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The processes of vacuum arc deposition of multicomponent coatings based on Cr, Ti, Al, Fe, Y, Si, and their
nitrides with a thickness of 5...9 pum for the protection of zirconium alloy fuel rods were developed. The
composition, structure, and mechanical properties of the coatings were determined by electron microscopy, energy
dispersive X-ray spectroscopy, X-ray diffraction analysis, and nanoindentation. Comparative studies of the
protective properties of coatings during high-temperature oxidation of Zr1Nb tubes were carried out. It was found
that metal coatings with a high chromium content have excellent protective properties during tests under simulated
accident conditions. They are simultaneously resistant to high-temperature corrosion in air at 750...1100 °C and in
water steam during thermal cycling up to 1020 °C. Hard nitride coatings, which significantly strengthen the surface
of the zirconium alloy and provide good protection against oxidation in air, are less effective in water steam under
thermal cycling. The coatings and processes of synthesis developed at NSC KIPT can be useful for improving fuel
cladding made of zirconium alloys of the world's leading nuclear fuel producer Westinghouse Electric Company.

INTRODUCTION

Zirconium alloys are used as a base material of fuel
claddings in the PWR and BWR-type nuclear reactors
all over the world. The Zr-based alloys are widely
applied due to their low thermal-neutron capture cross-
section, good mechanical properties and high waterside
corrosion resistance at normal operating temperature up
to 350 °C. However, after severe nuclear accident at
Fukushima NPP in Japan in 2011, the issue of fuel
stability and reactor safety has attracted much attention
in the world. As a result, the concept of accident tolerant
fuel (ATF) has been developed with improved
performance in normal operation and in accidents [1].
The aim of implementation of accident tolerant
materials is to make the fuel and the cladding more
robust and tolerant to sudden rise in the temperature to
levels above 1000 °C. That is, the application of ATF
materials will significantly reduce the risk of plant
operation. The implementation of resilient materials will
allow longer plant operation and extend the periods
between refueling that will also decrease the cost of
plant operation [2].

After near a decade of research, three main
categories of accident tolerant materials for the cladding
emerged (Coated zirconium alloys, Monolithic FeCrAl
alloys, Silicon carbide composites) [3]. In particular,
tests in various laboratory conditions show that the
application of Cr coatings by Physical Vapor Deposition
(PVD) on zirconium alloys traditionally used for fuel
cladding proves to be a very effective and economical
way to increase resistance, which has good potential for
industrial application [4].

The world's leading nuclear fuel manufacturers, such
as Westinghouse, Framatom and General Electric are
intensively testing new fuel claddings in research and
commercial reactors [5]. Westinghouse and Framatom
[6] made the choice in favor of the Cr-coated zirconium

alloys and SiC composites, and General Electric in
benefit of Cr-coated zirconium alloy and FeCrAl alloy
cladding.

The Westinghouse Electric Sweden AB in an
autoclave simulating both PWR and BWR water
chemistries tested the corrosion protection properties of
cathodic arc CrN and TiN coatings [7]. Schematic
corrosion mechanisms for each material and
environment are proposed. The Westinghouse focus was
on Cr-coatings deposited with cold spray, which
performed well in autoclave and under steam tested
environments [8-10]. A passivating layer of chromia
formed during autoclave exposure, and a protective
scale of chromia prevented any oxidation of the Zr
substrate for up to 40 min in 1200 °C steam. The
formation of a Cr,Zr phase at the Cr/Zr interface was
observed both under autoclave [8, 9] and under
simulated accident conditions [10].

The use of nanocrystalline multi-component
coatings based on transition metal nitrides, which are
intensively developed and implemented to strengthen
the surface of cutting tools and machine parts in various
industries is of considerable interest for the protection of
the zirconium alloys fuel claddings [11-13]. In
particular, vacuum arc coatings based on TiN with the
addition of Al, Cr, Si, Y not only have increased
hardness, but also demonstrate high temperature and
corrosion resistance [14-16]. In addition, the hard
surface layer can protect the fuel element from scratches
and damage during reloading, when it rubs against
spacer grids and in other cases during normal reactor
operation.

