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The process of vacuum-arc deposition of protective coatings from multicomponent FeCrAl cathodes and
18Cr10NiT stainless steel onto fragments of ZriNb alloy claddings has been developed. The influence of the
reaction atmosphere (vacuum, nitrogen, oxygen) during the deposition of coatings on their structure, mechanical and
corrosion properties is investigated. Coatings deposited in vacuum from the Cr18Nil0T cathode have the best set of
mechanical properties and corrosion resistance; whereas coatings based on FeCrAl require composition
optimization. It has been established that coatings deposited from FeCrAl and stainless steel cathodes with a
thickness of 20 pum significantly increase oxidation resistance and prevent the destruction of fuel cladding under

exposure to air at 1150 °C for 1 h.

INTRODUCTION

Following a severe nuclear accident at Fukushima
Station 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, both in design and in design basis
accidents [1]. Under normal reactor conditions fuel
claddings are also subjected to various types of
mechanical wear, which can lead to a violation of their
integrity and leakage of radioactive products [2-4].
Various candidate materials have been investigated to
replace or protect zirconium alloy fuel claddings, which
are designed to reduce the oxidation rate of the
traditional claddings at least 100 times at temperatures
above 1000...1200 °C [1, 5]: SiC [6], Cr coatings [7, 8],
FeCrAl alloys and coatings [9, 10], MAX-phases [11],
and Mo claddings [10]. As a result of the conducted
researches it is established that Cr coatings obtained by
different methods of physical deposition, demonstrate
the best protective properties in different test conditions
[7, 10]. Compared to chromium FeCrAl alloys can be
more resistant to vapor oxidation at higher temperatures
[12, 13] due to the formation of protective Al,O5 film at
the surface. In some studies it has been shown that the
physical-mechanical properties of such coatings depend
on the method of their formation [14-16].

The purpose of this work was to investigate the
effect of the cathode composition (FeCrAl alloy brand
X23Y5T and Cr18Nil0T stainless steel) and the
reaction atmosphere on the structure and protective
properties of coatings obtained by vacuum-arc
deposition.

EXPERIMENTAL METHODS

The coating deposition experiments were performed
on a vacuum-arc unit equipped with a plasma source
with a magnetic cathode spot stabilization [17]. FeCrAl
alloy and Crl18NilOT stainless steel were used as

cathodes. The cathode diameter is 60 mm. The arc
discharge current in all experiments was 100 A. The
coatings were deposited on polished stainless steel
specimens Cr18Nil0T @20 and 2 mm thickness and
fragments of Zr1Nb alloy fuel tubes @ 9.1 mm which
rotated in the center of the chamber at a distance of
250 mm from the cathode. The initial vacuum was
~10%Pa, in which the surface of the samples was
cleaned with metal plasma for 3 min at a negative
voltage on the samples — 1300 V. The deposition of the
coatings was carried out in a vacuum of ~2-10°Pa
(series 1 and 3) and under nitrogen pressure (series 2
and 4) or oxygen (series 5) ~ 0.05 Pa for 60 min. The
negative bias potential of the samples was -50 V. The
coating thickness was (20 + 2) um. The temperature of
the samples during deposition did not exceed 450 °C.

The thickness of the coatings was measured using an
MI1-4 interference microscope using the “shadow knife
method”. The chemical composition was determined by
energy dispersive X-ray spectroscopy — EDS (Oxford
Link ISIS 300) at 20 kV. The surface morphology of the
coatings was studied using a scanning electron
microscope JSM 7001 F.

XRD analysis was performed on DRON-2.0 X-ray
diffractometer in cobalt Co-Ka radiation using Fe
selectively absorbing filter. Diffracted radiation was
detected by a scintillation detector. Qualitative phase
analysis was performed using the ICDD PDF-2
database. Estimating of substructural characteristics
(crystallite size D and microstrains level €) of the
coatings is based on the broadening of diffraction peaks.
The analysis was performed using Williamson-Hall
method. The annealed silicon powder was taken as the
standard sample to deconvolute physical and
instrumental broadening.

