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Abstract—We presented the results of experimental study of the synthesis of zirconium ceramic coatings
partially stabilized with yttrium oxide using the electron-beam method in the forevacuum pressure range
(1–100 Pa). The experiments were carried out with a forevacuum plasma-cathode electron source operating
in the elevated (forevacuum) pressure range. In a high vacuum, at the initial stage of electron-beam heating
and evaporation, the dielectric target can be charged to almost the full accelerating potential. This, in turn,
negatively affects the efficiency of energy transfer from the electron beam to the irradiated target. The cur-
rently developed forevacuum plasma-cathode electron sources operate at a pressure of several to hundreds of
Pascals, which is an order of magnitude higher than the operating pressure of hot-cathode or common plasma
electron sources. The beam plasma generated in this range of pressure eliminates the charging effect of the
dielectric target. Thereby practically all power of the electron beam is transferred to heating, facilitating evap-
oration of any refractory dielectric materials. The synthesized coatings with a thickness of over 100 μm were
studied, and their mechanical and thermal conductive properties were measured.
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INTRODUCTION

Oxide ZrO2–Y2O3 ceramics is one of the most
promising materials for creating heat-protective coat-
ings [1]. Zirconium dioxide coatings are used in gas
turbines, engines, oil and gas equipment, aerospace,
and other fields to protect surfaces against high tem-
perature, corrosion, wear, and other factors [2–5].
The most effective techniques of fabricating such
coatings include electron-beam physical vapor depo-
sition (EB-PVD) [6], atmospheric plasma spray
(APS) [7], and plasma spray physical vapor deposition
(PS-PVD) [8]. The coatings synthesized by electron-
beam deposition (EB-PVD) have a columnar struc-
ture [9, 10], which ensures the removal of the shear
stress on the metal-ceramic interface, and which
favorably distinguishes this technique from APS
method in terms of parameters, operating properties
and service life. However, as known [11, 12], the inter-
action of an accelerated electron beam with the surface
of a dielectric target results in accumulation of the sur-
face potential which significantly reduces the process
performance by diminishing the efficiency of energy
transfer from the beam to the irradiated target. The
forevacuum plasma-cathode electron sources [13, 14]

operate at a pressure of several to hundreds of Pascals,
which is 1–2 orders of magnitude higher than the
operating pressure of hot-cathode [15, 16] or common
plasma electron sources [17]. The beam plasma that
forms in this range of pressure eliminates the charging
effect on the dielectric target. Thereby practically all
electron beam power is transferred to heating, thus
facilitating evaporation of any refractory dielectric
materials [18, 19]. In the present paper, we present the
results of our experimental investigations on the syn-
thesis of ceramic coatings based on zirconium oxide
(ZrO2–Y2O3) using electron-beam evaporation of a
solid target by a forevacuum plasma-cathode electron
source.

EXPERIMENTAL
The coatings were deposited using a forevacuum

hollow-cathode glow discharge plasma-cathode elec-
tron source, which was installed in a 0.04 m3 vacuum
chamber equipped with the necessary diagnostic and
auxiliary equipment (Fig. 1) [20]. The electron beam,
focused to a dimeter of 3 mm, was transported at a
pressure of 2.5 Pa in a helium atmosphere to a ceramic
target, gradually heating and evaporating it. The evap-
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Fig. 1. (a) Experimental setup for coating deposition, (b) samples of obtained coatings on substrates of heat-resistant steel and
(c) stainless steel.
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orated targets were fabricated of zirconium ceramic
powder stabilized with yttrium (5.2%), with about 1%
addition of hafnium. To give the target a cylindrical
shape, the powder was uniaxially pressed, and then
additionally subjected to isostatic pressing at 200 MPa.
Next, these samples were sintered in a Nabertherm
muffle furnace at a temperature of 1450°C for 2 h. The
temperature of evaporated target was remotely moni-
tored by a pyrometer and was 2450°C; the substrate
temperature was 600°C. During the coating deposi-
tion, the plasma mass-to-charge composition was
monitored by a modernized quadrupole mass-spec-
trometer [21]. The substrates, onto which the coatings
were deposited, were made of titanium, stainless steel,
20 mm in diameter and 3 mm thick, and a heat-resis-
tant alloy, 10 × 25 mm and 4 mm thick. There was an
additional option to heat the samples by defocusing
the electron beam to a diameter of over 10 mm. Prior
to performing the coating, a negative potential of
‒1000 V fed from a separate power supply unit was
BULLETIN OF THE RUSSIAN ACADE
applied to the substrate. The ion etching in an argon
atmosphere lasted 5 min.