Comparison of the protective properties of Zircaloy
samples with coatings of different compositions, such as
Cr, CrN, CrAlIN, TiAIN, TiN/TIAIN, Ti,AIC, TisSiC,,
and CrAlIC, showed that Cr and CrN are the most
promising [17]. In an attempt to develop a nuclear fuel

94 ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. Ne2(144)


mailto:kuprin@kipt.kharkov.ua

cladding that is more tolerant to loss-of-coolant-
accidents (LOCA),ceramic coatings (based on Ti;_,Al,N
or TiN) were deposited onto a ZIRLO™ substrate by
cathodic arc deposition [18-20].

Promising results are demonstrated by the
technology of applying various types of single- and
multi-layer vacuum-arc coatings based on metals,
alloys, and metal nitrides to fuel claddings made of
ZriNb alloy, developed at NSC KIPT [21-26]. The
deposition of coatings is realized from the direct flow of
metal plasma of the vacuum arc without its filtration,
which is due to the need to simplify and reduce the cost
of the process of depositing coatings on full-size tubes
on an industrial scale.

Thus, the implementation of projects on the creation
of ATF materials is a relevant, effective and important
way of solving the problem of further development and
increasing the safety of nuclear energy [27].

The aim of this work is to experimentally investigate
the effectiveness of protection of fuel rod claddings
made of Zr1Nb zirconium alloy by deposition vacuum
arc coatings of various compositions based on Cr, Ti,
Al, Fe, Y, Si, and their nitrides under model conditions
of an accident in air and water steam.

1. MATERIAL AND METHODS

Cylindrical fragments of fuel cladding tubes with a
diameter of 9.1 mm and a length of 10 mm made of
ZrINb zirconium alloy and flat disks from the same
alloy with a diameter of 10 mm for X-ray diffraction
studies were used as samples.

The coatings based on multicomponent metallic
(TIiAICrY, FeCrNi) and nitride (TiAIN, TIAIYN,
TIiAISIN, TIiAICrYN) systems with a thickness of
5...9 um were deposited from unfiltered metal plasma
at the Bulat-6 facility [28]. Two metal plasma sources
were located coaxially at the ends of the cylindrical
vacuum chamber, opposite each other at a distance of
300 mm from the substrate holder. A specially designed
substrate holder with planetary rotation was used to
ensure uniform coatings on all sides of the samples.
Cathodes from chromium (99.9%), stainless steel
Cr18Nil0T (SS), titanium alloys: TispAlsg, TigAlseYq,
TigoAlz,Sig, TiszAl5CroY, with a diameter of 60 mm
were used to obtain the coatings.

The initial vacuum in the chamber was 1-10°Pa.
Prior to deposition, the samples were bombarded with
argon (Ar") and chromium ions at an argon pressure of
~1Pa and a negative bias voltage of 1200V on the
samples. A pulsed sputtering mode was used to keep the
sample  temperature  below  500°C.  Nitrogen
(P=15...2Pa) was used as a reactive gas for obtaining
nitride coatings, and metal coatings were deposited in a
vacuum of at least  2-10° Pa. The arc discharge current
for chromium and stainless steel cathodes was 90 A, and
for titanium alloy cathodes 75 A. The bias potential on
the samples during the deposition of metal coatings was
-50 V, and nitride coatings -150 V. The metal coatings
had a thin Cr sublayer, and the nitride coatings had a
double Cr/CrN sublayer.

Investigations of the samples microstructure before
and after oxidation were performed using scanning

electron microscope JEOL JSM-7001F. Chemical
composition of the coatings was determined by energy
dispersive X-ray spectroscopy — EDS.

The phase composition of the samples was studied by
X-ray diffraction analysis using a DRON-3
diffractometer. Cu-Ko radiation is used in all
investigations. XRD measurements are conducted in
Bragg-Brentano (6-20) configuration in the range of
angles from 20 to 90 degrees. The average crystallite size
(coherent scattering zone) in the coatings was determined
by the broadening of the diffraction lines using the
Scherrer formula.

Hardness and Young's modulus of the coatings were
studied by nanoindentation using a Nanoindenter G200
device with a continuous stiffness measurement (CSM)
attachment [29].