The cavitation erosion of the samples was
investigated at the stand described in [18]. The cavi-
tation zone was formed below the end surface of the
concentrator mounted in a water vessel at a distance of
(0.5+0.05) mm from the sample surface. Cavitation
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erosion was determined by mass loss with an accuracy
of +£0.015 mg. Abrasive wear was measured using a
plane-to-disk scheme by a weighted method over a fixed
period of time. The disk made of material with rigidly
fixed abrasive particles rotates with a linear speed of
4.38 m/s with a load on a flat sample of 2.2 N. The natu-
re of the destruction of the surface of the samples was
examined using an optical microscope MMR-4. Micro-
hardness of the coatings was measured on a PMT-3
tester with a Vickers diamond indenter at a load of 1 N.

The average corrosion rate in a 3% aqueous NaCl
solution was determined using the potentiostat PI50-1 in
a standard electrochemical cell of NPP-2 at temperature
of 20 °C. The anode polarization curves were obtained
by changing the potential at a speed of 1 mV/s. The
chloride-silver electrode was used as the reference
electrode, and the results are relative to the normal
hydrogen electrode.

Tests for oxidation resistance of the fuel tube
fragments (@ 9.1 mm, | =10 mm) of ZriNb alloy with
deposited coatings were performed by annealing in air
at 1150 °C for one hour. After oxidation the samples
were weighed on a laboratory balance VLR-20 with an
accuracy of £ 0.015 mg.

RESULTS AND DISCUSSION

The results of the composition analysis of vacuum
arc coatings obtained from FeCrAl and Crl18NilOT
cathodes are presented in Table 1.

Table 1
Concentrations of elements in cathodes and coatings
from FeCrAl alloy and Cr18Nil0T

Composition, wt.%
Cathode -
Fe | Cr | Al | Ni | O | N | other
FeCrAl 7211226 (41|01 - | - 1.1
1 vacuum 66 34 102 — (01|02 01
2 nitrogen | 63 23 |36 | — |01|76]| 27
Cr18Nil0T | 69 18 - 10 | — - 3
3vacuum | 682 | 275 | — 4 101]01] 0.1
4 nitrogen | 631|202 | — [ 94|06 |55]| 1.2
S5oxygen | 713 | 172 | — 9 2 101 04

The data in Table 1 and Fig. 1 show that the
composition and morphology of coatings are largely
dependent on the gas atmosphere during the deposition.
In the coatings deposited in vacuum from the FeCrAl
cathode virtually no aluminum; and in the coatings —
from the cathode Cr18NilOT significantly decreases the
concentration of nickel with increasing Cr in both
coatings compared to cathodes. The reason for this
difference in the element concentration between the
coatings and the cathodes may be the difference in their
transport in the arc plasma and the selective sputtering
of the sample surface [19].

The concentration of alloying elements in coatings
obtained in nitrogen and oxygen is almost unchanged
compared to the cathode composition, which can be
explained by a decrease in the self-sputtering coefficient
of the coating due to the decrease in the average charge
of metal ions in the vacuum-arc plasma. It is known that
for titanium plasma with increasing nitrogen pressure
and/or distance from the cathode to the substrate, the

charge and energy of the plasma particles change due to
the scattering of ions on the gas target, which leads to a
decrease in the average charge and ion energy [20].

e
Fig. 1. Surfaces of coatings deposited from
FeCrAl (a, b) and Cr18Nil0T (c, d, e) cathodes,
in vacuum (a, ¢), under nitrogen (b, d)
and oxygen (e) atmosphere

In the coatings deposited from the Cr18Nil0OT
cathode in an oxygen atmosphere (sample 5), the



concentration of nickel is the same as in the coating
deposited in nitrogen one. The surface of the coatings is
less developed and there are fewer macrodefects. This
may be due to a change in the conditions of the cathode
spot on the cathode surface.

Coatings deposited in vacuum from the FeCrAl and
Cr18Nil0T  cathodes have  different  surface
morphologies and that they are almost identical in the
nitrogen environment (see Fig.1). There is a large

number of macrodefects on the surface that can be
identified as droplets of cathode material [19]. During
the coatings depositing from different cathodes in
nitrogen, the number and size of these defects are close,
and in vacuum differ significantly.

