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This study was aimed at investigating the chromium coating effect on the mechanical properties of Zr1Nb fuel
claddings in the case of a tensile fracture in longitudinal and transverse directions at temperatures of 20 and 350 °C.
Tests were carried out using the samples of a similar shape, namely, with an equal test portion length that is
important for comparison of results. The obtained results have shown that at a test temperature of 20 °C the
mechanical properties of initial samples are higher in the longitudinal direction than in the transverse direction. The
ductility is slightly higher at T = 350 °C in the longitudinal direction, and oy, and o, are practically equal. The
preliminary deformation of ring samples increases their ductility from 23 to 34% independently on the test
temperature. Deposition of the chromium coatings on the samples leads to the slight increase of mechanical
properties in the transverse direction and decrease of o, with unchanged o, and 6% in the longitudinal direction at
the room test temperature, and at 350 °C it practically do not change the properties of coated samples in both the

directions except the ring sample ductility decrease.

INTRODUCTION

For Ukraine an urgent problem is to increase the
operation life of existent WWER reactors and to provide
the NPP safe operation. First of all it is to prevent
possible hard loss-coolant accident effects. Fuel
claddings from zirconium-based alloys, are a main
cause of an explosive hydrogen concentration in such
conditions due to the intense zirconium oxidation with a
sharp temperature increase in the reactor [1]. The
deposition of protective coatings having a high
oxidation resistance onto the fuel elements is an
expedient solution of this problem [2]. The results of
experiments have shown that from a variety of
protective coatings just chromium coatings possess
desired properties (resistance to oxidation, corrosion
and irradiation) [3-5]. Therefore, of special importance
is to investigate the effect of chromium coatings on the
mechanical properties of zirconium tubes at different
test temperatures and to find out the causes of structural
material degradation during the long reactor operation.

Mechanical properties of fuel claddings made from
zirconium-based alloys were studied in many research
works all over the world [6-12]. Over a long period of
time the efforts were undertaken to improve the main
peculiarities of applied methods, state standards
(GOST), specifications and other special instructions,
e.g. 01000.325-91 [6]. However, there is no authors’
common approach to the zirconium tube sample
preparation and to the test procedures.

The purpose of this study is to investigate the
mechanical properties of Ukraine-produced ZriNb fuel
claddings in the longitudinal and transverse directions at
20 and 350 °C (storage and operation temperatures) in
the initial state and after deposition of a nanostructured
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chromium coating. Investigations were carried out using
the NSC KIPT experience gained when studying the
strength properties of fuel claddings made from Zr-
based alloys.

EXPERIMENTAL PROCEDURES

Investigations of mechanical properties have been
carried out on samples cut, by the electric-spark
technique, from the fuel cladding tube made of Ukraine-
produced Zr1Nb alloy. The samples in the modified
form [8] were tested in the longitudinal direction and
the ring samples were tested in the transverse directions

(Fig. 1).
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Fig. 1. Samples for mechanical tests:
1 — modified sample; 2 — ring sample
and 3 — ring sample deformed to the point “M”’

In the second case the ring samples were also used
after the preliminary deformation to the point “M” (the
tensile test diagram Fig. 2), which is characterized by
the onset of elastic deformation in the elongated loop,
i.e. transformed ring sample.

The preliminary pre-strain diagram is shown in
Fig. 2. The purpose of such deforming was to exclude a
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possible coating cracking at the beginning of the form
changing.

For correct comparison of the test results it is
necessary to use all the samples with equal dimensions
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Fig. 2. Diagram of the preliminary deformation of the
ring sample

The tests were carried out on the tensile machine
Instron 5581 with a strain rate of 1 mm/min. The tensile
stress diagrams in Fig. 3 show typical stress-strain
Ccurves.

Chromium coatings were formed using unfiltered
cathodic arc evaporation (CAE) in a “Bulat” system,
which is equipped with two Cr (99.9%) cathodes of
60 mm diameter [14]. The deposition chromium coating
was performed on planetary rotating holder at a
substrate bias voltage of -50V and a substrate

and similar shape of their test portion, namely, with the
test portion length L, = 8.0 mm and width b, = 2.8 mm
(according to RMI-1-2001) [13].
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Fig. 3. Tensile stress-strain diagrams for Zr1Nb
samples: modified sample and ring sample

temperature of ~ 400 °C. The coating thickness was ~ 5
and 8 um.

EXPERIMENTAL RESULTS
AND DISCUSSION

The mechanical properties of initial samples and
preliminary deformed samples with coating and without
coating are represented for two test temperatures in
Fig. 4.
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Fig. 5. Test results of the modified samples: a — 7= 20 °C; b — T'= 350 °C
At a test temperature T = 20 °C the tensile yield samples are op,=270MPa and o, =355 MPa,

stress and the ultimate tensile strength of initial ring

respectively, and the specific elongation & = 28%.