The samples were tested for resistance to high-
temperature air oxidation by annealing them in an
ohmic heated furnace for 7200 s at 750 °C and for 3600
s at 1020 and 1100 °C. The tubes were placed in special
alundum cuvettes, weighed with them, and then inserted
into the furnace after reaching the required temperature.
The heating rate of the samples was ~ 20 °C/s, and the
cooling rate was -5 °C/s. Thermal cycling testing of
samples in water steam was carried out at the
“thermoshock™ installation at temperatures from 20 to
1020 °C. Thermal cycling mode: heating from 20 °C to
a temperature of 1020 °C for 100 s, holding for 20 min,
cooling to 20 °C for 100 s. The number of cycles at each
test temperature was 3. After the tests, the samples were
weighed with and without alundum cuvettes to account
for the mass of the deposited oxide film and
photographed, and the studies were carried out on the
grinds of the cross-sections of the tubes cut from the
middle part of the samples before and after oxidation.
The outer side of the tube was coated and the inner side
was uncoated.

2. RESULTS AND DISCUSSION

The sequence of layers in the synthesized coatings,
their  thickness, surface elemental composition
determined by EDS, and electron microscopic images of
cross-sections are shown in Table 1. The electron
microscopic images show that all coatings have a dense
homogeneous structure of layers. The exception is the
coating with a top layer of TIAISIN, in which
longitudinal cracks are observed. The formation of
cracks is due to high internal stresses and mechanical
impact during the grinding of the sample. A feature of
the arc discharge is the presence in the plasma flow of
drops of cathode material — macroparticles that, falling
into the coating, can deteriorate its properties. It can be
seen that the number, size, and distribution of droplets
in the coatings vary depending on their composition,
which is primarily related to the peculiarity of burning
the cathode spots on a complex alloyed cathode in a
vacuum and reaction gas (N,)

In the coating with the top nitride layer of TiAIN, a
small number of embedded droplets is visible. Addition
of Y and Cr to the composition of TiAIN helps to
reduce the number of droplets. However, in the case of
the TIAICrY metal layer, a large number of flattened
and bound droplets are observed. The best quality in
terms of the absence of cracks and inclusions are the
metal layers of Cr and SS, as well as the sublayer of
CrN.
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Table 1

Composition, thickness, mechanical properties and electron microscopic images samples with coatings

Coating

Thickness of
the layers, um

Composition of
the top layer,
at.%

Hardness
H, GPa

Young's
modulus
E, GPa

SEM images of the coatings
structure

ZriNb
without coating

2,3

110

Cr/CrN/TiAIN

0.1/0.3/6

Ti—28
Al-24
N —48

32

341

Cr/CrN/TiAIYN

0.1/0.3/4.7

Ti-24
Al -24.5
Y-05
N -51

33

352

Cr/CrN/TIiAICrYN

0.1/1/6.4

Ti—-22
Al -24
Cr-3
Y -0.6
N —-50.4

35

360

o

Cr/CrN/TiAISIN

0.3/1/4.7

Ti—255
Al -22

Si—25
N -50

45

425

Cr/SS

0,1/9

Fe — 64
Cr-33.3
Ni—1.9
Mn-0.4
Ti-0.2
Si—-0.2

180

Cr/TiAlICrY

0.5/8

Ti—38.5
Cr-32
Al-19
Y -05

200

Cr

Cr-99

300

96
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The analysis of the elemental composition of
coatings shows that the ratio of components is slightly
different compared to the composition of cathodes,
especially for metal coatings, which may be due to
selective sputtering of the growing surface during
synthesis. For nitride coatings, a sufficiently good
correspondence of the Ti/Al ratio with the cathode was
obtained, and the Si content significantly decreases,
which is typical for vacuum-arc coatings of such
systems [14-16, 30, 31]. Nitrogen content in nitride
coatings is up to 50 at.%.

Deposition of coatings should not reduce the
physical and mechanical characteristics of fuel rods.
Table 1 shows the results of measurements of the
mechanical properties of the coatings by the
nanoindentation method. As can be seen from the table,
all coatings have higher hardness and Young's modulus
compared to the Zr1Nb alloy, which is characterized by
a hardness of 2.3 GPa. The hardness of metal coatings is
3...5 GPa, and the hardness of nitride coatings reaches
32...45 GPa.