The diffraction patterns of coatings deposited from
the FeCrAl and the Cr18NilOT cathodes in different
atmospheres are shown in Fig. 2.
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Fig. 2. The diffraction patterns of coatings deposited from the FeCrAl (1, 2) and the Cr18Nil0T cathodes (3-5):
1, 3—invacuum; 2, 4 —in nitrogen, and 5 — in oxygen

The data on the phase composition and structure of coatings are given in Table 2.

Table 2
Phase composition and structure of coatings
No. Phase Content, wt.% | Lattice parameters, A | D,nm| e 10°
1 BCC 100 2.8758 227,3 | 1.29
) BCC1 15.3 2.8727 — -
BCC2 84.7 2.8871 10.3 7.48
Fe-a 90.6 2.8729 530.7 | 1.05
3 Fe-y 6.2 3.592 — —
(Cr, Fe)-o 3.2 a=28.81;c=4.53 — —
Fe-a - 2.871 — -
4 FesN - 3.695 26.5 2.31
(Cr, Fe)-o — a=8.82;c=4.52 — —
5 Fe-a 25.5 2.8718 — —
Fe-y 74.5 3.5825 116.2 | 2.64

Data analysis in Table 2 confirms the significant
influence of the atmosphere composition in which
coatings are deposited.

In sample 1 (see Table 2), only the BCC phase with
the lattice parameter a = 2.876 A was detected. Relative
intensity of the line (200) is higher than that for the
powder distribution, which indicates the presence of
texture (200) in the coating (part of the grains has a
preferred orientation of crystallographic planes {200}

parallel to the sample surface). The diffraction pattern
also shows the lines broadening, so the calculation of
substructural  characteristics was performed. The
crystallite size was D =227.3 nm and the microstrain
level was & = 1.29-107,

The diffraction pattern of sample 2 (see Table 2)
shows narrow diffraction lines that broadening
considerably at the base. This is the effect of
overlapping 2 types of lines that have close angular



positions but differ significantly in FWHM. l.e. there
are 2 BCC phases in the sample with close lattice
parameters, but significantly different in crystallite size:
coarse-grained BCC1 (correspond to lines with small
FWHM) and nanocrystalline BCC2 (correspond to lines
with large FWHM). The weight content of the BCC1
phase in the sample is 15.3 wt.%, the lattice parameter
is a=2.873 A. The crystallite size of this phase is large
(microns — tens of microns). The weight content of the
BCC2 phase in the sample is 84.7 wt.%, the lattice
parameter is a=2.887 A. The lattice parameter of the
BCC2 phase is larger than that for BCC1, that is
probably due to the dissolution of the nitrogen in the
BCC2 lattice. Estimated crystallite size of BCC2 phase
was D=103nm and the microstrain level was
£=129-10"°

In sample 3 (see Table 2) revealed 3 phases: ferrite
Fe-a, austenite Fe-y and tetragonal phase (Cr, Fe)-c.
The main phase is ferrite Fe-a with the weight fraction
in the sample of 90.6 wt.%, the lattice parameter is
a=2873A. Crystallite size of the ferrite s
D =530.7 nm at the microstrain level of & = 1.05-107,
The content of austenite Fe-y in the sample is 6.2 wt.%,
lattice parameter is a = 3.592 A. The content of c-phase
(Cr,Fe)-c in the sample is 3.2 wt.%, the Ilattice
parameters are: a = 8.81 A; ¢ =4.53 A. The calculation
of the substructural characteristics for the austenite Fe-y
and o-phase is difficult because of the low intensity of
the lines. It should also be noted that the intensity
distribution of the diffraction lines of all phases in the
sample corresponds to the non-textured state.

In sample 4 (see Table 2) revealed 3 phases: Fe-a
ferrite, iron nitride Fe4N (cubic system, s.g. #222) and
phase (Cr, Fe)-o. It is difficult to determine the weight
fraction of the phases in this sample. Lattice parameter
of the ferrite is a =2.871 A. A weak texture (200) was
detected in this phase. FWHM of the ferrite lines is
comparable to the FWHM for standard sample,
indicating a large crystallite size (microns — tens of
microns). The lattice parameter of the nitride Fe,N is
a=3695A, D=265nm at the microstrain level
¢ =2.31-10. The lattice parameters of the c-phase are:
a=8.82A; c=4.52A, crystallite size and microstrains
were not determined.

