Y and Al, based on the possible
charge state @ e cations (Cr®*, AI**, Y3*). Their final formation for all samples occurs
in the era range of 800-1000°C. In this case, the yttrium oxide phase can form

sep om particles with this structure, which is due to the large size of the Y3* cations.

ossible reason for the formation of spinel structures is the strong acidification
o films, which was also demonstrated for the initial amorphous samples by the
TE thod. The fairly uniform nature of the saturation of the layers with oxygen

tes that the samples were acidified at the stage of their deposition onto the substrate.
pparently, the heat treatment of the samples leads not to the reduction of oxides, but to
their crystallization. This means that in the future, to obtain composite metal layers by heat
treatment, it is necessary to use a medium with a more reducing character, for example,
Ar/H; or He/H;, which will facilitate the process of reduction of the original spinels.
Figure 13 shows the surface morphology of four-layer and eight-layer Co-Cr-Al-Y
coating after heat treatment at 800 °C. The average roughness Ra for all samples changed
(14.7-25.3 um), in comparison with the average roughness of the samples before heat
treatment (16.0-36.0 pm). Accordingly, the peak roughness of the coatings Szmax after heat
treatment is also lower. Table 7 summarizes the obtained results.
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Peak-to-peak, Szmax

683.649 nm

Peak-to-peak, Szmax

934.065 nm

Ten point height, Sz 343.945 nm Ten point height, Sz 476612 nm ‘
Average Roughness, Sa 174785 nm Average Roughness, Sa - 27.4756 nm

Root Mean Square, $q 31,6048 nm Root Mean Square. Sq 409797 nm
Figure 13. Surface morphology of four-layer and eight-layer Co- a

at 800 °C.

Table 7. Averaged Ra, Rz of Cr-Al-Co-Y coating surface

Samples Treated Samples Treated
at 400 °C Raypm  Re, pm at 800 °C Re nmg
Slngletlayer 184 1256 Smgle-'layer 181
coating coating
Double.—layer 165 120.0 Double.-layer 16, 0
coating coating
Four-layer coating 25.3 133.1 Four-layer co 133.1
Eight-layer coating 15.6 99.5 Eight-layer coa 99.5

eat treatment.

gs after heat treatment

-
ples Treated

at 1000 OC Ral Pm Rzr Hm
Single-layer 17.1 1256
coating
Double-layer 153 1200
coating
Four-layer coating 24.8 133.1
Eight-layer coating 14.7 99.5

The heat-treate
compared to th e

00mN

@ ingentaton

« A 1 6

0-Cr-Al-Y coatings practically did not change the hardness values
d samples (4.7-6.4 GPa) (Figure 14, Table 8).

/

f——— e ——

a

Figure 14. Loading curve for samples of four-layer (a) and eight-layer (b) coatings after heat treatment

at 800 °C.

Table 8. Microhardness of the samples after heat treatment.

Samples Treated Microhardness, Samples Treated Microhardness, Samples Treated Microhardness,
at 400 °C GPa at 800 °C GPa at 1000 °C GPa
Single-layer 5.80 + 0.11 Single-layer 5.90 + 0.11 Single-layer 5.70 + 0.11
coating coating coating
Double-layer 6.60 & 0.10 Double-layer 6.60 & 0.10 Double-layer 6.40 £+ 0.10
coating coating coating
Four-layer coating 6.70 £ 0.10 Four-layer coating 7.00 £0.10 Four-layer coating 6.60 = 0.10
Eight-layer coating 4.90 £ 0.09 Eight-layer coating 5.20 = 0.09 Eight-layer coating 4.90 £ 0.09
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The microstructure of the samples treated at 400 °C is shown in Figure 15. The
structure of the samples, as well as that of the untreated ones, is columnar and microcracks
are observed. The layers are clearly distinguishable on the TEM, STEM images and EDS
maps (Figure 16).

200 nm

=

Figure 16. EDS analysis of the double-layer coating at 1000°C.

The structure of the samples heated at 1000 °C is shown in Figure 17. The structure is
similar to all previous samples; the presence of layers is clearly distinguishable in all modes
of TEM and SEM. As with the previous samples, the mixing of the film layers is noticeable.

