JOURNAL OF NANO- AND ELECTRONIC PHYSICS

v el' 5 ; ] © 45 9 19 g 1(89 P) (29 13)Automatica\lly Generated in LibreOffice Writer

HMYPHAJI HAHO- TA EJIERTPOHHOI ®PI3SHEH
For-5-N-4-0400H8ee)(2013)

Behavior of Zr1%Nb Alloy under Swift Kr ion and Intense Electron Irradiation
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In this paper there were studied the physical and mechanical properties of Zr1%Nb alloy irradiated by
the Kr ion beam with energy of 107 MeV, fluences of 1710 and 10"ion/cm?® and exposed to the
microsecond high-current pulsed electron beam with the energy of 370 keV, incident energy fluence in the
range of 20..200 J/cm®. The low-intense Kr ion implantation induced softening of the alloy. The high-
intense ion beam irradiation resulted in creation of a surface strengthened layer with nanohardness of
4.5 GPa and the elastic modulus of 120 GPa. The high-current electron beam exposure lead to the
macroscopic surface melting of the sample, which provoked formation of the coarse structure with

predominantly brittle fracture character.
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1. INTRODUCTION

The main construction components of
heterogeneous active zone of nuclear reactor are the
fuel roads, moderator and coolant, which types
determine the total financial expenses for building and
further exploitation of all nuclear facility. Besides the
current progress on developing novel nuclear reactors
[1], research on more efficient nuclear materials for
existing reactors, which will provide higher core
temperature along with operation cycle, has never been
stopped. Especially nowadays, when our world faces a
new challenge for cheap energy resources and best sell
markets.

The technical requirements for the fuel roads are
very rigorous in order to guarantee the safety of
nuclear facility. In a long list of them, we should
distinguish the construction simplicity, mechanical
strength under minimal presence of construction
materials in active zone, resistance to coolant and
nuclear fuel as well as small neutron absorption cross-
section.

Zirconium and its alloys are common materials for
the fuel roads for PWR, WWER reactors [2]. Zirconium
has the relatively low absorption -cross-section of

thermal neutrons of around 0.18 barn, melting
temperature  higher than  1800°C, initiation
temperature (vapor-gas reaction) of hydrogen

generation around 861°C, which provide a high margin
of thermal safety for the fuel rods and nuclear fuel
under critical, emergency conditions. The modernized
Zirconium alloys should have higher corrosion
resistance and lower absorption of hydrogen. Good
corrosion resistance to coolant and fuel provides the
construction integrity, low absorption of hydrogen slow
down the embrittlement of Zirconium, which is critical
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PACS number(s): .61.80.Fe, 61.82.Bg, 81.40.Wx

to avoid the crack generation and macroscopic
deformation as well. The advanced nuclear materials
for tubes are necessary to increase the effective power
of the nuclear power plants (NPP), prolongation of the
exploitation cycle, more effective burning of the fuel
(e.g., increasing the fuel burning to 70 (MW-day)/(kg
U), exploitation duration of the fuel up to 7 years for
WWER-1000) [3].

During exploitation of PWR, WWER reactors, the
fuel-rod cladding tubes degrade under the different
factors such as: bombardment of the internal tube
surface by the decay fragments, swelling of nuclear fuel
due to accumulation of the solid and gaseous fission
products, gassing of fission products from the fuel bulk
beneath the internal surface of tubes. The typical decay
rate is around 1.3 decay/(cm®s), each decay of U
produces fission fragments with masses distributed
around 95 a.m.u. and 135 a.m.u. Their kinetic energy is
enough to pass in Zirconium up to 10 pm. It is worth
noting, that the flux of high-energy decay fragments is
around 5-10°ion/(cm?s), and affects on the inner
surface of tubes, which induces the formation of ion-
implanted layer [4].

