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Results of experimental study of the influence of protective vacuum-arc claddings on the base of compounds
zirconium-chromium and of its nitrides on air oxidation resistance at temperatures 660, 770, 900, 1020, 1100 °C
during 3600 s. of tubes produced of zirconium alloys E110 and Zr-1Nb (calcium-thermal alloy of Ukrainian
production) are presented. Change of hardness, the width of oxide layer and depth of oxygen penetration into alloys
from the side of coating and without coating are investigated by the methods of nanoindentation and by scanning
electron microscopy. It is shown that the thickness of oxide layer in zirconium alloys at temperatures 1020 and
1100 °C from the side of the coating doesn't exceed 5 mkm, and from the unprotected side reaches the value of >
120 mkm with porous and rough structure. Tubes with coatings save their shape completely independently of the

type of alloy; tubes without coatings deform with the production of through cracks.

INTRODUCTION

Alloy of zirconium with 1% of niobium is the base
material for cladding tubes of fuel elements for all
reactors WWER due to its low cross-section of thermal
neutrons capture and high corrosion resistance in water
at normal operation (T=350 °C). The main disadvantage
of zirconium is its active oxidation by water vapor with
the release of hydrogen at high temperatures
(Zr+2H,0—ZrO,+2H,, - 616kJ/mol at 298 K). In an
emergency the increase of temperature may cause the
formation of explosive hydrogen-oxygen mixture. The
probability of zirconium elements contact with air
increases; oxidation of zirconium in air is more intense
than that in vapor stream (Zr+0O,—ZrO,, -1100 kJ/mol
at 298 K); besides, the presence of nitrogen accelerate
the loss of protective properties of oxide film on
zirconium [1, 2].

Now intense investigation of zirconium alloys
oxidation in high-temperature vapor stream and in air is
in progress; the aim of this investigation is the
prediction of the behavior of these alloys in reactor
emergency [1-5]. Different ways of zirconium
protection off corrosion at high temperatures are
proposed: change of structure and of composition of
oxide alloy by ion implantation of different elements [6,
7], formation of heat-resistant metallic layers between
vapor and zirconium [8, 9], deposition of protective
coatings resistant to oxidation [10, 11]. For protection of
nuclear fuel in zirconium coating in the case of
emergency of LOCA type the authors [8] propose to use
FeCrAl alloys as external capsule; these alloys are more
resistant to oxidation than zirconium, moreover the
thickness of external layer must be > 200 mkm. Authors
[9] propose to depose on the zirconium surface alloys
Al-21Ti-10Cr and Al-21Ti-23Cr, which oxidize very
slowly at temperature 1200 °C due to the formation of
protective film of ALL,O; but they don't indicate the
thickness of layer capable to prevent oxidation of
zirconium. It is shown in paper [10] that chromium
layer with thickness 4...5 mkm and higher reduces
substantially the rate of oxidation of pure zirconium in
high-temperature water at 350 °C. Even small additions
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of chromium into zirconium cause the increase of its
heat resistance [12]. Oxidation resistance of alloys Zr-
Cr increases at the expense of formation of complex
oxides on surface, which are less permeable for oxygen
than zirconium oxide.

The goal of the presented paper is the investigation
of the influence of vacuum-arc multi-layer coating on
oxidation of zirconium and of its alloys in air at
temperatures 660, 770, 900, 1020, 1100 °C. The choice
of temperatures for system Zr-Nb is caused by phase
transitions: 660 and 770 °C — range of (o+f)-phases;
900 °C-near transition (at+p)<—p; 1020 °C — higher
transition (o+p)<—p and 1100 °C — range of B-phase.
Condensates consisting of compounds zirconium-
chromium and chromium nitride were selected as
protecting coatings. The coating CrN has a low rate of
oxidation in air at temperature ~ 600...800 °C [15] and
exceed other nitride coatings by corrosion resistance
during testing in supercritical water [13, 14].

