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This paper presents experimental data of the study of the influence of Fe alloying on the changes of the structure
of the Zr-1%Nb alloy and evolution of the structure of this alloy under ion irradiation. It is shown that small additions
of Fe to the Zr-1%Nb alloy lead to the change its structure due to the formation of Laves phase precipitates. Influence
of ions Ar?* irradiation on parameters of dislocation loops in alloy Zr1%Nb with Fe content 0.012...0.192 wt.% is
studied by methods of transmission electron microscopy. Irradiations was carried out by Ar?* ions (accelerator
ESU-2) with energy 1.4 MeV, at temperature T = 390 °C. Dependence of density and size of dislocations on Fe content

and on irradiation dose are obtained.
PACS: 81.05.-t, 81.40.-z, 89.30.Gg, 28.41.Qb

INTRODUCTION

Zirconium (Zr) alloys have widely been used as the
fuel cladding materials in water-cooled nuclear reactors
of both pressurized water reactor and boiling water
reactors over the past several decades. To achieve better
economic and safety performance, higher burn-up fuel
designs are required by the industry [1], and hence the
improvement of existing zirconium alloys and the design
of news one with longer operating lifetimes in the core.

The Zr-1%Nb alloys are the materials for cladding
and structures and used in pressurized water reactors
WWERSs and provide reliable operation of fuel elements
and fuel assembles in existing reactors and serves as a
basis for new maodifications. The high corrosion and
radiation resistance of zirconium elements is provided by
the chemical composition, structure, and phase
composition of the alloys. Numerous works [1-3] have
shown that Fe alloying of zirconium is promising in
developing advancing alloys. The increase of iron (Fe)
content in the zirconium alloy provides the material of
the cladding tubes with the required resistance to creep
and strengthening under irradiation. In addition, the Fe
alloying of the Zr-1%Nb alloy increases its corrosion and
radiation resistance in the conditions of the operation of
a nuclear reactor.

At the same time it was found that as a result of
additional Fe alloying the technological efficiency of the
Zr-1%Nb alloy decreases, which requires the
development of a new deformation-thermal scheme for
cladding tube production. Therefore, determination of the
optimal Fe content in the Zr-1%Nb alloy is a prerequisite
for providing the technological efficiency of the alloy and
improving its performance properties. Previously, long-
term corrosion tests of samples of the Zr-1%Nb alloy
with different Fe content in water of a chemical
composition similar to the primary coolant in reactor
WWER-1000 (temperature 350 °C, pressure 16.5 MPa)
were carried out [4]. Research has detected that the
optimal Fe content in the Zr-1%Nb alloy is 0.10 wt.%;
the alloy with this Fe content has the highest corrosion
resistance under operating conditions of the WWER-
1000 core. Increasing or decreasing of the Fe content in
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the Zr-1%Nb alloy leads to an increase its corrosion rate.
This Fe content too provides acceptable values of
microhardness of the alloy [4].

The irradiation induced growth (11G) phenomenon is
a significant research area for zirconium alloys, which
are used as cladding and structural materials in fuel
assemblies in reactor-cores [5-7]. IIG refers to the
volume-conservative shape change, which occurs during
neutron irradiation; the cladding expands in the axial
direction and shrinks in the radial direction [8]. This
growth is one of the main limiting factors in the lifespan
of fuel assemblies.

11G is well correlated to the evolution of dislocation
loops in the material. At low fluences, irradiation-
induced point defects collapse into vacancy and
interstitial a-type dislocation loops on mostly first order

prismatic planes with a Burgers vector of b = %(1120)

[9]. Upon further irradiation, c-component vacancy
dislocation loops form on the basal plane, which have a

Burgers vector of b = §(2023) [10].

Alloy chemistry can significantly alter the observed
irradiation induced growth and particularly the point at
which breakaway growth occurs. That’s why, the role of
Fe has been investigated with particular interest, as Fe
dissolves from pre-existing second phase particles
(SPPs) during irradiation and is a fast diffusing element
in Zr, potentially sitting interstitially within the Zr lattice
[11, 12] and interacting with point defects generated
during irradiation [13].

Previous research has suggested that an increased
interstitial solute content in the Zr-matrix correlates to the
formation of loops [10, 12]. However, Fe has been found
to form clusters or precipitates and segregates to and
loops [12, 14, 15]. As loops are frequently found near Fe-
containing SPPs, Fe has been suspected to intensify the
breakaway growth phenomenon. More recently,
however, increasing the Fe content in Zr-Nb-Sn-Fe alloys
has been correlated with improved resistance to
irradiation growth [11].