Among all the fission products in the thermal
neutron reactors, the noble gases Xe and Kr are very
important. These fission fragments have two special
properties — very low dissolution and preferably
gaseous state. In addition, these gases are trying either
to extract from the fuel matrix and accumulate in free
space of the fuel rods, when it is kinetically possible, or
to generate certain clusters inside the fuel, which
results to formation of the gaseous bubbles. Thus, these
difficulties leading to the need for assessment of
influence of the gaseous products on the tubes, and
that could be done via exposure by ion beams,
especially swift heavy ions (SHI) [5, 6].
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In literature, there are some related results focused
on investigation of Zirconium and Zr-Nb-alloys under
the ion exposures [5, 7, 8]. For instance, in [5] it was
found, that the ion irradiation (*He*' and “Ar*,
energy ~ 2..4 keV, effective beam current ~ 1 mA/cm?,
fluence ~ 2..4-10% ion/cm?, target temperature ~ 150°C,
pressure ~ 109 Pa) of E110, E625 Zirconium alloys
improves their mechanical properties. The authors
noticed the significant increase of wear resistance and
microhardness due to the structural homogenization in
the modified shallow surface layer.

The available experimental results [5, 7] represents
research on modification of Zirconium alloys by the
low-energy ion beams (<1 MeV/nucleon) in the different
intensity ranges, however, it is necessary to reveal
Zr1%Nb alloy properties under heavy ion exposure in
the energy range of about 1 MeV/nucleon, which is
specific to gaseous fission products like Xe and Kr.

Regarding incidents on Fukushima Daiichi, it is of
great importance to investigate the response of alloy to
the intense energy loads. The possible technique to test
material’s properties is the high-current electron beam
(HCEB) [9-11]. In fact, HCEB enables to test material
properties under extreme thermal and shock
conditions, which could happen in the active zone
during emergencies at NPPs.

In [9] the Zr1%Nb alloy was processed using the
pulsed HCEB with the energy of 18keV,
density ~ 19 J/cm®, impulse duration of 50 us. That
treatment increased the hardness and wear resistance
in the 8-pm near-surface layer by 40% and 30%,
respectively. The thin martensitic layer was also
formed with a thickness of 2 pm, which effectively
prohibit the hydrogen diffusion. This layer has good
gas-barrier properties due to 3-fold reduction of
hydrogen sorption into the material bulk.

Dovbnya et al. in [3] investigated the modification
of Zr1%Nb by the HCEB with the energy in the
interval of 70..80 keV, density ~ 10..20 J/cm? impulse
duration of 15 us, frequency ~ 2 Hz, 5 impulses total.
After irradiation, the nanostructured surface layer had
the improved nanohardness to 3.8 GPa, compared to
the initial nanohardness of 2.3 GPa. This
strengthening effect was induced by the phase
transitions, which occurred during fast cooling (up to
10® K/s) with formation of the plate-like metastable
phase in the alloy microstructure. The mentioned
phase generated high internal stresses, which resulted
in the hardness enhancement.

Nonetheless, we only found the literature results on
the e-beam exposure either by the high-current low-
energy pulses (~1kA, <100keV) or low-current
relativistic steady pulses (~50 mA, ~1 MeV) with the
energy density up to 30 J/cm? The experimental data
about the intense e-beam damage in intense ablation
mode (>50 J/cm?) of Zirconium is still lacking.

In this paper, we apply the microsecond intense
HCEB irradiation at the TEMP-A accelerator [12]. The
microsecond timescale provides its own advantages
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over nanosecond or sub-second exposure. The lifetimes
of phase instabilities induced in target medium by the
microsecond HCEB are approximately equal several
microseconds. Moreover, some metastable phases could
be 'frozen' by fast cooling (up to 10°K/s) through
thermoconductance into the bulk and radioconductance
at the hot surface. While the high-speed cooling limits
the equalizing diffusion processes, even longer e-beams
impulses (~1ms) could result in significant
modification.

The theoretical and numerical background on
simulation of radiation damage in the nuclear
materials by fission products and SHI beams is quite
solid (e.g., SRIM/TRIM) [7], although it needs
experimental assessment. For intense relativistic e-
beam damage of metals with electron energy in the
interval of 0.200..4 MeV, energy density of
10..500 J/cm?®, when the heat source has explicit
volumetric character and damage products are liquid,
gaseous, plasma and solid fragments, it is not
convenient to use certain mathematical or numerical
model due to the different physical approaches and
great amount of fitting coefficients. For very intense
sub-microsecond pulses (~10** W/cm?), the most useful
is the hydrodynamic model proposed in 1981 by
Romanov and Suzdenkov [10]. The dislocation-based
models for nanosecond e-beam exposures (<10° W/em?,
<50 J/cm?) were developed by Mayer et al [11], which
allow to simulate the plastic deformation of targets,
estimate the temperature dynamics, stress evolution,
and generation of plasma cloud.