In sample 5 (see Table 2) revealed 2 phases: Fe-a
ferrite and austenite Fe-y. The main phase is austenite
Fe-vy, the weight fraction in the sample is 74.5 wt.%, the
lattice parameter is a=3.583A. The intensity
distribution of austenite diffraction lines indicates the
presence of a weak texture (220). The calculation of the
substructural characteristics showed that the crystallite
size of austenite is D = 116.2 nm at microstrain level of
£ =2.64-10". The content of Fe-a ferrite in the sample
is 25.5 wt.%, the lattice parameter is a = 2.872 A. Weak
texture (200) was detected in the ferrite. FWHM of the
ferrite lines is comparable to FWHM of the lines of the
standard sample, indicating a large crystallite size
(microns — tens of microns).

The influence of the atmosphere in which coatings
are deposited from different cathodes on the rate of
destruction by the action of abrasive and cavitation-
induced micro-shocks is shown in Figs. 3, 4.

Fig. 3 shows the kinetic curves of the mass loss of
the coatings on the time of cavitation.
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Fig. 3. Kinetic curves of coatings mass loss (4m)

from the time of cavitation: FeCrAl (1, 2) and
Cr18Nil0T (3-5) cathodes: 1, 3 — vacuum;

2, 4 —in the nitrogen, and 5 — oxygen atmosphere

From the Fig. 3 data shows that the rate of
destruction of coatings obtained in vacuum, the smallest
when deposited from the cathode Cr18Nil0T (curve 3),
and the largest — from the FeCrAl cathode in vacuum
(curve 1). Coating (2, 4) deposited from different
cathodes in the nitrogen atmosphere have smaller and
similar values of the rate of mass loss during the
cavitation action. The coating obtained from the
Cr18Nil0T cathode in the oxygen atmosphere is also
resistant to microshock destruction.

The results of measuring the wear of the coatings
under the action of abrasive are shown in Fig. 4.
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Fig. 4. Weight loss (4m) of coatings, depending on the
time of abrasive action: FeCrAl (1, 2) and Cr18Nil0T
(3-5) cathodes: 1, 3 —in vacuum, 2, 4 — in the nitrogen,
and 5 — oxygen atmosphere

The best abrasion resistance under friction shows the
coating deposited from FeCrAl cathode in vacuum. Data
analysis Fig. 4 shows that, as with the action of
cavitation, the mass loss during abrasive wear of
coatings deposited in nitrogen atmosphere from
different cathodes is close (curves 2, 4). Their
microhardness (H,) is also close (12.7 and 12.1 GPa,
respectively). Coatings deposited in oxygen atmosphere
from the Cr18Nil0T cathode have values of H, and the



fracture rates are 1.2 times lower in comparison with the
coatings in vacuum.

The average mass fracture rates determined by
kinetic curves (see Fig. 3) are listed in the value of the
rate of increase in the depth of fracture of coatings. In
addition, microhardness and fracture rate measurements
during abrasive exposure were made. The results are
presented in Table 3.

Table 3
Mechanical characteristics of coatings
(H, — Vikers microhardness of coatings; v, — constant
rate of destruction under the influence of cavitation;
v, — rate of destruction during abrasive wear)

Parameter Number of the samples
1 2 3 4 5
H, GPa | 238 | 127 | 348 | 121 2.82
v um/h | 7.28 2.1 0.64 | 1.89 0.81
v, mg/h | 18.6 | 39.3 97 39.3 72

The data in Table 3 show that the coatings deposited
in vacuum using Cr18Nil0T cathode have H, value
1.46 times large than in coatings from FeCrAl alloy, v, a
5.2 times more, and v, 11.4 times smaller. Coatings
deposited in nitrogen atmosphere from these cathodes
have close values of H,, v, and v,. The coatings (5)
deposited in the oxygen atmosphere have values of H,,
v, in 1.23 and 1.35 times smaller than the coatings
obtained in vacuum, and — v 1.26 times more.