Table 2

External image of the fuel claddings tubes fragments before and after high-temperature oxidation in air and steam

Air Steam

Coating Initial 750 °C,

1020 °C, 1100 °C, 1020 °C
60 min 60 min (3x20 min)

120 min

ZrlNb
without
coating

Cr/CrN/
TiAIN

Cr/CrN/
TiAIYN

Cr/CrN/
TiAISIN

Cr/CrN/
TIiAICrYN

Cr/TiAlICrY

Cr/SS

Cr

0

ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. Ne2(144) 9

sssw am:

\‘



The external image of the samples from the sections
of the fuel rods before and after the tests for high-
temperature oxidation in air and water steam is shown
in Table 2. At oxidation temperature of 750 °C (2 h) in
air, all samples changed their color. No cracks or
delamination in the samples were observed. After
oxidation at a temperature of 1020 °C for an hour,
cracks and traces of white oxide are visible in the gray
oxide film on the uncoated Zr1Nb sample, while no
shedding or cracks are observed on the coated samples.
During the same oxidation time at 1100 °C, a white
oxide with macro-cracks forms on the uncoated sample.
White color and cracks appeared on the samples with
Cr/CrN/TiAIN and Cr/CrN/TIAISIN nitride coatings.
On the samples with  Cr/CrN/TIAIYN and
Cr/CrN/TIAICrYN nitride coatings, the color is dark
and cracks are rare. On the samples with metal coatings
Cr/SS, Cr/TIAICrY and Cr, the surface color is dark and
no cracks are visible.

In Fig. 1 shows weight gain histograms of the
samples after testing for high-temperature oxidation. All
coated samples oxidize in air significantly less than
uncoated Zr1INb samples at all test temperatures, and
this advantage increases with increasing temperature.
Metal coatings demonstrate the best resistance to high-
temperature corrosion. Thus, the increase in weight of
samples with Cr coating at 1100 °C is 6.3 times less
than that of uncoated samples.
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Fig. 1. Weight gain of samples after oxidation:
in air at 750 (2 h), 1020 (1 h), 1100 °C (1 h) (a);
after thermocycling (3 times for 20 min)
in a steam at 1020 °C (b)

(only the top layer of the coating is indicated)

This is despite the fact that the tube samples are
coated only on the outside. Among the nitride coatings
with the top layer of TiAIYN and TiAICrYN have an
advantage.

An even clearer picture of the effects of high-
temperature corrosion is provided by SEM images of
the samples cross-sections after testing, as shown in
Table 3. After the tests, the coatings maintain good
adhesion to the substrate. They do not delamination and
have a homogeneous thickness. A dense oxide layer
forms on an uncoated Zr1Nb sample at an oxidation
temperature of 750 °C. With increasing temperature and
thermal cycling cracks and pores appear in this layer.
Sample begins to crumble, but despite this, has a mass
increase (see Fig. 1) much greater than that of the
coated samples, which indicates intensive oxidation. All
coatings prevent destruction of the sample surface.

Table 4 shows the thickness of the oxidized layer
into the samples after the tests, determined in their cross
sections by the EDS method. During oxidation in air,
the depth of oxygen penetration on all coated samples is
significantly smaller than on the uncoated sample at all
test temperatures of 750...1100 °C. Both metal and
nitride coatings have better resistance to high-
temperature oxidation in air than the Zr1Nb alloy. At an
annealing temperature of 1100 °C, the uncoated sample
is oxidized to a depth of 130 pm within an hour. In the
Cr/CrN/TiAIN coated sample, oxygen penetrates only
12 um, but still reaches the zirconium substrate.
Addition of Y, Si, and Cr to TiAIN reduces the depth of
the oxidized layer by 4 times, which is significantly less
than the thickness of the coatings. However, a feature of
nitride coatings is the possibility of cracks forming at
the interface between the coating and the base, which
leads to local oxidation to a depth of ~ 10 um of
samples with Cr/CrN/TIAIYN and Cr/CrN/TIiAISIN
coatings. The Cr/CrN/TIiAICrYN coating has minor
cracks but no focal oxidation. The formation of cracks
can be caused by high compressive stresses and
brittleness of hard coatings.

