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The results of investigations into the influence of the ion-plasma treatment (IPT), including the ion implantation
and ion-plasma coating deposition, on the mechanical properties and corrosion resistance of nuclear fuel cladding
tubes made of zirconium alloy (Zr1%Nb) are presented. The tests of cladding samples have been performed at two
temperatures between 20 and 350 °C. It is shown that the deposition of TiN, Ti+TiN, TiAIN, TiAISiN, TiAIYN
coatings improves mechanical properties of the sample surface, as well as, leads to the hardening of Zr1%Nb fuel
cladding as a whole. The efficiency of hardening by implantation with (Zr, Mo) and gaseous (N,, O,) ions depends
on the kind of ions and their energy. The nanostructure TiAISIN and TiAIYN coatings improve the corrosion
resistance of zirconium alloy. The results of experiments on hardening of fuel cladding tubes are explained by the

state of the coating-surface interface.

INTRODUCTION

Development of the atomic engineering implies
increasing the heat power of energetic units, extending
the terms of company and fuel burning, providing
nuclear power plant load following capability. All this
substantially increases the load on the reactor structural
materials and raises the requirements to their
mechanical and corrosion properties. One of the ways
for solving this problem is a material surface
modification using the ion-plasma treatment (IPT)
including the surface ion implantation and radiation-
corrosion resistant coatings deposition. In any case IPT
should not decrease the mechanical properties of
structural materials.

Many publications [1-12] presents the results of
investigations into the influence of electron, ion
irradiation of materials or protective coating deposition
on the change in the structure and mechanical
characteristics of the surface layers and of the material
as a whole. The authors of [1] give the results on the
ion-helium plasma treatment of Zr1%Nb fuel cladding
tubes by two modes: 1) “hard” mode with a plasma flow
density Q =50J/cm? mode and “soft” mode with
Q = 25 J/lcm? For the first time, it has been found that
the IPT provokes a grain reorientation a-Zr throughout
the volume of the Zrl%Nb fuel cladding tube wall
(similar to that in the case of complete recrystallization).
This effect is realized only in the “soft” mode of
treatment when no fritting occurs, and when elastic
waves, generated by ion deceleration in the solid phase,
are propagating throughout the tube wall thickness.
From the results it follows that the IPT can lead to
structure and strength changes not only in the surface
layers but also in the whole material volume. In some
publications the authors note a marked role of Zr alloy
irradiation with gas and metal ions in the formation of
surface layers with an increased hardness and
coefficient of elasticity [3-6]. A similar result is
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reached by depositing  protective  multilayer
multicomponent nanostructure ion-plasma coatings on
Zr alloys [7-9]. Nanostructurization of the steel surface
by the preliminary ultrasonic treatment and subsequent
stabilizing treatment increases by 1.5 times the yield
limit, the strength limit and plasticity [10].
Simultaneous increase of the strength and plasticity of
steel can be reached by applying the treatment with low-
energetic (1...3 keV) titanium ions in the argon
atmosphere (under pressure of ~ 0.13 Pa) [11, 12].

Deposition of ion-plasma protective coatings on the
Zr1%Nb fuel cladding tubes increases mechanical
properties of tubes [9], as well as, protects the
zirconium alloy against the high-temperature (1100 °C)
oxidation in air during 1 hour [8] and increases its
corrosion resistance [13]. However, the data concerning
the IPT influence on the mechanical properties of
structural materials are fragmentary and insufficient.
Mechanical properties of Zr1%Nb fuel cladding tube
samples subjected to IPT are partly presented in [4, 9].

The goal of this study is a continuation of the
investigations into mechanical properties and corrosion
resistance of fuel cladding tubes at different
temperatures after IPT.

EXPERIMENTAL

Coatings were formed by vacuum-arc deposition
method from two opposite flows of filtered plasma
using the facility “Bulat-6. Rectilinear filters were used
as plasma separators. Nanostructure TiAIN-base
coatings were additionally doped with elements of Y
and Si. Cathode materials were titanium and its alloys:
78Ti-16Al-6Si and 67Ti-28Al-5Y. The coating
thickness was of the order of 4...5 um that provided in
the case of plasma filtration the absence of through
pores. Choice of the coating composition was
determined by the excellent properties of nitride
multicomponent coatings, in particular, high mechanical
properties, thermal stability, plasticity, corrosion
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resistance [14, 15]. Also, the multilayer coatings were
formed on the base of alternating Ti/TiN layers. The
coatings were deposited only on the external surface of
Zr1%Nb cladding tube samples having the length of 80
and 9.2 mm in diameter.