In order to determine the influence of the parameters
of the deposition process on the corrosion resistance of
coatings, their study was performed by potentiometry.
The polarization curves of the coatings in 3% NaCl
solution are shown in Fig. 5.

Fig. 5. Polarization curves of coatings in 3% NaCl
solution deposited from FeCrAl (1, 2) and Cr18Nil0T
(3-5) cathodes: (1, 3) —in vacuum; (2, 4) —in the
nitrogen, and 5 in oxygen atmosphere

Analysis of the polarization curves (see Fig. 5)
shows that the potential of the beginning of corrosion
dissolution (g, takes values: +0.075; -0.195; +0.08;
-0.185; +0.07 V for coatings 1-5, respectively. It can be
seen that the values of ¢ for coatings 2 and 4 are close
and negative, and for 1, 3, and 5 are shifted to a more
positive region, which indicates their sufficiently high
corrosion resistance. Thus, coatings obtained from 2
different composition cathodes, but at the same nitrogen
pressure have not only close values of mechanical but
also corrosion properties.

In order to determine the effect of the parameters of
the deposition process of the coatings on the oxidation
resistance of the fuel claddings fragments, their
annealing was carried out in an air atmosphere at a
temperature of T = 1150 °C for one hour (Table 4).

Table 4

Photographs of ZriNb zirconium alloy tube fragments after annealing in air at 1150 °C for one hour:
(0 — uncoated), with coatings deposited from FeCrAl cathode (1, 2) and Cr18Nil0T cathode (3-5);
(1, 3) in vacuum; (2, 4) in nitrogen, and (5) in oxygen

Sample No. 0 1

2 3 4 5

Before Oxidation

After Oxidation

The photos in Table 4 show how the color of the
surface changes from metallic to white with brown spots
after oxidation, due to the formation of the oxide layer
in the uncoated tube. At the same time, the coated tubes
deform much less and have green or black color of the
oxide layer. This color of the surface of the protective
coatings after oxidation may indicate the formation of
chromium oxides in the surface layer.

Mass gain of the coated tubes (3...5 mg/cm?) is an
order of magnitude smaller than that of the uncoated
tube (40 mg/cm?), indicating a high resistance to

oxidation of all deposited coatings. The smaller mass
gain of the protected tubes is also due to the much
smaller deformation, which prevents catastrophic
oxidation of not only the outer but also the inner surface
of the tubes. From the above data on high-temperature
oxidation, it is difficult to make a clear conclusion about
the benefits of any of the coatings because the mass
gains are very close, but these data clearly indicate that
the developed coatings based on iron with a content of
Cr at least 18 at% protect the ZrlNb alloy from
oxidation in air at T = 1150 °C for 1 h.



Thus, the results of the conducted researches testify
to the prospect of studying the processes of synthesis
and application of protective coatings on the basis of
doped iron alloys.

CONCLUSIONS

Within vacuum-arc deposition from multicomponent
cathodes (FeCrAl, Cr18Nil0T) in vacuum, aluminum
and nickel concentration decreases in coatings regarding
their content in cathodes.

XRD analysis of coatings obtained from the FeCrAl
cathode in vacuum revealed the presence of single BCC
phase; and two BCC phases in the nitrogen atmosphere:
coarse-grained and nanocrystalline. The coatings from
the Cr18Nil0T cathode have three phases in vacuum
and nitrogen: (Fe-a ferrite, Fe-y austenite and
(Cr, Fe)-o) and (Fe-a, Fed4N, (Cr, Fe)-o) respectively,
and there are two phases (Fe-o ferrite and Fe-y
austenite) in the oxygen atmosphere.

Coatings from a FeCrAl cathode in the nitrogen
atmosphere have a resistance to destruction 3.5 times
greater than those applied in vacuum under cavitation-
induced micro-shock conditions. Obtained values can be
increased by optimizing the coating deposition process.
Coatings deposited in vacuum from the Cr18Nil0T
cathode have the best set of mechanical properties.

All obtained coatings significantly increase the
resistance to air oxidation of ZriNb alloy samples at
1150 °C for 60 min.