The thickness of oxygen penetration into metal
coatings is 3...5 um. For the Cr/SS coating, mutual
diffusion of coating and substrate elements is observed
in a layer with a thickness of ~3 um. To prevent
diffusion, it is advisable to increase the thickness of the
Cr sublayer. The best coating in this test is Cr, which
has no cracks and the thickness of the oxidized layer
does not exceed 3 um.

The structure of the zirconium alloy and coated
samples before and after the tests was studied by X-ray
structural analysis. First, it should be noted that the flat
samples for X-ray studies were subjected only to high-
temperature oxidation in air at 1100 °C, 60 min. X-ray
diffraction patterns of the samples in the initial state and
after oxidation are shown in Figs. 2—-7.

The diffractogram of the Zr1Nb sample in the initial
state (see Fig. 2,a) shows diffraction lines of a single
phase, o-Zr, with a hexagonal close-packed (hcp)
structure. During high temperature annealing in air, the
surface of this sample is actively oxidized to form ZrO,
oxide, which has a monoclinic crystal lattice (see
Fig. 2,b). The diffractogram of the annealing ZrlNb
sample shows no lines of Zr or intermediate oxides with
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a lower oxygen content, indicating that the surface is
completely oxidized to ZrO, to a depth of at least
10 pum.

Diffractograms of samples with nitride coatings are
shown in Figs. 3-6. The diffractograms contain narrow
lines of the o-Zr substrate (marked with the letter S) and

composition, the only crystalline phase in the surface
layer of the coatings is a solid solution based on cubic
nitride with a crystal lattice of the NaCl type (structural
type B1), which is characteristic of TiN. On the
diffractograms, dashed lines show the positions of the
diffraction lines of TiN with a crystal lattice period of

the CrN sublayer. Regardless of the elemental 0.424 nm.
Table 3
Cross-section SEM images of the samples with coatings after high-temperature oxidation
Air Steam
Coating o . o . o . 1020 °C
750 °C (120 min) | 1020 °C (60 min) | 1100 °C (60 min) (3x20 min)
e
ZriNb :
without
coating
Cr/CrN/
TiAIN
—
Cr/CrN/
TIAIYN
Cr/CrN/
TiAISIN mickos v
Cr/CrN/
TIAICrYN .
Cr/TiAICrY
-
Cr/SS
) -
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Table 4

Thickness of the oxidized layer on samples with coatings (EDX analysis) after high-temperature oxidation

Thickness of the oxidized layer, pm
Coating Air Steam
750 °C (120 min) | 1020 °C (60 min) | 1100 °C (60 min) | 1020 °C (3x20 min)
Zr1Nb without coating 6 36 128 45
Cr/CrN/TiAIN <1 ~2 12 >100
Cr/CrN/TIiAIYN <1 ~1 ~3 >30
Cr/CrN/TiAISIN <1 ~1 ~3 ~100
Cr/CrN/TIAICrYN <1 ~1 ~3 ~40
Cr/TIAICrY ~1 ~3 ~4 ~9
Cr/SS ~2 ~3 ~5 ~9
Cr <1 ~2 ~3 ~3
Regardless of the elemental composition, the only  the spinodal decomposition of the metastable

crystalline phase in the surface layer of the coatings is a
solid solution based on cubic nitride with a crystal
lattice of the NaCl type (structural type B1), which is
characteristic of TiN. On the diffractograms, dashed
lines show the positions of the diffraction lines of TiN
with a crystal lattice period of 0.424 nm. On the
diffractograms of Cr/CrN/TiAIN, Cr/CrN/TiAIYN, and
Cr/CrN/TIAICrYN coatings in their original state (see
Figs. 3,a; 4,3, and 5,a), the reflections of the solid
solution are quite narrow and intense. The size of the
crystallites is 20...25 nm. A significant increase in the
intensity of the (111) line compared to other reflections
of this phase is due to the formation of a strong axial-
type texture in the coatings with the [111] axis in the
direction normal to the surface. The period of the crystal
lattice is 0.419 nm, which is slightly higher than the
value calculated according to Vegard's law, and is due
to the presence of compressive residual stresses in the
coatings. Such a nanocrystalline structure is
characteristic of multi-component coatings based on
TiN with additives of Al, Crand Y [14-16, 30-33]. The
texture in the coatings is determined by the energy of
the ions forming the coating and the homologous
temperature [34].