The samples were irradiated with Zr, Mo, N,, and O,
ions using a gas-plasma source and high-voltage system
of additional ion acceleration in the energy range from 1
to 15 keV with irradiation dose of 10*"...10"® ion/cm®.

After IPT the samples were subjected to the tensile
tests in the facility INSTRON-5581 and vacuum
machine 1246P-2/2300 at T = 20 and 350 °C in vacuum.
The coating surface morphology was investigated with a
scanning atomic force microscope (AFM) Nanoscope
[lla series Dimension 3000™ in the periodic contact
mode. Silicon probes with a nominal radius of the tip of
10 nm in radius were used. The nanohardness of the
zirconium alloy surface before and after IPT was
investigated with a device Nanoindentor G200 at the
penetration depth of the indenter ~ 300 nm on the flat
samples of 10x20x0.7 mm, cut from the fuel cladding
tubes. Corrosion tests of the samples with coatings and
without coatings were carried out on the potentiostat
IPC-pro at room temperature in water
(HsBO; — 3 mg/dm®, NH,OH — 3 mg/dm®, KOH —
12.3 mg/dm®) being a heat carrier imitator of the WWER
primary coolant circuit.

RESULTS AND DISCUSSION

Tensile tests at temperatures between 20 and 350 °C
have shown that the deposition of ion-plasma coatings
of all investigated compositions on the Zr1%Nb fuel
element tubes results in hardening of their surface, as
well as, in improvement of volume mechanical
characteristics. At 20 °C the tensile strength of TiAIN,
TIAISIN, and TiAIYN coatings increases to 15% and
the yield strength changes insignificantly in the coatings
of all types. At 350 °C o, increases by 12...21% and the
yield limit op, increases by 9% only for the
Tiz70Al19,Si, 7N coatings. The elongation 5,% and the
coefficient of elasticity are changing insignificantly.

In the case of ion implantation after irradiation with
polyenergetic (15 to 60 keV) metals ions of Mo and Zr
and gas ions of N, and O, (15 keV) in the samples of
Zr1%Nb cladding tubes the gradient nanostructure
layers are formed with increased values of the hardness
and of the coefficient of elasticity. The hardness
increases by a factor of 2.5...3 and the Young modulus
— by 20...30% (120...140 GPa) measured by nano-
indentation.

The irradiation with Zr ions leads to the tensile
strength increase by 3...6% (the hardening efficiency
increases with ion energy increasing from 1 to 15 keV),
and the vyield strength increases by 3.5...8%. A
maximum hardening is observed under irradiation with
gaseous ions of N, and O, having a 15 keV energy. The
yield strength is not almost changed after implantation
with ions of Mo, N,, and O,. The tensile strain s
weakly depends on the kind of metal ions, and under
irradiation with gas ions of N, and particularly of O, it
increases from 8 to 20%, respectively (Fig. 1).
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Fig. 1. Quantities o, ao (a) and o (b) of Zr1%Nb
cladding tubes as a function of the kind and energy of
ions. Test temperature is 20 °C
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The increase of 35 is provoked by the nanograin
texturing in the alloy under the gas ion action similarly
to the effect for the steel [3].

The tensile test of such samples at T =350 °C has
shown an appreciable increase of the yield limit o, for
all the irradiated samples. A maximum increase of o,
(by 16%) was obtained under irradiation with
polyenergetic zirconium ions. The yield limit increases
when the accelerating negative potential E,, applied to
the substrate with samples, is increasing. The value of &5
slightly decreases under irradiation with metal ions, and
after irradiation with gas ions it increases by 10%. The
presented results demonstrate a possibility of using the
IPT method for hardening both the surface layers and
the whole sample through the thickness of Zr-Nb fuel
cladding tubes.

Table presents the mechanical characteristics of the
investigated coatings.

Mechanical properties and roughness of coatings

Coatings Thickness, | H, | E, | H¥E> | R,
pm GPa | GPa | GPa | nm

TiN 5 31 | 438 | 0.16 | 47
(Ti+TiN)x 6 29 | 380 | 0.17 | 63
TiAIN 5 32 | 341 | 028 | 50
TiAISIN 5 45 | 425 | 05 | 36
TiAIYN 5 33 | 352 | 029 | 21
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Fig. 2. Anode polarization curves obtained
for the coatings in the reactor water on the Zr1%Nb
alloy at temperature of 20 °C

The results show a strong dependence of the
properties of coatings on their compaosition, nevertheless
all they can be used for hardening the surface layers and
the whole cladding tubes made of zirconium alloy. The
high value of H¥E? indicates high erosion resistance of
the obtained coatings and low value of R,, about their
high quality.