Owing to the chromium coating cq, is increased by
8.5% and o, by 3.5% and & is not changed. The
preliminary deformation increases the initial sample
ductility by 23% and that of the coated sample by 1/3.
At a test temperature T = 350 °C the values of 6y, and
o, of the initial samples are lower: 6y, = 190 MPa and
o, = 235 MPa, and the ductility is not changed.

The coating deposition cause decrease o, by 10%
and the specific elongation by 19%. The preliminary
deformation leads to the increase of & by 23% for the
initial sample and by 48% for the coated sample.

The results of modified sample tests in the
longitudinal direction are given in Fig.5. At a test
temperature of 20 °C the tensile yield stress of initial
samples is o4, = 320 MPa and after coating deposition it
decreases by 15%, the ultimate tensile strength
6, = 439 MPa is almost equal for all the samples, as
well as, the specific elongation & =34%. At a test
temperature 7 = 350 °C the strength and ductility of the
coated samples do not change: op, =172 MPa,
6, =239 MPa and 6 = 34 %.

It may be noted that all the values of o5, o,, and 6%
in the longitudinal direction for the initial samples at
20 °C are slightly higher than for the ring samples, and
at 350 °C the increase is observed only for 5%.

At the room temperature the coating deposition
keeps the advantage of the tube mechanical
characteristics in the longitudinal direction, without
changing o, and 8% but with decreasing og,. The tensile
yield stress decrease by 15% at the room test
temperature can be caused by the presence of
insignificant defects on the tube wall face after electric-
arc cutting its part to make modified samples. It is well-
known [15] that even a slight change in the material
surface undulation decreases its strength properties. In
the stressed chromium coating at a test temperature of
20 °C in the initial strain stage (to the yield stress) the
crack nucleation can occur on the substrate defects that
decreases the yield stress but does not change the
ultimate strength. It would be more correct to perform
the tensile tests using one-piece uncut tubes with a
coating as the authors of [12] have done.

The ring and deformed samples with coatings show
at 20 °C an insignificant increase of all the values of
mechanical properties in the transverse direction.

The chromium coating deposition did not lead to
appreciable changes in o, o, and 8% values of the
modified samples but decreased significantly 8% in the
initial ring samples the transverse direction at a test
temperature of 350 °C. As is seen from Fig. 4 the
preliminary deformation leads to the significant increase
in the tensile ductility of both, coated and uncoated, ring
samples compared to the initial one. When the results
obtained are compared it is necessary to take into
account the difference in the initial state of the fuel
cladding material before and after the nanostructured
chromium coating deposition. In the first case the strain
and degradation processes over a long operation period
go by the classic dislocation mechanisms, and in the
second case the fuel cladding material, after the
nanostructured coating deposition, presents a multilevel
system in which the plastic flow and plastic collapse is
developed at nano-, micro-, meso-, and macrolevels

[16]. In a natural crystal the surface layer acts as a
“pump” injecting dislocations into the loaded material
and thus accelerating its damage. In the nanostructured
surface layer a process occurs which slows down the
deformation defect accumulation in the material and
thus increases its durability [17].

Experiments with the surface layer nanostructuring
resulted in finding a new effect, namely,
“checkerboard” stress distribution on the “coating-
crystalline substrate” interface in the loaded material
[18]. On basis of this effect a new method of structural
material hardening has been developed which provides
improvement of all the mechanical characteristics. On
the coating-substrate interface a “checkerboard” with a
minimal check size should be formed. Thus it is
possible to provide a quasi-uniform stress distribution
and to prevent the occurrence of  stress
macroconcentrators which nucleate a neck, crack and
material destruction [19].

A joint consideration of the test results obtained for
the ring and deformed samples with chromium coatings
has shown that the application of the preliminary ring
sample deformation before the coating deposition leads
to the increase in the ductility (specific elongation 3%)
from 23 to 34%. This can evidence on the fact that due
to the deformation of the ring sample its coating is
cracking in the part of initial deformation when the ring
shape transforms into an “elongated loop” (see Fig. 2 to
the point “M”), and the application of preliminary
deformation can exclude such probability. This
assumption is confirmed by the presence of high-
amplitude acoustic signals in the elastic strain region of
Zr1Nb ring samples with TiN and ZrN coatings that has
been observed in [10].

The mechanical properties of chromium coated fuel
claddings, depending on the operating time, i.e. their
integrity in the range of load stresses below the tensile
yield stress, can be studied using the internal friction
procedure as the most sensitive method for
consideration of physical processes at the atomic bond
level and minimum stress-strain levels.

CONCLUSIONS

For the first time the effect of protective chromium
coatings on the mechanical properties of Ukraine-
produced Zr1Nb fuel claddings in the longitudinal and
transverse directions has been investigated. The tests
were carried out on the samples having equal
dimensions and similar shape of their test portion at
temperatures of 20 and 350 °C.

The experimental results obtained for the initial
samples have shown that at a test temperature of 20 °C
the values of og, o, and 8% in the longitudinal
direction are significantly higher than in the transverse
direction, and at 350 °C only the specific elongation 6%
is higher.

The coating deposition at the room test temperature
leads to the insignificant increase of all the mechanical
properties in the transverse direction and does not
change o, and 6% but decreases oo, in the longitudinal
direction.