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 previous heated samples,
mixing of the coating layers is observed. According to the mapping results, the silicon
content in the coatings after heat treatment increased significantly—more than 10 times.
For example, for single-layer coating (400 °C) it was 29.52% and for double-layer coating
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(400 °C)—33.10%. It was observed that the cobalt content decreases with increasing heating
temperature. Thus, for one-, two-, four- and eight-layer coatings heated at 400 °C, the
cobalt content is 31.30, 17.10, 7.57 and 3.58%, respectively. For one-, two-, four- and eight-
layer coatings at 800 °C, the cobalt content is 4.00, 19.91, 4.50 and 10.37%, respectively.
Aluminum is distributed evenly over all layers of the coating. The maximum content of Al
was in single-layer coatings subjected to heat treatment at temperatures of 400 and 1000 °C.
The minimum value for the Al content was in the eight-layer coating (400 °C)—1.49%. In
the remaining samples, this value 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 heat treatment. However, it was found that for eight-layer (400 °C),
single-layer (800 °C) and double-layer (1000 °C) coatings, the ch i ontent is 1.38,
3.20 and 4.60%, respectively. After heat treatment, it was possiblOto i following
content of Y: in single-layer (400 °C)—0.72%, in eight-layer (400 ° i gle-layer

Figure 17. Structure of samples heated at 1000 °C: (a) single-layer; (b) double-layer; (c) four-layer;
(d) eight-layer coatings.

At the heating temperature of 400 °C, the oxygen content in single- and eight-layer
coatings was not established, similarly for single- and four-layer coatings at 1000 °C. The
oxygen content in double- and four-layer coatings was 25.80 and 45.82%, respectively.
As noted above, 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.

All layers on each sample are clearly distinguishable, but the distribution of elements
in the composition has a gradient character. In some of the images, the coating is slightly
destroyed, which is a consequence of ion etching, since the substrate is etched faster than
the coating. All samples have a columnar structure; at high magnifications, small cracks
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were seen in the upper layers, which then “go” deeper, which is evidence of the presence
of microstresses in the sample, while etching revealed the presence of microstresses.

4. Conclusions

The structural-phase state and properties of multilayer Co-Cr-Al-Y coatings on a single-
crystal silicon substrate, obtained using a magnetron system with dual magnetrons, have
been studied. The thickness of all obtained Co-Cr-Al-Y coatings ranges from 1.5-1.7 &= 0.2 um.

Coatings in the initial state are characterized by a hardness value in the range of 4.7-6.4 GPa.
At the same time, the value of H/E is non-linear with a maximum for a foug-layer coating
of 0.048, which makes it the most crack-resistant system of all those studied'

SEM studies made it possible to establish that the Co-Cr-Al-Yisystefipforms coatings
with a textured structure. Transmission microscopy results confirmythe SEM, and EDS
measurements. A distinctive feature of the synthesized layers igthetalmost complete
absence of a crystalline structure, which is associated with thie"amorphous properties of
cobalt and its tendency to form metallic glasses.

Thus, it was found that the coating in the initial statéhas a chafacteristic layered struc-
ture. Crystallization of the coating during sputteringgproceeds in the form of crystallized
particles. Zones of columnar crystals are distinguishedgin such particles.

According to the data of X-ray diffraction phasei@nalysis, identical data on amorphism
were revealed. Samples of multilayer coatings in the initial state are predominantly X-ray
amorphous. No clear reflections were @bsefyed\in the symmetric geometry, and the
transition to the asymmetric geometry. didhot allow detection of the peaks of crystalline
phases, with the exception of substrate silicon:

The main process occurringdurihg heattreatment (400, 800 and 1000 °C) of the studied
composites is the formatjon of a spinel~type phase. In this case, despite the symbol Co30y,
the composition of the resulting spinel may be different and may include Cr, Y and Al,
based on the possible chargelstatesof these cations (Cr>*, AI**, Y3*). Their final formation
for all samples occuzs in the temperature 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* cations.

Heatingfafféeted the internal structure of the samples. All layers on each sample are
clearly distinguishable, but the distribution of elements in the composition has a gradient
character, Small¢racks were also noticed in the upper layers, which then “go” deeper,
whighyis evidence of the presence of microstresses in the sample. The average values of the
hardnéssof the heat-treated coatings practically did not change.

Data on the structural-phase state and properties of the multilayer Co-Cr-Al-Y coating
can beused to predict the nature of such coatings after heat treatment.
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