In [13-15] we presented our attempts on simulation
of HCEB modification of metals. It was developed in
[13] a simple semi-empiric thermal model of e-beam
ablation based on the hyperbolic Maxwell-Cattaneo-
Lykov law for heat conductance, Stefan problem and
the weakly coupled dynamic theory of thermoelasticity.
Its elastic part was reduced to calculation of the stress
jumps on the boundaries of solid-melt fronts to simplify
tracking of volumetric destruction under intense e-
beam heating. The stated thermal model was
numerically implemented wusing finite difference
methods and tested for the wrought Aluminum alloy
1933. The heating and cooling temperature evolution,
corresponding gradients, speeds and fronts were
evaluated in the case of the homogeneous medium.
After more comprehensive tests, it was found, that this
model usually overestimates by 20% the mentioned
characteristics for light metals and Iron exposed at
TEMP-A conditions. Thus, in [14] we specified more
carefully the dynamics of temperature and
displacement fields in a homogeneous target through
developing the thermoelastic model of e-beam ablation
within the Maxwell-Cattaneo-Lykov law modified to
consider the impact of deformation on the temperature
field, elastic part with the small strain tensor and body
force induced by the thermal expansion. That model
was numerically implemented using classical Galerkin
finite element method (FEM) and tested for the
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Titanium alloy VT1-0. In this paper, we employed the
later more proper model [14] to assess numerically the
induced displacements and temperature, and compare
them with experimental data.

Our research aiming to study the response of the
experimental alloy Zr1%NDb to irradiation by (i) the
swift heavy ion beam and (ii) intense electron beam in
the ablation mode.

2. MATERIALS AND METHODS

The samples were prepared from the fuel rod’s wall
of experimental alloy Zrl%Nb, which was produced
using Iodine Zirconium, melted in the arc-furnace in
the inert atmosphere. The initial thickness of samples
equals 0.65 mm, width and length of 3.5 mm x 10 mm,
respectively. The samples for ion irradiation were
previously mechanically thinned to 200 pm and
electropolished in CH3;COOH + 10% HCIO, solution
during 25 s under the electrode potential of 30 V.

Intense electron irradiation of Zr1%Nb alloy was
conducted under the pressure around 107° torr at the
TEMP-A high-current e-beam pulsed accelerator
facility [12], with the following parameters: electron
energy ~ 0.37 MeV, beam current ~2 kA, 5pus beam
pulse in the intensity range of 10°.107 W/cm? one
impulse applied. Energy density released on the
exposed surface did not exceed 5 MdJ/m?.

Two identical samples were irradiated at the cyclic
implantator of heavy ions IC-100 (FLNR, JINR,
Dubna) [16] by *Kr'** ions with the fluences of 1:10%
and 10" ion/cm®. The incident density was 10" ion%m"
25! intensity of 2 pA, energy ~ 107 MeV, and the beam
incidence angle of 30°w.r.t. the surface. The specific
energy of ions (~1.2 MeV/nucleon) was enough to
experimentally simulate the energy deposition of
fission products through preferable inelastic collisions.
The temperature of samples under exposure was less
than 25°C to prevent their overheating. The
homogeneity of ion irradiation was achieved through
vertical and horizontal beam scanning with frequencies
of 100 Hz and 200 Hz, respectively. The vacuum in the
irradiation chamber was around 57107 torr. The beam
scanning in horizontal and vertical directions has been
applied to achieve homogeneity of ion beam processing
of the target surface better than 5%.