a-Zr (110)

500

a-Zr (101)

71 (102)

400

300

a-7r (103)

14 a—zr 200)

200

a-Zr (100)
w-Zr (002)
w-7r(112)
a-Zr (201)
a-Zr (203)
w21 (210)

100

o-71 (004)
o-Zr (104)

500 2 30 40 50 60 70 80 90

400 +

Intensity (arb.unit)

300 4

200

1004

26 (degree)
Fig. 2. Diffractograms of uncoated zirconium alloy
Zr1Nb in the initial state (a) and after oxidation (b)

After annealing the samples with nitride coatings
(see Figs. 3,b; 4,b, and 5,b), the lines on the
diffractograms weaken, but no new phases are detected.
It should be noted that the intense lines of the nitride
bifurcate after annealing, which is most likely caused by

100

supersaturated solid substitution solution, which is
characteristic of similar systems [12]. On the
diffractogram of the sample with Cr/CrN/TiAISIiN
coating (see Fig. 6,a), the nitride lines are much weaker
and wider than those of other nitride coatings. The
strongest line is (220). The size of the crystallites is only
9 nm. The structure of the coating can be characterized
as amorphous-crystalline with the predominant
orientation of the nitride crystallites in planes (hh0)
parallel to the surface. In this case, the nitride lines are
already bifurcated in the initial state. It is known that
under certain conditions, the addition of silicon
stimulates the disintegration of the solid solution
already in the process of coating deposition [14]. Like
other diffractograms of coatings, the existing lines
weaken after annealing (see Fig. 6,b).

On the diffractograms of the samples with Cr/SS and
Cr/TIAICrY metal coatings (see Figs. 7 and 8,
respectively), there are no lines of the Cr sublayer and
the substrate, which is due to their greater thickness and
density compared to nitride coatings. A cathode made of
the corrosion-resistant steel Crl8NilOT with a high
chromium and nickel content was used for the
deposition of the Cr/SS coating. This steel belongs to
the austenitic class and, after slow cooling, usually has
the following structure: austenite (solid solution of
carbon and other impurities in y-Fe), ferrite (solid
solution in a-Fe), and chromium carbide of the MxCq
type. In the diffractogram of the sample in the initial
state only lines of a-Fe phase are present (see Fig. 7,a),
which is most likely due to the non-equilibrium
conditions under which deposition occurs and the
reduced (compared to the cathode) content of impurities
in the coating. The o-Fe lines are quite intense and
narrow, indicating a well-formed crystal structure. The
crystallite size of a-Fe is 60 nm. After oxidation (see
Fig. 7,b), the intensity of the a-Fe lines decreases
slightly, and several weak lines appear, which belong to
austenite and carbide. At the same time, no oxides are
detected and the a-Fe crystalline phase remains the
main phase in the coating.

The diffraction curve of the sample with metal
Cr/TIAICrY coating in the initial state has a halo in the
small-angle region and several weak and broad lines
(see Fig. 8,a). The structure of the TiAICrY coating can
be characterized as amorphous-crystalline  with
nanoscale (6...7 nm) particles based on the following
phases: a-Ti with a hcp crystal lattice, Cr,Ti with a fcc
structure, and Cr with a bcc structure.
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Figs. 3-6. Diffractograms of samples with nitride coatings in the initial state (a) and after oxidation (b)
(S — substrate lines; dashed lines show the position of TiN lines with a cubic lattice of NaCl type)

After oxidation, the amorphous-crystalline structure
in the coating is preserved, and no new crystalline
phases are detected (see Fig. 8,b).

Thus, the diffractograms of multicomponent
coatings are characterized by a weakening of the overall
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Fig. 7. Diffractograms of the sample with Cr/SS coating
in the initial state (a) and after oxidation (b)
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intensity of the diffraction pattern after oxidation, which
is associated with the formation of passivation
amorphous oxide layers on the surface of the coatings,
which absorb X-ray radiation.
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Fig. 8. Diffractograms of the sample with Cr/TiAICrY
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In the Zr1Nb sample with Cr coating in the initial
state, a single phase was detected — Cr with bcc
structure. This is the only coating on the surface of
which, during high-temperature annealing in air at
1100 °C crystalline oxide is formed. The content of
crystalline Cr,0O5in the coating reaches 40 wt.% [23].

