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Abstract: The use of magnetron sputtering systems with extended uncooled targets will allow developing industrial
import-substituting technologies for the formation of thermal barrier coatings, based on zirconium oxide doped with rare
earth metal oxides to solve urgent problems of gas turbine construction. This paper presents the results of comparing
the technology for producing thermal barrier coatings by magnetron sputtering, with two types of extended targets made of
Zr—8%Y alloy — a widely used cooled target and an uncooled extended target, of a magnetron sputtering system developed
by the authors. This paper gives a comparison of the results of mass-spectrometric studies of the hysteresis of the oxygen
partial pressure inherent in the technology for producing oxide films; the influence of the target type on the coating growth
rate; studies of the structure of thermal barrier coatings using the scanning electron microscopy method; and the elemental
composition of coatings based on zirconium dioxide partially stabilised with yttrium oxide — YSZ. It has been experimen-
tally found that increasing the temperature of the magnetron sputtering system target, allows decreasing the loop width of
the characteristic hysteresis of the oxygen partial pressure dependence on its flow rate by 2 times. The obtained dependen-
cies allowed determining the range of oxygen flow rates at various magnetron discharge powers, at which the work can be
performed with stable and sustainable process control, without the risk of falling into hysteresis. The conducted metallo-
graphic studies showed a characteristic developed porous dendritic structure of the ceramic layer, which is necessary to
reduce the thermal conductivity coefficient of the thermal barrier coating. It has been revealed that the use of an uncooled
target allows increasing the deposition rate of the thermal barrier coating by more than 10 times compared to the deposi-
tion rate for a cooled target. The obtained results demonstrate the possibility of using the magnetron sputtering technology
of an extended uncooled target to form a ceramic layer of thermal barrier coatings.

Keywords: magnetron sputtering; uncooled target; thermal barrier coatings; hysteresis phenomena; coating de-
position rate.
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INTRODUCTION

The problems of ensuring the reliability of aircraft gas
turbine engines (GTE) and power gas turbine plants
(GTP) are the most complex among the numerous prob-
lems arising in the development of modern gas turbines.
The most important element of a gas turbine is the rotor

blades, the material and design of which largely determine
the service life and permissible temperature of the gas in
front of the turbine.

The temperatures of combustion products in gas turbines
reach 1700 °C, therefore, thermal barrier coatings (TBC) are
used to protect the rotor blades from high-temperature exposure.
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Modern thermal barrier coatings are heat-resistant
composite coatings with a thickness of 100+400 pm con-
sisting of two layers. The first (lower) layer is a metal
heat-resistant binder, usually of the MeCrAlY type,
where Me is the yNi or Co matrix, which protects
the substrate material from oxidation and creates an ad-
hesive pair with the second (upper) layer, — a ceramic
heat-insulating coating consisting of rare earth metal
oxides and having low thermal conductivity [1; 2].
The first TBC layer protects the substrate material from
oxidation (the coefficient of heat expansion of the layer
can reach 16.8:10°K™' from room temperature to
1000 °C) [3; 4]. The second layer is a heat-insulating layer
with low thermal conductivity (about 0.8+1.2 W/(m'K))
and high resistance to thermal cycling [5].

Among the wide range of ceramic materials, the most
interesting one as the upper ceramic coating layer is zirco-
nium dioxide with additives of rare earth metal oxides, in
particular stabilised with yttrium oxide — 8%Y,03 (yttria-
stabilised zirconia, YSZ). This ceramic composition has
low thermal conductivity, high strength, fracture toughness,
wear resistance and heat expansion coefficient comparable
with the metal first layer of TBC [6]. The use of YSZ is
necessary to stabilise pure ZrO,, since its monoclinic struc-
ture transforms into tetragonal and cubic phases, when ex-
posed to high temperature leading to the development of
stresses [7; 8]. It is noted that the monoclinic-tetragonal
transition in ZrO, occurs with a destructive change in vo-
lume, which hinders the manufacture and use of products
made of pure oxide [9].