Visual and morphological analyses of the ion- and e-
beam-irradiated samples were performed using the
optical microscope Bresser BioLux NV. Topographical
analysis of the cross-fractures was conducted using the
scanning electron microscope JEOL JSM-840. Then,
the cross-sections were prepared for metallographic
and hardness analyzes of the samples after both kinds
of irradiation. The metallographic specimens were
polished using a micron diamond powder WO0-1. The
hardness Hj, of the modified near-surface zones was
measured with the PMT-3 microhardness testing
machine equipped with Berkovich trihedral diamond
pyramid with an applied load of 50 kgf. Estimates of
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the elastic modulus E and nanohardness H of the
samples were obtained using the continuous stiffness
method on the MSSI’s Agilent Nano Indenter G200 by
Berkovich trihedral indenter with the tip radius of
20 nm to the indentation depth up to 500 nm with the
step of 15 uym, 4 measurements in the vicinity of each
point in the uniformly modified zone. H and E were
measured through all the thickness of the e-beam
irradiated samples. In the case of the thin ion-
implanted samples, the mentioned characteristics were
obtained to the indentation depth of 200 nm. To
enhance the precision, the samples were placed on the
special holder to stabilize the temperature 1 hour
before performing the measurements themselves. The
hardness was calculated using the classic Oliver-Pharr
analysis method. After hardness measurements had
been performed, metallographic analyses were done. To
detect the microstructure of the material, the chemical
etching was carried out using the reagent of 5% HF,
15% HNO; + 80% H,0 at the room temperature around
24°C, etching time of 45 s.

3. ZR1%NB ALLOY AFTER KR ION
IRRADIATION

Visual examination of the surfaces after the swift Kr
exposures showed their erosion, especially for the
fluence 10™ion/cm?® (see Fig. 1 a, b). The processed
surfaces have microscopic craters and hillocks. Under
low fluence, the formation of craters initiates on the
initial surface defects such as scratches, grain
boundaries. With the increase of fluence, the irregularity
of irradiation-induced defects increases.

Fig. 1 — Surface of Zr1%Nb alloy after irradiation by *Kr'"** ions
(107 MeV) with fluence of 10* ion/ecm? (a) and 10" ion/cm? (b)
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The radiation damage induced by the SHI irradiation
is not uniform in the target’s bulk. In order to estimate
the volumetric distribution of the radiation damage it is
necessary to conduct evaluation of the defect generation
profile and induced displacements using SRIM-2010
package. The total dose D (in dpa) can be determined as
(1):

D:Gdé, (@8]

where 0, is the defect generation, ® is the fluence. 0,
is a general characteristic of materials damageability
defined by (2):

_ Nlion Mmol
og=""1 Dd Ny’ @

where NYo" is the average number of displacements
provoked by one ion, M,,, is the medium molar mass, p is
the medium density, d — the damage peak thickness, N, —
the Avogadro constant. For the sake of practical
advantage, we could rewrite (2) to (3):

o;=n¥ /N, 3)

where W is the rate of introduction of defects into the
medium, which is measured in vacj(Aion), N - the
concentration of atoms in a volume unit, n (10® Alem) is
the dimensional coefficient, which defines the correlation
between units of W and N. Further, W can be directly
simulated in SRIM for the Zr1%Nb alloy. We conducted
calculations with the next parameters: alloy density
P = 6.46 g/cm?® at T = 300°C, the displacement energy for

hep-Zr Ef”“-’f’ ~40eV [17, 18]. At this temperature,

0.3 wt.% of Nb dissolves in the Zr matrix, the remainder
part ~ 0.7 wt.% of Nb formes B-Nb phase with bce lattice.
Therefore, we used the displacement energy for bcc-Nb

E% - 60 eV [17]. For all calculations the lattice bond

energy and the surface energy were equal to 0 eV. The
SRIM calculation gave us the maximal value of
Y ~ 1.63 vac/(A-ion) at the depth of 10 pm. Finally, as
follows from numerical simulations (with statistics of
10° events) and applying (3), we've obtained Fig. 2,
which represents the defect generation profile o, for the
Zr1%Nb alloy at 300°C. Applying (1), the displacements
for the fluences of 10" ion/cm® and 10™ ion/cm?® are 0.076
and 0.76 dpa at the 10 pm depth, consequently.
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Fig. 2 — Defect generation depth profile o, for Zr1%Nb alloy for
Kr ion irradiation