Thus, all applied coatings demonstrate sufficiently
high stability during tests and can be used to protect
zirconium from high-temperature oxidation. When
annealing at temperatures up to 1100 °C, the coatings
oxidize much more slowly than zirconium alloy. During
the test, the coating is not completely oxidized. Oxygen
penetrates the surface layer, forming a passivating oxide
film, and the phase composition of the subsurface layer
does not change significantly.

Protection of the Zr1Nb surface by coatings during
thermocyclic oxidation in water steam is less effective
than during annealing in air. Thermocycling tests have
shown that metal coatings are significantly more
efficient than nitride-based coatings. After thermal
cycling testing in steam at a temperature of 1020 °C,
gray and white oxide precipitates are visible on the
uncoated sample. The color of all samples with nitride
coating became white and cracks are visible, while on
samples with metal coating the surface color is dark and
there are no cracks (see Tables 2, 3).

The corrosion kinetics of samples with coatings in
steam is shown in Fig. 1,b, and the depth of oxygen
penetration in Table 4. The best protection is provided
by the Cr coating. The application of Cr reduces the
weight gain of the uncoated sample with Zr1Nb by 2.5
times, and the depth of the oxidized layer decreases
from 45 to 3 um. In samples with metal coatings Cr/SS
and Cr/TIAICrY, oxygen penetrates three times deeper,
but they prevent oxidation of the zirconium alloy.

On the contrary, nitride coatings cannot withstand
the load with an increase in the number of thermal
shocks. All the nitride coatings were cracked. Although
the coatings were not completely oxidized an oxide
layer had formed underneath. The depth of oxygen
penetration on samples ranges from 30 to 100 pm.
These coatings crack under the influence of thermal
shock. Simply holding the coated samples in steam does
not lead to cracking. In nitride coatings, the thickness of
the oxide layer in this test is an order of magnitude
greater than when oxidized in air at the same
temperature.

The sharp difference in the behavior of nitride and
metal coatings during thermal cycling is because nitride
coatings with high internal stresses and low plasticity
form cracks [35]. Nitride coatings no longer act as a
barrier to oxygen penetration, but rather prevent the
formation of a protective layer of zirconium oxide. The
Cr/CrN transition sublayer for TiAIN-based coatings is
not effective in preventing cracking. The use of hard
nitride coatings to protect the Zr1Nb alloy requires the
development of damping layers of a different
composition.

CONCLUSIONS

1. NSC KIPT has developed processes for vacuum
arc deposition of multi-component coatings based on
Cr, Ti, Al, Fe, Y, Si, and their nitrides to protect the
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shells of Zr-1Nb alloy fuel rods. The applied deposition
processes ensure the formation of coatings with a
thickness of 5...9 pm on the cylindrical surface of fuel
rod tubes, which have a homogeneous, dense structure
and high adhesion to the substrate. Research samples of
metallic coatings (Cr, TIAICrY, FeCrNi) and nitrides
coatings (TiAIN, TiAIYN, TiAISiN, TiAICrYN) were
synthesized. The metal coatings have a thin Cr sublayer,
and the nitride coatings have a double Cr/CrN sublayer
to improve adhesion. The composition, structure,
mechanical properties, and resistance to high-
temperature oxidation of the samples were studied.

2. Coating leads to hardening of the surface of the
ZrINb alloy. According to the results of
nanoindentation, the hardness of metal coatings is
3...5 GPa, and nitride coatings reach 32...45 GPa.

3. All of the coated fuel cladding samples have
better resistance to high-temperature oxidation in air
than the ZriNb alloy. They oxidize significantly less
than uncoated samples at all test temperatures of
750...1100 °C, and this advantage increases with
increasing temperature. At an annealing temperature of
1100 °C, the uncoated sample oxidizes to a depth of
130 pm within an hour to form crystalline ZrO, oxide,
while in the coated samples oxygen penetrates only the
surface layer, forming a thin oxide film that prevents
further oxidation. The depth of oxygen penetration does
not exceed 3...5um. The phase composition of the
subsurface layer of the coating does not change
significantly.