EXPERIMENTAL TECHNIQUE

Coatings on the base of zirconium, chromium and
their nitrides were deposited by vacuum-arc technique
with the use of linear filters of plasma fluxes [16] which
provided formation of condensates without cross voids
with corrosion-protecting properties for thickness =
4...6 mkm [17]. Section of fuel elements tubes were
used as specimens; the length of these sections was 10
mm, diameter 9.2 mm of alloys E110 and ZrINb
(calcium thermal alloy of Ukrainian production with
increased content of oxygen = 0.13...0.16 weight %).
Discs of iodide zirconium with diameter 15 mm,
thickness-1.5 mm were used for measurement of
nanohardness of primary coatings. Coatings were
deposited on the external surface of tubes and on one
side of discs. Zirconium and chromium were used as
cathodes. Temperature of specimens during deposition
doesn’t exceed 500 °C. Thickness of coatings was
~7 mkm. Testing of specimens for high-temperature
oxidation resistance was carried out by their annealing
on air in the furnace with resistance heating during



3600 s. The rate of specimen heating was ~ 20 °C/s and
the rate of cooling was 5 °C/s.

Investigation was carried out on metallographic
specimens cut out from central part of specimens with
coatings and without coatings, before and after
annealing. Thickness of coatings, of oxide layer and the
depth of oxygen penetration were measured by the
method of scanning electron microscopy and by
dispersion analysis of elements concentration with
instrument JSM-7001F (“Jeol”, Japan). Nanohardness
(H) of tubes was measured by device Nanoindenter
G200 with data treatment by the method of Oliver and

Pharr [18] at fixed depth of indenter penetration 500 nm.

Indentation was performed along the tube radius with
step 10 mkm beginning from their inner and outer sides.
Nanohardness of primary coatings was determined on
flat discs by the method CSM [19] to the depth of
indenter penetration 200 nm. Data spread was ~ 10%.

RESULTS
1. Coatings
Coatings produced by vacuum-arc method represent

dense, smooth and hard condensates of grey-black color.

Fig. 1 shows the electron-microscopic image of cross-
section of the tube with two-layer coating ZrCr/CrN.
Absence of defects and through voids in the coating
testifies to the high quality of the used method of
plasma separation from macroparticles. Observed
“waviness” of the coating is due to primary roughness
of fuel tubes because these tubes were not polished
before the deposition of coatings.
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Fig. 1. SEM image of tube metallographic specimen of
alloy E110 with two-layer coating ZrCr/CrN
(thickness =~ 7 mkm)

Fig. 2 represents the nanohardness of zirconium and
deposited on its surface coatings ZrCr and ZrCr/CrN.

Nanohardness of base iodide zirconium is on the
level ~2 GPa. After deposition of metallic coating ZrCr
nanohardness increases to ~ 9 GPa. It is known [12] that
alloying of Zr by chromium in few atomic percents
causes the increase of its hardness, and in this case fine-

crystalline and stressed state of condensate
characteristic for vacuum-arc deposition also influence
on the increase of the hardness. Coating with outer layer
of chromium nitride has the hardness =27 GPa,
Young’s modulus ~250 GPa and elastic recovery
~50%.
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Fig. 2. Nanohardness of base zirconium (1) and with
coatings: ZrCr (2), ZrCr/CrN (3)

According to the data of paper [20] high hardness of
vacuum-arc coatings CrN at the same time as high wear
resistance depends on a lot of parameters, the main of
which is the purity of condensate (absence of drops and
macroparticles). In our practice coatings are deposited
from filtered plasma and have high wear resistance
judging by nanohardness which is higher than hardness
of condensate [20]. As we have showed early [21]
vacuum-arc coating increase the tensile strength (o) of
coatings produced of alloy ZrINb from 12 to 21%.
According to [22] the high wear resistance of fuel tubes
surface provide their protection from fretting corrosion
during operation in nuclear reactor.