We analyzed the nanohardness H and elastic
modulus E of the Kr irradiated samples and ‘as-
fabricated’ alloy. It was noticed the nontrivial
dependence of H and E on the fluence (see Fig. 3). A
slope is observed for these characteristics from the
beginning to 40..50 nm, which corresponds to the
elastic deformation mechanism. Worth noting, the
hardness gradient is relatively the same up to the
depth of 38 nm and does not depend on the processing:
VH ~ 0.05 GPa/nm. In the case of the highest fluence
10™ jon/cm?, this slope transforms to local maximums of
H and E in the interval of 35..60 nm, which equal to
4.9 GPa and 127 GPa, accordingly. Such peak values
can be explained by presence of the surface oxide layer.
After 70 nm the deformation mechanism is plastic, the
curves become flattened, and the experimental data
can be statistically averaged. After implantation by
10" ion/cm? the nanohardness decreased to 3.4 GPa, in
contrast to the initial value of 3.6 GPa. Neglecting
small variations, elastic modulus is very close to the
unirradiated material, although E shows a
considerable reduction up to the depth of 55 nm
compared to the unirradiated alloy. That degradation
of E can supposedly be a result of some amorphization
of the surface oxide layer. The softening process might
be provoked by the local recovery of the radiation
damage regarding high local temperatures and
excitation of the electronic structure during the ion
treatment, which provides enough energy for
developing of the dislocation microsystem while
temporary limiting the stabilization property of Nb.

I EP’a
140

1120

1100

180

160

; : Ja0
50 100 pepth, nm 150 200

Fig. 3 — Surface nanohardness (H, blue, left axis) and elastic
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modulus (E, red, right axis) versus indentation depth (L): (1-3), (4-
6) — plots of H and E for non-modified, irradiated with fluence of
10" ion/cm? and 10 ion/em?, respectively

In the higher dose region, the sample exhibited the
significant increase in nanohardness by 25% and
averagely equaled to 4.5 GPa. The elastic modulus E
also became a little bit larger E ~ 120 GPa. The
improved mechanical characteristics after Kr exposure
of 10™ ion/cm? can be explained by the radiation defects
and formation of metastable phases [6]. It should be
noted, these results are moderate owing to the fact,
that our samples have been irradiated at the room
temperature. However, such low-temperature SHI
implantation raises the influence of hardening [6],
enabling to observe the effects occurred at higher
doses, whereas the impact of softening mechanism at
the real operating temperature around 300..400°C is
considerable. Thus, the observed difference in response
of mechanical properties to the Kr bombardment with
two fluences showed the complexity of predicting the
tubes parameters for the real nuclear conditions, and
proved an obvious advantage of high-energy ion
testing. For further research on the specifics of
transformation from radiation-enhanced softening to
hardening more advanced techniques are needed.

4. INTENSE E-BEAM MODIFICATION OF
ZR1%NB ALLOY

HCEB irradiation resulted in formation of the
inhomogeneous surface, which roughness significantly
varies. Fig. 4 shows the surface in the epicenter of
exposure (20..200 J/cm?) and in the periphery
(<40 J/cm?) zone. The e-beam heating provoked intense
melting and evaporation of the surface. The ablated
debris were ejected into the vacuum chamber and some
amount was redeposited onto its surface.

Fig. 4 — Surface morphology of Zrl%Nb alloy after intense
electron beam irradiation: (a) — epicenter, (b) — transition from
epicenter (dark left side) into periphery (light right side)
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Fig. 5 — Fractures of Zr1%Nb alloy: (a) — unirradiated material,
(b) — epicenter of intense electron beam modification, and (c) —
periphery of exposed sample

Based on the optical analyses, the maximal depth of
crater approximately equals 80 pm. The formed coating
in the epicenter predominantly consists of the solidified
droplets with the linear size in the range of 30..50 ym
without specific orientation. The periphery zone
characterizes by relatively smooth surface with the
periodical ridges of a 10 ym height and a 40 pm
distance among them. The periodicity is clearly pointed
perpendicularly to the centrifugal direction from the
epicenter zone. The melt was ejected from the
epicenter, and then the ablated products were back
condensed and smoothed wupon the surface in
accordance to their kinetic energy.

The investigations of the cross-fractures showed, that
the HCEB impact has changed the microstructure
crucially. The damage mechanisms in the unirradiated
and irradiated zone occurred by different way. The
unmodified Zr1%Nb alloy exhibits basically ductile
fracture surface with fine ridges, small voids, large
dimples with incomplete rims and small dimples with
complete rims. It demonstrates the transgranular
damage character (Fig. 5a). Fracture has local areas of
tearing topography. We also noticed the deep chimney-
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like depressions elongated parallel to the surface,
deformed flutes and few fracture ledges with quasi
brittle character as a result of shear overloading.
According to the metallographic data, the initial
microstructure of the Zrl1%Nb alloy consists of the
equiaxed grains with the linear size of 3..5 nm.