The most widely used methods for forming TBCs are
electron beam evaporation and plasma deposition in air and
vacuum. Formation of coatings in vacuum allows deposit-
ing films with high adhesion to the substrate, but requires
a large consumption of target material with a low utilisation
factor (0.15-0.25) [8]. In turn, the application of electron
beam evaporation and plasma deposition in air allows form-
ing coatings with a high deposition rate and high resistance
to thermal cycling, but it is often difficult due to the limited
availability of materials, and the impossibility of coating
parts with complex shapes [10; 11].

At the same time, one can argue that, due to the deve-
lopment of magnetron sputtering technologies, this me-
thod can become an alternative to existing ones. This is
caused by the fact that when temperatures rise above
1300 °C, the standard YSZ material approaches certain
limitations due to sintering, and phase transformations at
elevated temperatures. YSZ formed during electron beam
evaporation and plasma deposition in air consists of
a metastable t'-phase. When exposed to elevated tempera-
tures for a long time, it decomposes into phases with high
and low yttrium content. The latter, upon cooling, trans-
forms into a monoclinic phase with a corresponding sig-
nificant increase in volume, which ultimately leads to
the destruction of the coating [12—14].

The main difficulty in implementing standard magne-
tron sputtering, with a cooled target to obtain TBCs, is
the formation of a thin non-conducting film of an oxide
compound on its surface during the occurrence of reactive
processes in the presence of oxygen. Such oxide films have

high electrical resistance, which prevents the flow of sput-
tering ion currents [15].

The work [16] presents the results of the study of
the temperature dependence of the specific resistance of
ZrO,-based ceramics, which showed that in the tempera-
ture range from 500 to 1000 K, the specific resistance
decreases, and the conductivity of the thin oxide film at
a temperature above 1000 K is sufficient for stable com-
bustion of the magnetron discharge. Under the influence
of heating from ion bombardment, the specific resistance
of the YSZ oxide formed on the surface of the uncooled
target decreases, and it can be sputtered.

Fig. 1 shows the dependence of the growth rate of the ZrYO
coating obtained by sputtering a zirconium target on the oxy-
gen consumption. At an oxygen consumption of more than
3.0 units, the growth rate of the coating drops sharply due to
the target surface oxidation. In the oxygen consumption
range of 0-3.0 units, a “metallic mode” is realised, in which
the deposition rate is about 4 um/h, and opaque metallic-
colored coatings conducting electric current are formed. Such
coatings cannot be used as TBC, since when heated in an air
environment they burn and peel off.

At oxygen consumption of more than 4.0 units, the “oxi-
dised mode” is realised and transparent and non-conductive
coatings are formed, which can be used as TBC, however,
the deposition rate of such coatings decreases sharply and is
about 0.3 pm/h (Fig. 1). To apply a ceramic TBC layer
50 pm thick under the conditions of the experiments, it
would take more than 160 h, which is ineffective for indus-
trial application of ceramic TBC layers, using magnetron
sputtering systems with a cooled target.

The solution to the problem of TBC formation by mag-
netron sputtering can be the use of uncooled targets, heated
to a temperature of more than 1000 °C. At these tempera-
tures, oxide films formed on the surface of an uncooled
target have electrical conductivity, and do not hinder the
magnetron discharge combustion. Due to the high tempera-
ture, it is possible as well to evaporate the uncooled target
material, which creates an additional flow of atoms from
the surface, and allows increasing the deposition rate of the
coating [17-19].

The main functional property of the thermal barrier
coating is the thermal conductivity coefficient; for YSZ
coatings, it is the lowest among oxide systems. A further
decrease in the thermal conductivity coefficient is
achieved by growth methods — conditions are created for
the growth of a porous structure in the form of feathers
(dendrites) [20].

The presented analysis showed that a logical stage in
the development of the magnetron sputtering technology,
with a cooled target for producing TBC with a minimum
thermal conductivity coefficient, is the transition to the use
of a magnetron sputtering system with an uncooled target.
This causes the necessity of comparing two types of targets,
based on the results of experimental studies of the hystere-
sis of the oxygen partial pressure, inherent in the technolo-
gy of producing oxide films; the effect of the target type on
the growth rate of the coating; determination of the struc-
ture, and elemental composition of YSZ thermal barrier
coatings obtained using an uncooled target.
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Fig. 1. Dependence of the deposition rate of the ZrYO-based coating on oxygen consumption
at a magnetron discharge power of 5 kW (cooled target).