2. Atmospheric annealing of specimens

Table 1 represents photographs of specimens of
primary tubes and tubes with ZrCr/CrN coating before
and after atmospheric annealing during 1 hour at
indicated temperatures. It is seen that already at 770 °C
white stripes appear in oxide layer; these strips enlarge
at higher temperature and failure of specimens occurs.
At temperatures 1020 and 1100 °C specimens became
white and deformed with formation of through cracks
and with crumbling oxide. In the same time specimens
with coatings were not subjected to such damage. They
only changed insignificantly the coloring from black to
black-green saving completely the shape independently
on the alloy composition. After annealing at 900 °C and
higher failure on face of tubes was observed. It is due to
spalling of oxide layer from inner surface and by the
absence of coatings on faces.



Tablel

Photographs of tubes with coating and without coating before and after atmospheric annealing

T, °C Zr-1Nb without coating

Zr-1Nb with coating
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The depth of oxygen penetration by cross-section of
oxidized specimens after annealing is characterized by
the change of nanohardness of alloy along the tube
radius which is measured on metallographic specimens
beginning from exterior surface (under coating) and
from interior — (without coating). With the increase of
oxygen content the zirconium hardness increases on the

average by 0,9 GPa for each atomic percent of oxygen
[23].

Fig. 3,a,b shows the value of nanoherdness by the
cross-section of tube fabricated from alloy E110 without
coating, with coating and in dependence on the
temperature of annealing.
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Fig. 3. Change of nanohardness by thickness of tube fabricated from alloy E110 in dependence on temperature of
annealing: (a) —on exterior side (under coating) and on interior — (without coating)

Nanohardness of primary tube without coating and
with coating is the same on exterior and on interior side
and makes ~ 2 GPa by all thickness of the specimen.
Increase of nanohardness under coating begins from
temperature 1020 °C and reaches 8 GPa at T = 1100 °C
on depth ~50 mkm. Such increase of hardness may be
due to the penetration of oxygen and also to the effect of
phase transition (o+p)«>p. It is shown in paper [24] that
annealing in steam flux during 120s at these
temperature causes 2 times increase of hardness in
medium part of coating wall cross-section in
comparison with starting state. Intense oxidation of

specimens produced of this alloy starts from T > 770 °C,
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the value of nanohardness on depth up to 100 mkm
composes 16...17 GPa.

The similar picture of hardness change in
dependence on temperature of annealing is also
observed for specimens of alloy ZrINb with coating
(Fig. 4,a). Increase of nanohardness of alloy under
coating up to = 5.5 GPa on depth 100 mkm starts only at
temperature 900 °C and without coating at temperature
660°C — H ~8 GPa (see Fig. 4,b). Increase of the
annealing temperature to 1020...1100 °C induces more
deep penetration of oxygen into alloy increasing its
nanohardness under coating up to ~8 GPa and to
~ 12...14 GPa without coating.

—=—660-C

14 - ——770:C

— —a—900-C
124« N —+—1020 -C
10 ——, «-1100-C

0 T T T T T T v T T T
0 20 40 60 80 100

distance from inner tube surface, pm

b

Fig. 4. Change of nanohardness by tube thickness produced of alloy ZrINb in dependence on temperature of
annealing: (a) — from exterior side (under coating) and (b) — interior (without coating)

The protective role of coatings obtained on
zirconium alloys on atmospheric annealing is clearly
seen in Table 2. Both alloys don’t show any changes on
exterior side of tubes under coating, while on inner side
— (without coating) increase of oxide layer is observed,
which increases strongly after T >900 °C, became
porous and breaks down. In alloy E110 at temperature
1020 °C changes occur on depth exceeding a half of
tube thickness and annealing at T = 1100 °C causes the

tube break down from inside. Such behavior of alloy
E110 1is related to its phase transformation in
temperature range 900...1020 °C which causes the
volume changes of contacting alloy and oxide. In alloy
ZrINb the initial increase of oxygen content to
0.15 mass% induces the increase of temperature of
phase transition where it proceeds more quickly and
hasn’t he negative influence on oxide film [5].