Fig. 2 demonstrates the anode polarization curves
obtained for the samples of zirconium alloy with coating
and without coatings. It is seen that the corrosion
potential of the zirconium alloy with coatings increases
from 0.8 to 1.8 V, i. e. the investigated coatings increase
the corrosion resistance of the alloy in the reactor water.
Consequently, the service life of fuel claddings will be
significantly increased.

The procedure of vacuum-arc deposition of coatings
includes the stage of plasma cleaning of a metal part
surface.

f

Fig. 3. AFM images of the coating surface morphology: TiN (a); TiAIN (b); TiAISIN (c); TIAIYN (d),
and (Ti+TiN), (e); SEM image of the multilayer (Ti+TiN), coating fracture (f)

It is performed by surface bombardment before the
coating deposition with gas and/or metal ions having
energies of 1...3 keV. The process of condensate
formation also goes under conditions of continuous
bombardment with ions of lower energies leading to the
formation of periodically repeated compression and
tensile stresses [10,16]. It follows from these

publications that such a surface treatment forms at the
coating-substrate interface a cellular structure from
extruded and intruded zones, i.e. the surface of
periodically repeated peaks and pits of a submicron size.
Elastic waves being formed, penetrate deep into the
material and cause its volume hardening [16]. The
“coating-substrate” interface structure is distinctly



reflected on the coating surface morphology shown in
Fig. 3. The cellular structure size depends on the coating
composition and deposition process parameters. A
sandwich-like structure of the multilayer coating is
clearly seen on its fracture (see Fig. 3,f).

Theoretical justification for the necessity of forming
a multilevel profile of a self-coordinated deformation
profile at the interface of two heterogeneous media to
provide the conditions for compatibility of their
interfacing is given in [10-16]. There experimentally
confirmed is a high efficiency of improving the
macromechanical characteristics of material by
nanostructuring its surface or by depositing
nanostructure coatings.

The hardening is explained on the base of a new
approach to the description of a solid being deformed as
a multilayer system. The surface layers of the loaded
solid are considered as an independent subsystem, and
their interface with the substrate plays an important
functional role.

Just this thing determines the efficiency of
improving the mechanical characteristics of the whole
material. The investigation of the mechanism of surface
layer hardening by nanostructurization has revealed a
new effect of periodically repeated “chess” distribution
of stresses and strains at the coating-substrate interface
in the loaded solid [16].

The effect under consideration is the base of
mesomechanics of the new metal hardening method
providing the improvement of all the general
mechanical characteristics including the strength and
plasticity. Strain hardening of the surface layer has a
direct influence on the deformed material as a whole.
This conclusion is confirmed in the case of depositing
thin coatings on the material. There are optimum values
of the thickness of hardened surface layers providing the
increase of all the mechanical characteristics of the
material including its plasticity [16].

It is necessary to form a ‘“chess-board” with a
minimum cell size on the “coating-surface” interface.
Thus, it is possible to reach a quasi-homogeneous stress
distribution and to hamper the appearance of stress
microconcentrates which generate a neck, main crack
and material fracture.
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Fig. 4. Creep rate of Zr1%Nb samples as a function
of the applied stress at T = 430 °C after implantation
with Mo ions [3]

A significant role of the nanostructured surface layer
consists in hampering the deformation defect
accumulation in the material volume that leads to the
material hardness increase. This observation is

confirmed by the creep resistance increase in the
Zr1%Nb alloy being implanted molybdenum ions.

This promotes the pinning of dislocations and
increases the level of stresses which are necessary for
activation of dislocation sources near the layer surface
providing the yield strength increase, creep rate
decrease (Fig. 4) and material hardness increase [3].

CONCLUSIONS

Proceeding from the results, given in the papers
concerning the IPT effect on the strength properties of
Zr1%Nb cladding tube samples, some key points can be
noted.

lon implantation and ion-plasma coating deposition
increase the hardness and coefficient of elasticity of
Zr1%Nb surface layer.

Usually the hardening occurs throughout the tube
thickness too. The hardening efficiency is determined
by a complex set of IPT constituents which the
formation and passage of elastic waves, due to the ion
slowing down in the solid phase of Zr1%Nb alloy,
depend on.

Deposition of nanostructure ion-plasma coatings
improves the corrosion resistance of zirconium alloys in
the reactor water.