Source: Kachalin G.V., Mednikov A.F., Medvedev K.S., Bychkov A.1, Zilova O.S. Study of the influence of oxygen consumption
on the deposition rate of Zr-Y-based coatings at magnetron sputtering with a cooled target. Vakuumnaya tekhnika i tekhnologii — 2023:

sbornik trudov 30-y Vserossiyskoy nauchno-tekhnicheskoy konferentsii s mezhdunarodnym uchastiem. Sankt-Petersburg, Sankt-
Peterburgskiy gosudarstvennyy elektrotekhnicheskiy universitet “LETI” im. V.1. Ulyanova (Lenina) Publ., 2023, pp. 108—113. EDN: GTVAVJ

Puc. 1. 3asucumocmsv ckopocmu ocadxcoenuss nokpuimus Ha ocHoge ZrYO om pacxoda Kuciopooa
npu MOWHOCMU MASHEMPOHHO20 pa3paoa 5 KBm (oxnasxcoaemas mMuuieHy).
Hcmounuk: Kavanun I'B., Meonukos A.®., Meodsedes K.C., bviuxos A.U., 3unosa O.C. Hzyuenue énuanus pacxooa Kuciopooa
HA CKOPOCHb 0CANCOEHUsL NOKPbIMUSL HA 0CHOBe Zr—Y npu MazHempOoHHOM PACbLIEHUL C OXIAACOAeMO MUueHsio // BakyymHas mexnuka

u mexuonozuu — 2023: cooprux mpyooe 30-ii Bcepoccutickoil HAyuHO-mexXHU4ecKoll KoH@epenyuu ¢ mexcoyHapoonvim yuacmuem. CII6.:

Canxm-Ilemepbypeckuii 2ocyoapcmeennulil snekmpomexnudeckuil yHusepcumem «JIDTH» um. B.U. Yavanosa (Jlenuna), 2023.

C. 108-113. EDN: GTVAVJ

The aim of this study is to develop a technology for
the formation of thermal barrier coatings, based on zirconi-
um dioxide partially stabilised with yttrium oxide, using
magnetron sputtering of an extended uncooled target.

METHODS

The coatings were formed using a vacuum unit deve-
loped at the National Research University “Moscow Power
Engineering Institute”. Fig. 2 shows the schematic diagram
of the process unit working volume.

A special feature of the unit is the presence of a rotation
system that provides the possibility of both planetary rota-
tion of the processed products and samples and rotation of
all or separately selected items of the planetary mechanism
in a given position, in particular, directly in front of
the magnetron sputter target.

The coatings were formed using a planar magnetron
(developed by the National Research University “Moscow
Power Engineering Institute”, Russia) with an extended
target measuring 710x80x8 mm, made of 92%Zr-8%Y
alloy. During the process, stainless steel samples were fixed
on equipment that rotated directly in front of the magne-
tron. The distance from the target to the rotation axis was
150 mm. Argon and oxygen of special purity supplied to
the vacuum chamber using RRG-10 gas flow regulators
were used as the process gases.

The technological process of coating formation, includ-
ed pumping out the vacuum chamber to a pressure of
5-107% Pa combined with heating the chamber and equip-
ment, and supplying plasma-forming argon gas to perform

ion cleaning of samples in a glow discharge in the area of
magnetrons with cooled targets. Then the samples were
moved to a preheated uncooled target (Fig. 3), and the coat-
ing was formed with continuous rotation of the samples in
front of the target.

The magnetron discharge power varied in the range from
2.2 to 9 kW. For experiments with a cooled target, coatings
were formed immediately after the ion cleaning stage.

The uncooled target temperature was measured by
a chromel-alumel thermocouple placed in a channel, drilled
in the side end of the target so that the thermocouple junc-
tion was located near the magnetron discharge track.

Studies of the surface microstructure and morpholo-
gy, thickness and composition of the resulting coatings,
elemental analysis were carried out using the control
and measuring equipment, included in the experimental
complex of the Unique Scientific Facilities (USF)
“Erosion-M Hydraulic Impact Test Facility” of the Na-
tional Research University “Moscow Power Engineer-
ing Institute”.