4. The use of coatings to protect ZriNb alloy surface
against thermal cycling oxidation in water steam is less
effective. Thermal cycling tests at a temperature of
1020 °C with three thermal shocks of 20 min each
showed that metal coatings are more resistant than
nitride-based coatings. The Cr coating oxidizes only up
to 3 um. In the metal coatings Cr/SS and Cr/TiAlCrY,
oxygen penetrates three times deeper, but they prevent
the oxidation of the zirconium alloy. On the contrary, in
the nitride coatings formed cracks and oxygen
penetrates under them. The thickness of the oxidized
layer in samples with nitride coatings ranges from 30 to
100 um, while in the ZrI1Nb sample without coating, it
is about 45 um.

5. Chrome-based metal coatings demonstrated the
best protective properties in tests under simulated
accident conditions. They are simultaneously resistant
to high-temperature corrosion in air and in water steam
during thermal cycling. The use of hard nitride coatings,
which significantly strengthen the surface of the
zirconium alloy, requires the use of metal damping
layers, the optimal thickness and composition of which
is yet to be investigated.
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3AXHUCHI BAKYYMHO-AYT'OBI IIOKPUTTS HA ITAJIMBHUX OBOJIOHKAX
3 HTUPKOHIEBUX CIVIABIB JIUI51 3BAITIOBII'AHHS KATACTPO®IMHOMY
PO3BUTKY ABAPIMHUX CUTYAIIIX HA AJEPHUX PEAKTOPAX

O.C. Kynpin, B.A. 3yitok, B.A. binoyc, B./l. Osuapenxo, O.M. Pewiemnsx, P.J1. Bacunenxo,
I'M. Toamauoea, A.0. Kywumum

Po3po06iieHO TIpOoIiecH BaKyyMHO-IYrOBOIO OCa/PKEHHsI 0araTOKOMIIOHEHTHUX MOKpUTTIB Ha ocHOBi Cr, Ti, Al,
Fe, Y, Si ta ix HITpUIiB TOBIIMHOIO 5...9 MKM JyIsi 3aXKCTy OOOJIOHOK TBEINIB 3 LIUPKOHiI€BUX cruiaBiB. Ckia,
CTPYKTYpPY Ta MEXaHI4Hi BJACTUBOCTI IOKPHUTTIB BH3HAYEHO METOJAMH  €JICKTPOHHOI  MIKPOCKOTIIT,
€HeProANCIepPCIHHOT PEHTTeHIBCHKOI CHEKTPOCKOIIl, PEHTIeHOCTPYKTYPHOI'O aHaji3y Ta HaHOIH/JEHTYBaHH:.
[TpoBeneHo MOPiBHAIBHI TOCTIDKEHHS 3aXUCHUX BIACTHBOCTEH MOKPHUTTIB IPH BUCOKOTEMIIEPATYPHOMY OKHCIECHHI
Tpy0 ZrINb. Bymo BHABIEHO, IO MeTaleBi MOKPUTTS 3 BHCOKHM BMICTOM XpOMY MAarOTh BHCOKI 3aXWCHI
BJIACTHBOCTI il 9ac BUMPOOYBAaHb B IMITOBAaHMX yMOBaX aBapii. BoHM 0THOYACHO CTiliKi 10 BUCOKOTEMIIEpATyPHOT
Kopo3ii Ha moBiTpi npu Temnepatypi 750...1100 °C i y BogsHil mapi npu TepmormkiyBanHi 1o 1020 °C. Tsepmi
HITPUIHI TTOKPUTTS, SIKi 3HAYHO 3MIIHIOIOTH TOBEPXHIO IUPKOHIEBOTO CIUIABY i JOOpE 3aXUIIAIOTh Bill OKHCICHHS
Ha TOBITpi, MeHII e(eKTHUBHI B Napax BojAW mpu TepMouukinysanHi. Po3pobneni y HHI[ X®PTI mokpurrs Ta
MPOIIECH CHHTE3Y MOXKYTh OYTH KOPUCHI MPH BIOCKOHAJICH] TOTUTUBHUX 000JIOHOK 13 CIJIABIB IIMPKOHIO MPOBIIHOTO
CBITOBOTO BUpOOHHMKa simepHoro nanuea Westinghouse Electric Company.
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