Niobium (Nb) is important alloying element in some
Zr-alloys, which to improve the performance of
zirconium alloys regarding corrosion and dimensional
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stability [16-18]. Delayed c-loop formation has been
reported for Nb-containing alloys such as E635 (Sn
1.1...1.4%, Nb 0.9...1.2%, and Fe 0.3...0.47%) and M5
(Nb 0.8...1.2%). According to equilibrium phase
diagram of Zr-Nb alloy, the thermally stable status of a
binary zirconium alloy with a few percent of Nb is the
solid solution of Nb in the o-Zr matrix when the
temperature is below the monotectoid reaction
temperature [19]. Niobium will precipitate as a B phase
in the a-Zr grain matrix.

In Zr-Sn, Zr-Nb, and Zr-Sn-Nb alloys the addition of
more Fe led to a decrease in growth strain [20]. Shishov
et al. also showed data from the BOR-60 test reactor,
which indicated that increased Fe leads to a lower I1G
strain in variants of the E635 Nb containing alloy [11].

While most studies have focused on understanding
the role of Fe on c-loop formation little work has focused
on the effect that Fe might have on a-loop formation. A
detailed understanding of the early formation and
evolution of a-loops with increasing dose is vital if one
considers that c-loop formation is related to a-loop
evolution. For instance, it has been proposed that vacancy
a-loops are involved in the mechanism for c-loop
formation [9, 12], supported by an observed anti-
correlation for a-loops and c-loops seen by Topping et al.
[14] and the decrease in a-loop density after c-loop
nucleation [12].

The main source for alloying elements to be
redistributed during irradiation is the SPPs as they slowly
dissolve by leaching out either all or some of their
elements into the matrix.

The incubation period of the accelerated growth stage
is determined by the a-matrix composition, the phase
state and the initial dislocation structure. Neutron
irradiation leads to a redistribution of alloying elements
between the matrix and the precipitates, and to changes
in the a-solid solution composition. Interestingly, the
addition of 0.04...0.10 wt.% Fe and <0.15wt.% O to
E110 (Zr-1%Nb) causes the onset of breakaway growth
to delay to a higher dose of > ~15 displacements per atom
(dpa) [11].

The aim of this work is to study influence of Fe micro
alloying on structure and the radiation properties of the
Zr-1%Nb alloy.

MATERIAL AND EXPERIMENTAL
PROCEDURES

The Zr-1%Nb alloy based on magnesium-thermal
zirconium was used for obtaining experimental samples.
Optimization processes of melting of the Zr-1%Nb alloy
based on magnesium-thermal zirconium by methods of
electron beam melting in laboratory conditions are
described in detail in [21].

The vacuum-arc melting method was applied to
obtain a homogeneous zirconium alloys with Fe micro-
additives. A pure Fe after refining by electron beam
melting was used for alloying. The obtained samples
were contained Fe from 0.012 to 0.192 wt.% with an
interval of 0.03 wt.%. The oxygen content in all samples
of Zr-1%Nb alloy was 0.1 wt.%. The Zr-1%Nb alloy
samples in the form of 1 mm thick plates were prepared
by rolling in a vacuum with intermediate annealing. After
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rolling all samples were annealed in the vacuum of
105 mm Hg at the temperature of 580 °C for 3 h.

Investigations of surface microstructure were
performed using scanning electron microscope (SEM)
JSM-7001F equipped with the system for energy-
dispersive X-ray spectroscopy INCA Energy 350.
Microhardness was measured by the device PMT-3.

Samples of the Zr-1%Nb alloy for transmission
electron microscopy (TEM) studies were prepared as
disks of 3 mm in diameter. Thin foils were obtained by
mechanical thinning of the disks down to 130 um
followed by electropolishing and short-term annealing.

Irradiation experiments were conducted in the
accelerating-measuring system ESU-2 [22]. The samples
were irradiated with a 1.4 MeV Ar?* ion beam at
irradiation temperature of 390 °C and an irradiation doses
5 and 15 dpa. The depth distribution profiles of damage
and concentration of Ar atoms implanted in Zr-1%Nb
alloy irradiated by 1.4 MeV Ar?* ions were calculated by
SRIM 2003. Based on these profiles, the irradiation
parameters were calculated, and the study area was
selected, in which, on the one hand, the damaging dose is
high, and, on the other hand, the number of implanted
atoms is small. The area that meets the above
requirements is located at a depth of 0.1...0.15 um from
the sample surface.

Samples were investigated in JEM-2010 microscope.
X-ray energy dispersive spectroscopy (EDS) equipped
with TEM was used to identify the chemical composition
of the precipitates. Microstructural and precipitates
parameter data were extracted using conventional
techniques conducted on JEM-2100 TEM, employing
standard bright-field techniques.