Table 2

SEM images of tubes metallographic specimens of alloys Zr1Nb and E110 after oxidation on air at temperatures
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On the opinion of authors [1, 2] accelerated
oxidation of zirconium claddings in air in comparison
with  vapor oxidation at high temperatures
(1000...1200 °C) is related to negative role of nitrogen
during formation of oxide layer. Presence of nitrogen
causes the emergence of nitrides inclusions in oxide
moreover the ratio of molar volumes of ZrN and ZrO,
constitutes 46%. Such high volume discrepancy
between oxide and nitride also as phase transformations

xl

a

in zirconium oxide causes high local internal stresses
which lead to the formation of cracks and voids. This
leads to the loss of protective properties of oxide and
fast oxidation into the depth of metal.

Fig. 5 presents the dependence of oxygen
concentration on tube surface after annealing at
T =1100 °C; this dependence is determined by SEM-
EDS analysis.
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Fig. 5. Concentration of oxygen in dependence on distance from surface for zirconium tube ZrINb (a) and E110 (b)
from the side of surface (1) and without it (2) after annealing at T = 1100°C during 3600 s

Oxidation of alloys ZrINb and E110 from the side
of coating after annealing of specimens at T = 1100 °C
is characterized by penetration of oxygen up to the
depth ~2 mkm on level 15...20 mass% and deeper
decreases to ~2 mass%. Dense chromium oxide
produced on oxidation of upper layer of CrN coating
prevents the penetration of oxygen. In zirconium alloys
without coating oxygen is determined on level
25...35 mass% to depth > 250 mkm for alloy E110 and
~ 120 mkm for alloy Zr1Nb.

CONCLUSION

1. For the first time are obtained coatings on the
base of zirconium, chromium and its nitrides wich
provide protection of zirconium alloys of air oxidation
at temperature 1100 °C during 3600 s.

2. Resistance to oxidation of zirconium alloys E110
and ZrINb with coating at temperatures from 660 to
1100 °C is practically the same.

3. Obtained coatings have the high mechanical
characteristics in comparison with zirconium alloys
which will provide the high wear resistance of coating
during operation in reactor.

4. At atmospheric annealing starting from
temperature T >1020°C, the depth of oxygen
penetration into zirconium alloys without coatings is
twice higher for alloy E110, than for ZrINb and makes
~ 250 mkm.

5. Use of the system of separation of vacuum-arc
plasma gives the possibility to deposit coatings which
permits to realize the protection of zirconium coatings at
thickness ~ 7 mkm.
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BBICOKOTEMIIEPATYPHOE OKHCJIEHUE HA BO31YXE OBOJIOYEK
N3 HIMPKOHUEBBIX CIIJIABOB 2110 4 Zr-1Nb C IOKPBITUAMHU
A.C. Kynpun, B.A. Benoyc, B.H. Boesooun, B.B. bpuik, P./I. Bacunenko, B./l. Osuapenko,
I'.H. Toamauésa, I1.H. Bovrozos