Further, the irradiated material has brittle type of
fracture (Fig. 5b). In the heat-affected melted zone the
cracks propagated along the grain boundaries. The
intensively exposed material has nonuniform rough
fracture surface with coarse grains and short
intergranular cracks directed towards the surface or
perpendicular to it. There were found shallow cavities
and deep voids filled with damage debris. In contrary to
the epicenter zone, the periphery shows highly
compactified dense structure without cracks (Fig. 5c).
The large recrystallized grains are embedded into the
Zirconium matrix. The thickness of the modified zone in
the epicenter and in the periphery is up to 70 ym and
30 um, correspondingly. The recrystallized layer
consists of coarse grains with the size in the range of
10..20 pm.

In addition, we found, that a 10 pym surface layer
was damaged in the ductile manner in the periphery
zone, after which the fracture surface changes to
intergranular brittle type (Fig. 5¢). Worth noting, this
ductile surface layer is not an oxide layer, and it only
covers the low-dose irradiated area (20..40 J/cm?). The
physical origin of formation of such thin ductile zone
assumed to be rapid solidification of the vapor ejected
from the epicenter, without heat supply to provoke
further grain growth, unlike the material deeper in the
bulk. Moreover, such structure can form only in the
special areas of irradiation, when the incident e-beam
provides enough heat to melt shallow surface layer but
no large droplets condensing on the surface. Other areas
of the periphery, where droplets condensed, have quite
chaotic and rough structure with lots of intergranular
cracks.

There was also found an oxide layered structure on
the surface, which formed due to high residual
temperature, when the sample was taken from the
vacuum chamber. It has the maximal thickness of 4 pm
in some defect places (e.g. it covers surface dimples,
cracks) in the epicenter of exposure. We noticed signs of
the decohesive rupture between the oxide layer and the
melted zone. Adhesion between the basic material and
heat-affected zone is relatively good, without any
macrocracks.

As observed by microhardness and nanohardness
measurements (Table 1), the mechanical properties
markedly depend on the local energy fluence the
material was subjected to. The intense irradiation
degraded the modified layer in the epicenter: the
microhardness Hj, reduced by 12%, E by 4%, and H by
14%, compared to the ‘as-fabricated’ material.
Notwithstanding, the material properties in the
periphery increased: Hs, by 17%, E by 4%, and H by
6%, which can be induced by fast quenching, dense
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structure, good adhesion to matrix and absence of
cracks.

Table 1 — Mechanical properties of the Zr1%Nb alloy before
and after e-beam exposure

Ne Material H, H, GPa E, GPa
GPa
Non-
1 irradiated 2.4 3.5 113
2 Epicenter 2.1 3.0 108
3 Periphery 2.8 3.7 117

Width, sm

0.0 100 200 300 400 500 600

Depth, pm

a

u, mm

36 0.1004

0.096381
0.092365
0.088349
0.084333
0.080317
0.076301
0.072285
0.06827
0.064254
0.060238
0.056222
0.052206
0.04819
0.044174
0.040159
0.036143
0.032127
0.028111
0.024095
0.020079
0.016063
0.012048
0.0080317

0.0040159

1.7087e-048

Width, sm

0.0 100 200 300 400 500 600
Depth, ym

b

Fig. 6 — Simulated temperature (a) and displacements in
Zr1%NDb alloy after 5 ps electron beam exposure

We also compared the experimental data with the
numerically simulated temperature and thermal
displacements dynamics in 2D space {beam
width x depth  of penetration} wusing FreeFem+
+v3.380001 according to our model developed in [14] (see
Fig. 6a, b). The material parameters of Zr1%Nb for the
calculations were taken from [2]. In contrary to the
research on Ti [14] and Al [13, 15], the calculated
penetration depth of HCEB is greater than the maximal
real thickness of the processed layer including crater:
80 um + 70 pum vs. 200 pm. Such difference is a result of
the real tough rigid structure and low thermal
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conductivity of the alloy, and we did not take into
account in calculations the former one properly. Thus,
the behavior of the experimental Zr1%Nb alloy under
the concentrated energy impact in the range of 20..200
J/em? is quite better than expected from similar research
on the lighter materials. The subsurface melting, which
is typical for light alloys and stainless steels, does not
prevail in these damage processes, the surface melting
and evaporation predominate though. Surface ablation
prevents the deeper layers from the destruction like a
thermal insulator.