EXPERIMENTAL RESULTS
AND DISCUSSION

The properties of alloys are determined by their
structural-phase state and even small changes in the
composition of Zr-Nb alloys lead to significant changes
due to the formation of different types of precipitates and
changes in the matrix composition [23, 24]. The kinetics
of release of new phases in a-Zr is determined by the
composition of the alloy, the degree of supersaturation of
the solid solution a-Zr, the composition and the crystal
structure of the phases. The alloying elements have a low
solubility in a-Zr (0.005...0.02% Fe, ~ 0.5% Nb) and are
precipitated as SPPs with sizes of 50...500 nm. The
composition and type of precipitates are determined by
the degree of solubility of the main alloying elements (Nb
and Fe) in a-Zr and their total content in the alloy [25].

Metallographic studies of the structure of samples of
the Zr-1%Nb alloy with different Fe content showed that
the samples have a two-phase structure: a-matrix and
precipitates of the second phase. The additional Fe
alloying of the Zr-1%Nb alloy leads to the formation of
precipitates the density of which increases with
increasing Fe content. Sizes and morphology of SPPs are
close and to distinguish there are difficult. The study of
the chemical composition of particles using the X-ray
spectral microanalysis confirmed the presence of two
types of precipitates. The Fe content in the matrix is
0...0.1%, Nb — 0.3...0.7%.
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The microstructures of the Zr-1%Nb alloy samples
depending on the composition are presented in Fig. 1.
The fine particles of B-Nb precipitate and a small number
of larger precipitates — the Laves phases Zr(Nb, Fe), are
present in structure of alloy samples with the Fe content
of up to 0.042 wt.%. The concentration of Laves phases
is much lower than the concentration of B-Nb particles.
The increasing the Fe content in the alloy from 0.042 to

0.072 wt.% lead to the insignificant increase in the
concentration of Laves phase precipitates. A significant
increase in the number of precipitates and their sizes
occurs when Fe alloying up to 0.162 wt.% and more. The
average size of the B-Nb precipitates is 40...50 nm. The
precipitates of Laves phase are slightly larger, their
average size is 80...100 nm [26].

Laves phase

Fig. 1. The microstructure of the samples of the alloy Zr-1%Nb with Fe content 0.072 (a) and 0.162 wt.% (b)

Studies show that the number of Laves phase
precipitates significantly depends on the Fe content in the
alloy. Due to the low solubility of Fe in a-Zr, almost all
of it is concentrated in the Laves phases.

The microhardness values of Zr-1%Nb alloys
samples were increased with increasing the Fe
concentration in alloys: the microhardness value for the
initial samples (0.012 wt.%) are 1720 MPa, the samples
with 0.192 wt.% Fe — 1880 MPa. In the the area near the
concentration of 0.1 wt.% Fe, the microhardness value of
the alloys are 1750 MPa [26].

The effect of irradiation with Ar®* ions on the
parameters of dislocation loops in Zr-1%Nb alloy with
different Fe content was investigated by methods of
transmission electron microscopy.

Studies have shown that dislocation loops under these
conditions have an elliptical shape. In this case, starting
from dose of 5 dpa, the loops begin to interact with each
other, forming elements of the dislocation network. Up
to a dose of 15 dpa, only a-type loops are observed, c-
type loops are not detected. Irradiation of an alloy with

Fe additions leads to the formation of radiation-induced
a-type loops and the formation of a dislocation network
due to the interaction of the loops at a dose of 15 dpa.

Fig. 2 presents the structure of alloys Zr-1% Nb,
which contain 0.012 and 0.102 wt.% Fe after irradiation.
Data on the dependence of the size of the loops on the
radiation dose are given in the Table, which shows that
the size of the loops and the loop density increases with
increased the dose of damage.

Data on the dependence of the loops sizes on the Fe
content and radiation dose are shown in Fig. 3. It is seen
that the size of the loops decreases with increasing
concentration of Fe in the alloy; the size of the loops
increases with the dose of damage, and with increasing
dose the growth rate of the loops decreases (tendency to
saturation). This is probably due to the fact that large
loops are involved in the formation of a dislocation
network, and newly emerging dislocation loops make a
significant contribution to the decrease in the velocity of
average radius of loop with increasing dose.