For prediction of the change in the macromechanical
characteristics it is very important to take into account
the effect of “chess” distribution of stresses and strains
at the modified surface layer-substrate interface. The
type of the interface formed and the nanodimension of
the produced cellular structure play an essential role in
the resulting effect.
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POJIb HAHOCTPYKTYPUPOBAHMUS NIOBEPXHOCTHBIX CJIOEB B IOBBILIEHUA
MEXAHUYECKHUX ¥ KOPPO3UOHHBIX CBOMCTB PEAKTOPHBIX MATEPHAJIOB

JI.C. Osicuzos, B.A. Benoyc, B.H. Caguenxo, I'H. Hocos, B./[. Osuapenxo, I.H. Toamaucea,
A.C. Kynpun, B.C. I'onmeanuua

IIpencraBneHsl pe3yapTaThl BIMSHUS HOHHO-TUIa3MeHHON o60pabotku (MIIO), Bxmogaromeil HOHHYIO
HUMILIAHTALMI0 M OCAXICHUE MOHHO-IIA3MEHHBIX IIOKPHITHI, Ha MEXaHWYeCKHE CBOWCTBA W KOPPO3HOHHYIO
CTOWKOCTh 00pa3IoB M3 TBIJIBHBIX TPYOOK mupKoHHMeBOro cruiaBa Zr1%Nb. Vcnesitanus mpoBeieHb! MPH IBYX
temmepatypax: 20 u 350 °C. Iloka3zaHo, uto Hanecenue mokpbiTuii TiN, Ti+TiN, TiAIN, TiAISIN, TiAIYN
NPUBOJMT K DAa3IMYHOMY IIOBBIIICHHIO MEXAHHUYECKHX CBOHCTB HE TOJBKO ITOBEPXHOCTH 00pas3loB, HO W K
00beMHOMY yrpouHeHHI0 TpyOok u3 cmiaBa Zrl%Nb. DddexTuBHOCTh YNPOYHEHUS] NPH HUMILIAHTALUN
MertayutndeckuMu (Zr, Mo) u rasoseivu (N,, O,) HOHAMHU 3aBHCHT OT BHJA U SHEPrHU HMOHOB. HaHOCTPYKTYpHBIE
nokpbituss  TIAISIN, TIAIYN yBenuuuBaOT KOPPO3HOHHYIO CTOMKOCTH IMPKOHHEBOro cruiaBa. [lomydeHHbIE
9KCIIEPUMEHTANIbHBIE PE3yJIbTaThl 10 YNPOYHEHMIO TBAJIBHBIX TPYOOK OOBSACHSAIOTCS COCTOSIHMEM HHTepdelica
MEXAY MOKPBITHEM M TIO/IJI0KKOH.

POJIb HAHOCTPYKTYPYBAHHS IIOBEPXHEBUX LIAPIB Y III/IBULIEHHI
MEXAHIYHHMX I KOPO3IMHUX BJACTUBOCTEN PEAKTOPHUX MATEPIAJIIB

JI.C. Osicuzos, B.A. binoyc, B.1. Caguenxo, I'.1. Hocos, B./l. Osuapenxo, I M. Toamauosa,
O.C. Kynpin, B.C. I'onmeaniya

[IpencraBneni pe3ynbTaTH BIUIMBY i0HHO-TUIa3MOBOi 00pobkm (II1O), mo BkiIrOYae iOHHY iMIUTAHTALiO i
OCa/DKEHHS 10HHO-TTa3MOBHX ITOKPHUTTIB, HA MEXaHi4HI BJIACTUBOCTI 1 KOpO3ifHY CTIHKICTh 3pa3KiB 3 TBEIBHUX
TpyOOK mnupkoHieBoro cruaBy Zrl%Nb. BumpoOyBanHsS mpoBeneHi mpu aBox Temmeparypax: 20 i 350 °C.
ITokazano, mo naneceHHs MOKpUTTiB TiN, Ti+TiN, TiAIN, TiAlSiN, TiAIYN npu3BoauTh 10 Pi3HOTO MiABHIIEHHS
MeXaHIYHHX BJIaCTUBOCTEH HE TINIbKU MOBEPXHIi 3paskiB, aye i 10 00'eMHOro 3MilHeHHs TpyOoK 3i crtaBy Zr1%Nb.
EdexTrBHiCTh 3MilIHEHHs MpH iMmianTanii metaieBuMu (Zr, Mo) i razoBumu (N, O,) ioHaMu 3aneKuTh B BUAY i
eneprii ioHiB. HanoctpykrypHi mokpurrs TiAISIN, TiAlIYN 30inbmIyloTh KOpO3iifHY CTIHKICTB IIMPKOHIEBOTO
craBy B ABa pasu. OTpuMaHi €KCHEepHMEHTANbHI pe3yJbTaTH IO 3MIIHEHHIO TBEIBHUX TPYOOK MOSCHIOIOTHCS
CTaHOM iHTepdeHcy MiXK IIOKPUTTSM 1 HiJIKIAKOIO.