[IpencraBneHbl pe3yabTaThl SKCHCPUMEHTANBHBIX WCCICIOBAHUN BIUSHUS 3allUTHBIX BaKyyMHO-IyTOBBIX
MOKPHITUI Ha OCHOBE COCIMHEHUH IUPKOHUH-XPOM U UX HUTPHJIOB HA CTOMKOCTh TPYOOK M3 IUPKOHUEBEIX CILIAaBOB
D110 u Zr-INb (xampIHEeTepMHUYECKHN CIUIAB YKPAHWHCKOTO IIPOW3BOJACTBA) K OKHCICHHIO Ha BO3AYyXE IIPH
temneparypax 660, 770, 900, 1020, 1100 °C B teuenue 3600 c. MeTogamMn HAaHOWHACHTHPOBAHUS U CKaHUPYIOIIEH
SJIEKTPOHHOW MHKPOCKOIIMU WCCIICAOBAaHBl W3MEHEHHWE TBEPAOCTH, IIMPHUHA OKCHAHOTO CIIOS H TIIyOWHa
MIPOHUKHOBEHHSI KUCJIOPO/a B CIIABBI CO CTOPOHBI MOKPHITUS U 0e3 Hero. [loka3zaHo, 4TO TONMMIMHA OKCUIHOTO CIIOS
B IIMPKOHHEBHIX crutaBax npu Temmeparypax 1020 u 1100 °C co cTOpOHBI MOKPHITHS HE MPEBBIIIAET 5 MKM, a C
HE3aIMHUIIEHHONW CTOPOHBI JOCTHTAeT BEIMYMHBI > 120 MKM C IOPHCTON U PBIXJION CTpyKTypoil. [Ipu aTom TpyOKH ¢
MOKPBITUSAMH TTOJTHOCTBIO COXPAHSIOT CBOIO (pOpMy HE3aBHCHUMO OT THIIA CIUIaBa, U3 KOTOPOTO OHH M3TOTOBJICHBI, &
0e3 MOKPBITHH 1eHOPMUPYIOTCS ¢ 00pA30BAHUEM CKBO3HBIX TPEIIUH.

BUCOKOTEMIIEPATYPHE OKUCJIEHHSI OBOJIOHOK 13 IUPKOHIEBUX
CIIJIABIB E110 TA Zr-1Nb 3 HOKPUTTSIMMU Y TOBITPI
O.C. Kynpin, B.A. binoyc, B.M. Boceooin, B.B. bpuk, P.JI. Bacunenxo, B./]. Osuapenko,
I'M. Toamauosa, ILM. B’10z206

[IpencraBneHo pe3ysnbTaTH €KCIIEPHMEHTAIbHUX JIOCIiUKEHb BIUIMBY 3aXHCHUX BAaKyyMHO-IYTOBHUX IOKPHUTTIB
Ha OCHOBI CHONYK IMPKOHIM-XpOM 1 IX HITPHAIB Ha CTIHKICTh TPyOOK 3 mupkoHieBmx cmaBiB E110 ta Zr-1Nb
(xasypLIieTEPMIYHUE CIJIAB YKPaiHCHKOTO BUPOOHHMIITBA) 10 OKUCIICHHS B IOBITPI IpH TemrepaTypax 660, 770, 900,
1020, 1100 °C mpotarom 3600 c. MerogamMum HaHOIHAEHTYBaHHS Ta CKaHYHOUOi €JIEKTPOHHOI MiKpPOCKOMIT
JOCIII/DKEHO 3MiHY TBEpAOCTi, INUPUHY OKCHIHOIO WIapy i TIJIMOMHY NPOHMKHEHHS KUCHIO B CIUIaBH 3 OOKY
MOKpHTTS 1 6e3 Hboro. [TokazaHo, 110 TOBIIMHA OKCHIHOTO IIapy B IUPKOHIEBHX CIUIaBax rpu temneparypax 1020 i
1100 °C 3 OOKy MOKPUTTS HE MEPEBHIIYE 5 MKM, a 3 HE3aXHIICHOI CTOPOHH JOCsATae BeawmduHH > 120 MKM 3
MOPHUCTOI0 1 TYXKOIO CTPYKTyporo. Ilpm mpoMy TpyOKHM 3 TOKPUTTSMH MOBHICTIO 30€piraioTb cBOIO (opMy
HE3AJIC)KHO BiJ THUITy CIDIaBy, 3 SKOTO BOHH BUTOTOBJICHI, a 0e3 IMOKPHUTTIB Ae()OPMYIOTHCS 3 YTBOPEHHSIM
HACKPi3HHUX TPIIIUH.