Parameters of radiation-induced dislocation loops
in Zr-1%Nb alloys with different Fe contents

Fe content, wt.% 0.012 0.102 0.192

Dose, dpa 5 15 5 15 5 15
Loop size, nm 22.2 28.1 19.2 26.8 17.6 25.2
Loop density, m® | 1.6-10% | 2.1-10%* | 1.8-10%* | 2.2-10% | 1.9-10%* | 2.3-10%
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Fig. 2. Microstructure of the Zr-1%Nb alloy with Fe content 0.012 (a, b) and 0.102 wt.% (c, d) irradiated to dose
of 5 (a, ¢) and 15 dpa (b, d)
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Studies of the microstructure evolution of Zr-1%Nb
alloys with different Fe contents made it possible to
reveal the effect of Fe on the processes of formation and
development of radiation-induced interstitial dislocation
loops. It can be seen from the data obtained that the
increase in the Fe concentration leads to a decrease in the
size of interstitial dislocation loops and an insignificant
increase in their density.

X-ray microspectral studies of the composition of
precipitates in samples of Zr-1%Nb alloys with Fe
additions after irradiation to a dose of 15 dpa showed that,
the precipitates of the Laves phase contain only 1...8%
Fe; the content of Fe in the precipitates of the Laves phase
was 30% before irradiation. This indicates the forced
infiltration of Fe into the solid solution and its possible
participation in the formation of secondary radiation-
induced fine precipitates, which retard the formation of
c-type dislocation loops responsible for accelerated the
radiation growth of the zirconium alloy.

In accordance with the theory of anisotropic diffusion
of point defects in alloys with an hcp structure [13], it can
be assumed that the formation of a atom of Fe-vacancy
complex leads to the formation of a rapidly migration
conglomerate, which rather quickly annihilates with a
vacancy zirconium atom. Accelerated annihilation of the

52

Fig. 3. Dependence of the average loop size on the Fe
concentration in the Zr-1%Nb alloy at irradiation

doses of 15 (1) and 5 dpa (2)

vacancy-Fe-interstitial Zr atom complex compensates for
the anisotropic diffusion phenomenon and inhibits
radiation growth. Therefore, we can conclude that the Fe
alloying of the zirconium-niobium system alloys
contributes to the suppression of the phenomenon of
radiation growth in commercially effective ranges of
irradiation doses.

CONCLUSIONS

The evolution of the structure of the Zr-1%Nb alloy
with increasing Fe content has been studied. It is shown
that small Fe additions to the Zr-1%Nb alloy lead to a
change its structure due to the formation of precipitates
of second phase — Laves phases. It was found that the
number of Laves phase precipitates is determined by the
Fe content in the alloy and increases with increasing Fe
content. The microhardness values of the alloy Zr-1%Nb
increases with increasing Fe content in alloy.

Irradiation of the Zr-1%Nb alloy showed that
increasing the Fe concentration leads to the decrease in
the size of the interstitial dislocation loops and a slight
increase in their density. Fe, leaving the Laves phase
under irradiation into the matrix, forms secondary fine
precipitates and delays the formation of c-type
dislocation loops responsible for the acceleration of
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radiation growth. The Fe alloying of the alloys of the
system Zr-Nb contributes to the suppression of the
phenomenon of radiation growth in commercially
effective ranges of radiation doses.
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BILJIUB 3AJII3A HA EBOJIIOLIIO CTPYKTYPHU CIUIABY Zr-1%Nb
P IOHHOMY OITPOMIHEHHI

M.M. Hununenko, P.JI. Bacuneunko, A.O. /Ipo6umiescoka

[IpencraBneHO eKcIepUMEHTANIbHI JaHi MOCTKEHHS BIUIMBY JIETYBaHHS 3ali30M Ha 3MIHH CTPYKTypH Ta
eBOITIONIi CTpyKTypH crutaBy Zr-1%Nb mix gac ionnoro ompominenns. [Toka3aHo, 1m0 HeBeNHKi nomaBaHHs Fe 1o
craBy Zr-1%Nb npu3BoasTh 10 3MiHH HOTO CTPYKTYpPH 32 paXyHOK YTBOPEHHs BuAlIeHb (a3u JlaBeca. Merogamu
IIPOCBIYYIOYOi  €JEKTPOHHOT MIKPOCKOIi JOCHI/UKEHO BIUIMB ONPOMiHEHHA ioHamu Ar?* Ha mapameTpu
JHCIIOKaliiHUX netenp y cruiasi Zr-1%Nb 3 BmicTom 3amiza 0,012...0,192 mac.%. OnpoMiHeHHS TPOBOAMIN 10HAMHU
Ar?* (mpuckoproau ECY-2) 3 enepriero 1,4 MeB npu temneparypi T = 390 °C. OTpuMaHo 3aJ1€XHOCTI IUIBHOCTI H
pO3Mipy TUCIOKAIiN BiJl BMICTY 3aii3a i JO3U ONMPOMIHCHHSI.

54 ISSN 1562-6016. BAHT. 2022. NeA(140)