The microstructure and morphology of the coating sur-
face were studied using a TESCAN MIRA 3 LMU high-
resolution scanning electron microscope (Tescan, Czech
Republic) with a Schottky-electron emitter. Elemental ana-
lysis of the coatings was performed by energy-dispersive
X-ray spectrometry, using an Oxford X Max 50 EDS
spectrometer (Oxford Instruments, UK), mounted on
a TESCAN MIRA 3 LMU microscope. The microstructure
and composition of the coatings by depth were studied on
transverse metallographic sections made using a Buehler
GmbH sample preparation complex (Buehler, USA).
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Fig. 2. Scheme of the technological installation for applying thermal barrier coating
with a magnetron with an extended uncooled target:
1 — vacuum chamber, 2 — high vacuum pumping pipe; 3 — planetary carousel;
4 — sample; 5 — magnetron source; 6 — uncooled target;
7 — argon supply,; 8 — oxygen supply;
9 — magnetron for ion purification of samples
Puc. 2. Cxema mexnonozuueckoll ycCmaHo8Ki HaHeceHus
mepmobapbepHo20 NOKPLIMUSL MACHEMPOHOM
€ NPOMSAHCEHHOU HEOXANHCOAEMOU MUULEHBIO !
1 — eaxyymnas kamepa, 2 — nampyoox 8blCOKOBAKYYMHOU OMKAUKU;
3 — nnanemapnas kapycenwv, 4 — oopaszey; 5 — MacHemMpPOHHBI UCTIOYHUK,
6 — Heoxnadcoaemas Muuiensb, 7 — nooaya apeond; 8 — nooaua Kuciopood,
9 — MazHempoH UOHHOU OYUCTKU 0OPA3YO6

b

Fig. 3. The appearance of the uncooled Zr-Y target:
a — before the discharge is turned off; b — after the discharge is turned off’
Puc. 3. Buewmnuii 6uo neoxaaxcoaemou muuienu Zr—Y:
a — 00 svIKIOUeHUs: paspaoa; b — nocie evikIOUeHUs paspsaoa

The coating thickness was determined both on trans-
verse sections during surface microstructure examination
on a TESCAN MIRA 3 LMU microscope, and by ball
grinding using a Calotest Compact device (Anton Paar,
Austria). The deposition rate was calculated based on

the results of determining the thickness and time of coating
formation.

The composition of the atmosphere in the vacuum
chamber was studied using a Pfeiffer Vacuum Prisma-
Plus quadrupole mass spectrometer (Pfeiffer Vacuum,
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Germany), equipped with differential pumping. The in-
fluence of the oxygen flow rate and magnetron dis-
charge power on the partial pressure of argon and oxy-
gen was studied, using the mass-spectrometric method
of analysing the composition of the gas atmosphere in
the vacuum chamber cap.

RESULTS

Fig. 4 shows a typical dependence of the partial
pressure of oxygen on its flow rate for the formation of
an YSZ coating by magnetron sputtering with cooled
and uncooled targets.

It is evident that the dependences of the partial pressure
of oxygen in the chamber on its flow rate are nonlinear with
a pronounced hysteresis. At the same oxygen consumption,
two values of partial pressure are observed depending on
the direction of change in the oxygen consumption, and for
a cooled target, the change in the partial pressure of oxygen
is greater than for an uncooled target.

In the case of a cooled target, with an oxygen consumption
above 2.5 units, a sharp increase in the partial pressure of oxy-
gen was observed, which tended to saturate at a flow rate of
more than 4.5 units (Fig. 4). This indicates a corresponding
sharp decrease in the sputtering rate of the cooled target, due to
the formation of an oxide film and a decrease in the number of
sputtered zirconium and yttrium atoms that bind oxygen. With
decreasing oxygen consumption, its partial pressure decreases,
and with an oxygen consumption of 0.5 units, the target is
completely cleared of the formed oxide film.