At the same time, the resistance to high thermal
loads was found in the laboratory conditions, when
Zirconium did not contact with the nuclear fuel, the heat
source is only the volumetric microsecond energy
deposition of certain electron beam, and the melt
removes freely into the vacuum chamber. At least, as
has been pointed out above, that embrittlement of
Zr1%NDb take place after accidental melting of the tube
even in vacuum conditions. Interaction of the heated
material with the nuclear fuel will only deteriorate the
problem.

However, the HCEB modification could be useful for
surface modification of Zirconium. The results indicate,
if the intensity of impact is low (<40 J/cm?) and the
material is subjected to strong cooling, a thin protective
coating with compacted structure forms, which has
enhanced mechanical properties. But the structural
integrity and physical-mechanical properties definitely
degrade after the impact with fluence above 40 J/cm?.

5. CONCLUSIONS

We studied the tolerance of experimental Zr1%Nb
alloy upon irradiation by the swift *Kr'** ion beam and
intense electron beam exposure.

The irradiation with swift %Kr'** ions has almost no
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significant influence on the elastic modulus in contrast
to the nanohardness. The hardness of the Zr1%Nb alloy
has been found to be dependent on the applied fluence.
After Kr exposure with the fluence of 1:10* ion/cm? the
nanohardness of the surface layer reduced by 6%, but
the fluence of 1:10™ ion/cm? increased the nanohardness
by 25%. The observed hardening effect and the changes
of elastic modulus corresponds with the recent result
presented in [6] on the Xe®™ ion irradiation of the
Zr1%Nb alloy. In addition, intense **Kr'** ion impact
also induced formation of the protective oxide layer at
the depth of 35..60 nm with the enhanced nanohardness
by 36% and elastic modulus by 10%.

The increase in microhardness and elastic modulus
of the sample irradiated with microsecond
quasirelativistic electron beam was found at the
periphery zone with the fluence not more 40 J/cm?. It
may be caused by the fast quenching processes, which
provoke formation of the crackless dense microstructure
below the thin surface ductile layer, whilst the reduced
mechanical properties of the same sample at the
epicenter zone with the fluence of 30..200 J/cm? could be
a result of grain growth, cracks generation by relaxation
of residual thermal stress and oxidation. Embrittlement
was detected almost for all the electron beam melted
material, therefore, it can be deduced, that in any
cases, the behavior of the Zr1%Nb alloy will degrade in
the real nuclear operational conditions.

AKNOWLEDGEMENTS

Authors are grateful to the National Academy of
Sciences of Ukraine for providing financial support
(grant No ITO 16-2/2015) and to Dr. V.A. Skuratov
(JINR, FLNR) for irradiation of test samples by SHI
beam. O.A. Startsev gratefully acknowledges the
excellence scholarship awarded from the Presidium of
National Academy of Sciences of Ukraine.

IToBeninka cunaBy Zr1%NDb min iHTEHCHBHHM €JICKTPOHHHM OIPOMIHEHHSIM i IIBHIKHMH
iomamu Kr

B.®. Knenikos!, B.B. JIutsunenko', }FO.®. Jlonin®, A.I'. [Toromapros?, O.A. Crapues’, B.T. Ysapos?