At a test temperature 7 =350°C the coatings
practically has no effect on the mechanical properties



along the fuel cladding but decrease significantly the
ductility 8% of initial ring samples.

The preliminary deformation of ring samples
increases their ductility from 23 to 34% independently
on the test temperature.

The present results indicate that the deposition of
vacuum-arc chromium coatings of 5...8 pm thick is an
effective method of Zr1Nb fuel cladding hardening.
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BJUSHUE XPOMOBOI'O TOKPBITHS HA MEXAHUYECKHE CBOMCTBA OBOJIOYEK
TB2JIOB U3 CIIVTABA Zr1Nb B IPOJJOJIBHOM U ITIOITEPEYHOM HAIIPABJIEHUSAX

B.A. Benoyc, B.H. Boesooun, C.B. I'oacenko, E.A. Kpaitniok, A.C. Kynpun, B./I. Osuapenko,
B.U. Casuenko, C.B. Illlpamuenko

HccnenoBano BIMsIHUE XPOMOBOT'O MOKPHITHSI HA MEXaHHYECKHE CBOMCTBa 000J104eK TBAJIOB M3 ciiaBa ZrlNb
IIpU pa3pblBe B NPOJOJIBHOM M monepeuyHoM HampapiaeHusx npu 20 u 350 °C. HcnelTaHus NPOBOAMIUCH Ha
oOpasuax 1momo0HOH GOpMBI, @ UMEHHO, C OJIMHAKOBOM NPOTSHDKEHHOCTHIO paboueil 4acTH, YTO CYIIECTBEHHO NPHU
cpaBHeHHUH pe3yibTaToB. [lokasano, uyTo mpu Temnepatype ucnblTannii 20 °C MexaHHYECKHe CBOMCTBA MCXOIHBIX
00pasoB B MPOJOTGHOM HANpPaBICHUH BHIMIE, YEM B IONEPEYHOM. [IIacCTHYHOCTh HE3HAUWTENIHHO BBILIEC NPH
T =350 °C B npooI-HOM HANpaBICHHUN, & Og, U O, IPAKTUYECKH OUHAKOBBIE. OcakJeHHE XPOMOBOTIO MOKPBITHS
Ha 00pa3mpl NMPHUBOJUT K HEKOTOPOMY POCTY MEXAaHHMYECKHX CBOWMCTB B IONEPEYHOM W CHIDKCHUIO Opp IPH
HEM3MEHHOCTH Oy, 0% B TPOAOIHHOM HANPABICHUAX IIPM KOMHATHOW TeMmmeparype paspeiBa, a npu 350 °C
MPaKTHYECKH HE U3MEHSET CBOICTBA B 000MX HAIPaBIICHHSX.

BIIJIMB XPOMOBOI'O IOKPUTTSA HA MEXAHIYHI BJACTUBOCTI OBOJIOHOK
TBEJIIB I3 CIUIABY Zr1Nb Y OAOBKHBOMY TA INIOINEPEYHOMY HAIIPSIMKAX

B.A. Binoyc, B.M. Bocgoodin, C.B. I'oacenko, €.0. Kpaunwk, O.C. Kynpin, B./]. Osuapenko,
B.I. Casuenxo, C.B. lIpamuenxo

JlocnikeHO BIIMB XPOMOBOTO TIOKPUTTSI Ha MEXaHI4YHI BJIACTHUBOCTI 00OJIOHOK TBeniB 13 cruiaBy ZrINb mpu
PO3pHBI B MOJOBXHROMY Ta nonepeyHomy Hanpsimkax mpu 20 i 350 °C. BunpoOyBaHHs NPOBOAMINCS Ha 3pa3Kax
moioHo1 hopmu, a caMe, 3 OJHAKOBOIO TOBXKHUHOI POOOYOl YACTHHH, IO CYTTEBO MPH MOPIBHAHHI PE3y/IbTaTIB.
IMokazaHo, mo npu Temneparypi BunpooOysanb 20 °C MexaHiYHI BIACTUBOCTI BHXIIHHX 3pa3KiB y IIOJIOBXKHBOMY
HanpsIMKY BHIII, HIK y nonepeyHomy. [Tnactuunicts HesHayno Buma npu 7' = 350 °C y noJ0BXHBOMY HAIPAMKY, a
Gp2 1 O, IPAKTHYHO OJHAKOBi. OCaKEHHS XPOMOBOT'O IIOKPHUTTSA Ha 3pa3Kd IPH3BOIUTH 10 HEBHOTO 3POCTAaHHS
MEXaHIYHAX BIIACTHBOCTEH B IONIEPEYHOMY 1 3HMDKCHHS Gpp MPH HE3MIHHOCTI Gy, 0% Yy TOMOBXKHHOMY HAaIpsIMKax
TIpH KIMHATHIN TeMIrepatypi po3puBy, a mpu 350 °C mpakTHYHO HE 3MiHIOE BIACTHBOCTI B 000X HAIIPSIMKAaX.