The derivatives of the direct and inverse dependencies
of the partial pressure of oxygen on its consumption differ
several times. Their type depends on the holding time at

40

each value of oxygen consumption, as well as the stage of
formation or etching of the oxide film on the target surface.
It is noted that the controllability of the formation process
on the inverse dependence is much more stable. The partial
pressure of oxygen increases from 0 to 32 %, with an in-
crease in oxygen consumption from 2.0 to 4.5 units, but
decreases to 0 % with a decrease in oxygen consumption
from 4.5 to 0.5 units.

In turn, for an uncooled target, the obtained dependen-
cies are shifted to the region of higher oxygen consumption
values (Fig. 4). The partial pressure begins to increase at
an oxygen consumption of 3.5 units, which indicates a sig-
nificantly higher sputtering rate of the uncooled target.
Thus, at an oxygen consumption of 4.0 units on a cooled
target, the partial pressure of oxygen in the chamber was
30 %, while on an uncooled target its value is close to zero,
i.e. all the incoming oxygen is absorbed by the growing
YSZ layer. The obtained dependencies for an uncooled
target change monotonically, and the revealed maximum
value of the partial pressure of oxygen is 1.5 times less than
for a cooled target.

A feature of the reverse branch of the dependence for
an uncooled target is the presence of a section with an oxy-
gen consumption of 4.5-5.5 units, with an almost un-
changed partial pressure and a derivative value close to zero
(Fig. 4). From the point of view of the TBC formation tech-
nology, the presence of such a section indicates that work in
this area can be performed with stable process control,
without the risk of falling into hysteresis. Achieving pro-
cess stability is possible with a smooth increase in oxygen
consumption values from 0.0 to more than 7.0 units and
a subsequent decrease to 4.5-5.5 units.
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Fig. 4. Dependence of the partial pressure of oxygen for cooled (1) and uncooled (2) targets on the oxygen consumption
at a magnetron discharge power of 3 kW (the arrows show the direction of change in oxygen consumption)
Puc. 4. 3asucumocms napyuanbHo2o 0agieHus KUciopooa 0as oxaaxcoaemo (1)
u Heoxaadxcoaemoll (2) muuieneti om pacxooa KUciopooda npu MOWHOCMU MazHempoHHo20 paspsaoa 3 kBm
(cmpenkamu nokazamo Hanpagienue usMeHeHus pacxood KUciopooa)
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Fig. 5 shows the measured dependence of the tempera-
ture of the uncooled and cooled targets on the magnetron
discharge power. The cooled target temperature is deter-
mined by the thermal conductivity of the structure of target
attachment to the magnetron magnetic system, so a linear
dependence of the target temperature on the magnetron
discharge power is obtained. The uncooled target tempera-
ture is determined by radiation from its surface, so a power
dependence with a tendency to saturation is obtained.

From the comparison of the dependences of the partial
pressure of argon and oxygen on the oxygen consumption
for magnetron discharge powers of 3, 6 and 9 kW on an
uncooled target, it is evident that an increase in the dis-
charge power to 9 kW leads to a qualitative change in
the type of hysteresis — the curve width decreases by more
than 2 times (Fig. 6).

It was revealed that at a magnetron discharge power of
more than 6 kW (the uncooled target temperature is more

1500
§ 1300 t =-6.5134P + 15362P + 4037 1
g 1100
g 900
983 700 °
‘ag’ 500 t = 59935P + 3B96 2
S 300
100 : : : I = ' ' ' ' '

8 9 10 11

Magnetron discharge power P, kW

Fig. 5. Dependence of temperatures of uncooled (1) and cooled (2) zirconium targets
on the magnetron discharge power

Puc. 5. 3asucumocmv memnepamyp neoxnaxcoaemoii (1) u oxnaxcoaemoti (2) yupkonuesvix muneretl
onm MOWHOCMU MACHEMPOHHO20 paspﬂaa
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Fig. 6. Dependence of the partial pressure of oxygen on oxygen consumption
for various magnetron discharge capacities
Puc. 6. 3asucumocmsv napyuanbHo2o 0asienus KUCI0pood om pacxood KUciopooa
071 PA3TUYHBIX MOWHOCHEN MACHEMPOHHO20 PA3PA0aA HA HEOXIANCOAeMOt MUULEHU
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