! Inemumym eaexmpogizuru i padiayitinux mexnonoeiti HAH Ykpainu, syn. Yepruwescskozo, 28, a/c 8812,
61002 Xapkis, YKpaina
? HHIJ Xapxiecvruii ¢hizuro-mexniunuii incmumym HAH Yxpainu, eya. Axademiuna, 1, 61108 Xapkis, Ykpaina

B wi#i poGori mocsaimxyBasmcs isuuHi i MexaHiuHI BJyacTUBOCTI criaBy Zrl%Nb ompomiHeHoro sa
ZoTIoMororo myuka ioHiB Kr 3 emepriero 107 MeB, ¢pumoercamu 1?710" i 10™ ion/cm?, a Tako: IIif BILIHBOM
MIKPOCEKYHIHOI0 CHJILHOCTPYMOBOIO IMITyJILCHOTO IIyYKa €eJIEKTPOHIB 3 eHepriero 370 keB, mamarnouum
MOTOKOM eHeprii B iHTepBasi 20..200 Ix/cy’. HusbKoiHTeHCHBHA iMILIaHTallis iomis Kr cnpmummmia

OM SIKIIIE HHSI CILJIaBYy. BucokointencusHe

OIIPOMiHEHHS

iI0HHHM IYYKOM 3YMOBHJIO YTBODPEHHS

MOBEPXHEBOro 3MilfHeHoro mapy 3 HaHorBepmicTio 4.5 I'Tla i momystem mpysxuocti 120 I'Tla. OnpomineHHst
CHJIbHOCTPYMOBHM €JIEKTPOHHHM IIyYKOM IIPDH3BEJIO [0 MAaKpPOCKOIIIYHOIO IIOBEPXHEBOTO OIlJIaBJIEHHS
3pasKy, IO CIPUYHMHHUJIIO YTBOPEHHSI KPYITHO3EPHHCTOI CTPYKTYPH 3 II€PeBalKHO KPHXKHM XapaKTepoM

3JI1aMy.

Kuarouori caora: Iupkonin, Esekrponnnit myuok, IIIBunki Baskki ioau, AGJrsiiis.
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IToeenenne casa Zr1%Nb nmoa AHTEHCHBHBIM 3JIEKTPOHHBIM 00JIy49€eHHEeM H OLICTPBIMH
noHamH Kr

B.®. Knenukos', B.B. Jlutsunenko’, F0.®. Jlouun®, A.T'. [Toromapes?, A.A. Crapues’, B.T. YBapos®

! Huemumym saekmpogpusuku u paduayuornbix mexronozuli HAH Yrpaunst, ya. Yepuviuescroeo, 28, a /s 8812,
61002 Xapvkos, Ykpaura
2 HHIJ Xapvrosckull gpusuro-mexnuueckuil uncmumym HAH Yrpaunsi, ya. Akademuueckas 1, 61108 Xapwvkos,
Yxpauna

B sTont poGore ucciienoBasucy (pusHUecKre U MeXaHHYecKue cBorcTBa cmiasa Zrl%NDb o6syuéunoro ¢
MOMOIIEI0 IydKa HoHOB Kr ¢ sHeprueit 107 MsB, dpurrosrcamu 1210% u 10™ non/cm?, a Takske o1 BJIUSHHEM
MHUKPOCEKYHIHOI0 CHJIBHOTOYHOIO HMILYJILCHOIO IIy4YKa 9JIEKTPOHOB ¢ asHepruit 370 xsB, mamaromum
II0TOKOM sHepruu B HHTepBaJse 20..200 I:x/cm’. Hu3KOMHTeHCHBHAS MMILJIAHTAIMS HOHOB Kr BhI3BaJIa
pasMsiryeHre CcIrjlaBa. BBICOKOMHTEHCHBHOe 00JiydeHHE HOHHBIM IIyYKOM IIpHBEJI0O K 00pasoBaHHI0
THOBEPXHOCTHOTO YIPOYHEHHOro cJjog ¢ HaHoTBépmocThio 4.5 I'Ila mw mopysmem ympyroctm 120 I'Tla.
Ob6JtyyeHre CHJIBHOTOYHBIM 9JIEKTPOHHBIM IIyYKOM BbI3BAJIO MAaKpPOCKOIIHMYECKOE II0BEPXHOCTHOE
onJiaBJieHHe 006pasiia, 4To NPHUBEJI0 K 00pPas0oBaHHIO KPYITHO3EPHHCTOM CTPYKTYPHI C IPEHMYIIECTBEHHO
XPYIKHAM XapaKTepoM H3JI0Ma.

Kunrouessie ciora: [{upkonunii, JIeKTPOHHBIN ITy40K, BrICTpbIe TsiiKe ibie HOHBI, AGJISIIIHS.
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