The corrosion resistance in 3% NaCl solution of
coatings deposited in vacuum and oxygen is higher than
in nitrogen atmosphere.
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CTPYKTYPA Y CBOMCTBA IOKPBHITU HA OCHOBE FeCrAl M X18H10T

B.A. Benoyc, M.A. bopmnuuxasn, P.JI. Bacuneuxo, B.H. Boesooun, H.0. Knumenxo, B.1. Kosanenxo,
U.B. Konoouii, A.C. Kynpun, B.I. Mapunun, B./l. Osuapenxo, M.A. Tuxonoéckuii

Pa3paboTan mporecc BaKyyMHO-IyTrOBOTO HAHECEHUs 3alIUTHBIX MOKPHITHH M3 MHOTOKOMIIOHEHTHBIX KaTOJOB
FeCrAl u nepxagetomeii cramn X18H10T Ha ¢parmenTts! TBanbHBIX 0Oosiouek u3 cmasa ZrlNb. HccnenoBano
BJIMSHHE PEaKIMOHHON aTtMocdepsl (BakyyMma, a30Ta, KUCIOPOAA) MPU OCAXICHHUU MOKPBITHH Ha MX CTPYKTYpY,
MEXaHUYECKUE M KOPPO3UOHHBIE CBOWCTBA. JIydlIMM KOMIJIEKCOM MEXaHMYECKHX CBOMCTB U KOPPO3UOHHOU
CTOMKOCTBIO 00JIaIat0T MOKPBITHS, OCaXIeHHbIe B BakyyMme 3 katoga X18H10T, a nokpeitus Ha ocHoBe FeCrAl
TpeOyIOT ONTHUMHU3AIMU COCTaBa. YCTAaHOBJICHO, YTO IOKDPBITHS, OCaXKICHHBbIE M3 KaTOAOB Tuna ¢expanb u
HepxkaBewmel cramu TommuHOM 20 MKM, CyIIECTBEHHO MOBBIIIAIOT YCTOHUMBOCTE K OKHCICHHIO H
MIPEJOTBPALIAIOT pa3pylIeHHE 000JI0YEK TBIJIOB B YCIOBHSIX BBIICPKKH B Bo3myxe mpu Temmeparype 1150 °C B
TedyeHue 1 4.

CTPYKTYPA I BJACTUBOCTI IOKPUTTIB HA OCHOBI FeCrAl i X18H10T

B.A. Binoyc, M.O. bopmnuuyywka, P.JI. Bacunenko, B.M. Boegodin, 1.0. Knumenko, B.1. Kosanenxo,
LB. Konooiii, O.C. Kynpin, B.I'. Mapinin, B./l. Osuapenxo, M.A. Tuxonoecvxkuii

Po3pobiieHo mporiec BaKyyMHO-IYrOBOIO HAHECCHHsI 3aXHCHHX TMOKPHUTTIB 3 0araTOKOMIIOHCHTHHX KAaTOIB
FeCrAl i nepxagitouoi crani X18H10T na ¢parmenT TBeIbHUX 000JI0HOK 3i criaBy ZrlNb. JlociipkeHo BIUIMB
peakuiitnoi armMocdepu (Bakyymy, a3oTy, KUCHIO) IiJl 4ac OCaPKEHHS IOKPUTTIB Ha iX CTPYKTYpYy, MEXaHi4yHi Ta
KOpO3iifHi BracTHBOCTI. HalikpammM KOMIIIEKCOM MEXaHIYHHX BIIACTUBOCTEH Ta KOPO3iHHOIO CTIHKICTIO BOJOMIOTH
MTOKPUTTSA, OcapkeHi y Bakyymi 3 karoay X18H10T, a mokputts Ha ocHOBiI FeCrAl BumararoTs onTuMizamii cKiIamy.
BcranoBieHo, 0 3aXHUCHI TOKPUTTS, OCaKEHI 3 KaTOIB THITY (expaib Ta Hep KaBirouoi cTalli TOBITHHOI 20 MKM,
CYTTEBO MIABHUINYIOTH CTIHKICTh 10 OKHUCJICHHS Ta 3al00iraloTh pyHHYBaHHIO OOOJIOHOK TBENIB B YMOBAaX BUTPUMKHU
B moBiTpi mpu Temmepatypi 1150 °C Bupomgorxk 1 rox.