Thermal diffusivity and thermal conductivity of the
ZrO2–Y2O3 coatings were determined using a Laser
Flash DLF-1 analyzer from Discovery (United
States), the operating principle of which is based on
the laser f lash method. The essence of this method lies
in heating the front surface of a plane-parallel sample
by a short pulse (300–400 μs) of a solid-state Nb:YAG
laser with a radiation wavelength of 1064 nm. The heat
absorbed by the sample propagates through the body
and causes an increase in the temperature on its back-
side. This temperature perturbation (temperature-
time dependence) is registered by a solid-state optical
sensor with an ultra-fast response. Based on the
obtained thermogram, thermal diffusivity, and subse-
quently thermal conductivity, were determined. To
study the coating by the laser f lash method, a copper
disk substrate, 10 mm in diameter and 5 mm thick, was
used. A similar disk of the same material was used as a
comparison sample. To account for heat and radiation
MY OF SCIENCES: PHYSICS  Vol. 88  No. 4  2024
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Fig. 2. Elemental composition and photographs of synthesized coatings.
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Fig. 3. Chipped coating at different magnification.
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losses, the front surfaces of the comparison and coated
samples were treated with graphite. The thickness of
ZrO2–Y2O3 coatings, considering the requirements of
this technique, was 8 μm. The radiation absorption
coefficient of zirconium ceramics differs by an order of
magnitude from that of copper. Accounting for the
laser radiation wavelength, the absorption depth of the
laser radiation exceeded 10 μm. As a result, the coating
layer is transparent for this type of radiation. So, to
satisfy the requirements of the laser f lash method for
measuring thermal diffusivity, the coated side was set
to face the detector.

Adhesion was determined using a Micro-Scratch
Tester MST-S-AX-0000.

RESULTS AND DISCUSSION
Figure 2 shows photographs of the synthesized

coatings with a thickness over 100 μm at different mag-
nifications and their elemental composition. It is seen
that the coatings are rather uniform without visible
defects. The coating roughness was ranging from 0.07
to 0.8 μm.

Figure 3 shows a chip of the obtained coating that
exhibits a characteristic columnar structure with inter-
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
and intra-crystalline porosity, which is known [22] to
reduce thermal conductivity of coating. The formation
of such structures may depend on the coating elemen-
tal composition, its thickness, parameters of deposi-
tion, and in many ways is determined by the tempera-
ture of the substrate onto which the coating is synthe-
sized [23].

Figure 4 shows thermal diffusivity and thermal
conductivity of the test (copper) sample, and the cop-
: PHYSICS  Vol. 88  No. 4  2024
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Fig. 4. Thermal diffusivity and thermal conductivity of the
comparison sample (black plots) and the ZrO2–Y2O3
coated sample (red plots).
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Fig. 5. Adhesion of the synthesized coatings under the test
loads of 1, 8, 16, and 32 N.
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per sample coated with zirconium oxide. The tem-
perature dependences of the copper thermal diffusivity
and thermal conductivity match the classical curves
for this material. The formation of the ZrO2–Y2O3
coating of a relatively small thickness (8 μm) on the
surface of the sample results in a considerable decrease
in both thermal diffusivity and conductivity. This fact,
as demonstrated by the SEM results (Fig. 3), is due to
the presence of numerous intra-crystalline small
pores, which impede heat transfer. The shape of the
curves remains unchanged.

Figure 5 shows microphotographs of the coated
surfaces at different loads on the diamond indenter
when measuring adhesive properties by the scratch-
test method. At a load of 16 N exerted on the coating,
one can observe the beginning of the local peeling of
the film; there appear the first f luctuations of the
coefficient of friction, indicative of irreversible
changes in the surface structure. A further increase in
the indenter load up to 30 N leads to an increase in the
fluctuations of the coefficient of friction and, as a con-
sequence, to onset of irreversible deformation to the
coating itself. In the photograph corresponding to a
load of 30 N, one can see a series of ring-shaped bulges
resulting from the action of lateral compressive stress
produced by the penetrating conical indenter, which is
indicative of the loss of stability and the film peeling
off the substrate.

CONCLUSIONS
Using the electron-beam method in the forevac-

uum pressure range, we synthesized ZrO2–Y2O3 coat-
ings, with a thickness of 120 μm at a deposition rate of
3 μm/min. Scanning electron microscopy and X-ray
BULLETIN OF THE RUSSIAN ACADE
diffractometry showed that the coatings had columnar
structure with a tetragonal phase. Using the laser f lash
technique, it was found that an 8-μm coating allows
the thermal diffusivity and thermal conductivity of a
copper sample to be reduced from 1.12 to 1.03 cm2/s
and from 360 to 320 W/(m K), respectively. The inves-
tigations carried out showed that the synthesis of such
coatings with the help of forevacuum plasma-cathode
electron sources is a promising method for depositing
thick (over 100 μm) protective coatings.
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