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The Zr-1%Nb alloy is widely used as a structural material for nuclear fuel assemblies of light water
reactors. One of its key properties is the behavior upon a possible loss-of-coolant accident (LOCA) that can
be changed by the surface modification procedures. This paper presents the research results on the effects of
both high-intense pulsed ion beam (HIPIB) irradiation and high-current pulsed electron beam (HCPEB)
processing on the kinetics of its oxidation at 1200 �C in air and steam, similar to the LOCA conditions.
HIPIB irradiation led to more uniform reliefs on the sample surfaces but did not change their phase
composition. However, both a and c lattice parameters decreased slightly with a simultaneous increase in
microstrains. After HCPEB processing, the general patterns of changes in the modified surface layers were
similar, but microcracks were found in some areas. In all studied cases, weight gains were greater after
oxidation in air than those in steam. Nevertheless, diffusion of oxygen and the formation of scales occurred
more slowly in the modified surface layers due to their distorted crystal lattices. The main reason for the
variations was different physical processes that had occurred when the surfaces had been modified with
charged ions and electrons.
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1. Introduction

Since the 1940s, zirconium alloys are key structural
materials for nuclear fuel assemblies of light water reactors
(Ref 1). Under normal operating conditions, claddings, space
grids and other parts from zirconium alloys are exposed to
radiation, high temperatures and other aggressive factors. In
addition, they may be oxidized at high temperatures (up to
1204 �C) in environments containing various steam concentra-
tions during possible loss-of-coolant accidents (LOCAs) (Ref
2). In such cases, an emergency system operates and the nuclear
reactor core is cooled with water. As a result, fuel claddings can
collapse due to embrittlement of the metal. This issue has

become extremely urgent after the Fukushima Daiichi accident
in 2011 (Ref 3). In this regard, numerous studies are ongoing
by research groups around the world on the behavior of
different zirconium alloys during high-temperature oxidation in
various environments (Ref 4-23). It should be noted that this
parameter is greatly affected by the surface properties, which
are determined by production routs, including chemical etching
in many cases. However, this procedure is not environmentally
friendly and chemical residues on the treated surfaces impair
their functional properties.

Due to the mentioned challenges, significant efforts of
worldwide nuclear fuel manufacturers and research teams
aimed at optimizing the surface treatment procedures for
claddings made of zirconium alloys. This fact is fully consistent
with the accident tolerant fuel (ATF) concept for light water
reactors (Ref 24), which includes deposition of coatings (Ref
25) and/or high-energy surface processing (Ref 26), enabling to
protect nuclear fuel assembles upon possible LOCAs. In the
first case, it is assumed that coatings from chromium, ceramics,
composites or heat-resistant alloys should be both thermal and
diffusion barriers, shielding the base metal from oxidation and
hydrogenation by steam at a temperature of about 1200 �C.
However, many issues should be solved for achieving this goal,
such as low adhesion of the coatings, mutual diffusion of their
components into the base metal and variations in thermal
properties of the coatings and the substrates. In turn, high-
energy surface processing makes it possible to modify surface
layers, slowing down diffusion of oxygen and hydrogen into
the base metal due to the distortion of its crystal lattice.
Nevertheless, no industrial procedures have been developed
and implemented yet, despite a huge number of published
papers in this area, summarized in a recent review (Ref 26).
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One of the high-energy surface processing methods is
irradiation with high-intense pulsed ion beams (HIPIBs) that is
trying to be implemented for a wide range of metals, steels and
alloys (Ref 27-39). As a result, their functional properties have
been improved in some cases. As an instance, corrosion
resistance has been enhanced for the AZ31 magnesium alloy
(Ref 30, 34) and austenitic stainless steels (Ref 28, 39). Also,
HIPIB irradiation has been proposed to extend the durability of
nuclear fuel claddings (Ref 26), since no blisters have been
observed on the modified surfaces of samples from the Zr-
1%Nb alloy (one of the most widely used in light water
reactors) after their oxidation at 1200 �C in steam for 60 secs
(Ref 37) (in contrast to the as-received cold-rolled specimens).
In addition, some other techniques have been considered
promising for this purpose (Ref 26), including high-current
pulsed electron beam (HCPEB) processing. For example (Ref
40), it has enabled to slow down weight gain rates upon
oxidation of the Zr-1%Nb alloy under conditions, similar to
those described in the second section. It should be noted that no
patterns of implementation of these high-energy surface
processing methods have not been compared so far, despite a
fairly detailed analysis of the physical processes taking place
(Ref 41).

Based on the above, the aim of this study was to assess the
effects of both HIPIB irradiation and HCPEB processing of the
Zr-1%Nb alloy on the kinetics and mechanisms of its oxidation
at 1200 �C in air and steam. The obtained results were
compared with each other and with previously reported data.
Both similarities and differences of these patterns were
discussed, as well as future research directions were suggested.

2. Materials and Methods

Plates with dimensions of 15 9 5 9 0.5 mm from the Zr-
1%Nb alloy (the E110 grade according to the Russian
classification) were used as samples (similar to (Ref 37, 40)).
Initially, their both surfaces were grinded sequentially with
sandpapers of 600, 800, 1000 and 2000 grit sizes to obtain the
Ra roughness of � 100 nm. Then, they were cleaned and
degreased immediately before high-energy processing.

HIPIB irradiation was performed using the �TEMP-4�
accelerator (Ref 29, 36, 37, 39). The sample edges were not
irradiated additionally. The following parameters were applied
on the basis of the previous experience of the authors (Ref 36-
39): an accelerated voltage of 160-180 keV, a pulse duration of
100 ns and an ion current density on a target of 110-120 A/
cm2. The beam was composed of carbon ions (�70%) and
protons (�30%). The energy density at the target, measured by
the thermal imaging method (Ref 42), was � 2 J/cm2 per
pulse. The number of pulses was three for each side. Pressure in
a chamber was about 2.67Æ10-2 Pa.

HCPEB processing of both surfaces of the samples was
carried out using a �RITM-IZ� installation under the optimal
conditions determined in the trial study by the authors (Ref 40).
The following parameters were applied: an accelerating voltage
of 30 kV, an energy density of 5 J/cm2, a pulse duration of 2 ls
and the number of pulses of 10 for both sides. Argon pressure
in a chamber was about 5Æ10-2 Pa. Under these conditions,
surface layers several microns thick were modified without
phase transformations and/or deep cracking (Ref 40).

Changes in the modified layers were assessed using the
method, previously implemented in (Ref 43). The surface
layers were examined by x-ray diffraction analysis with an
�Ultima IV� diffractometer (Rigaku, Japan) in parallel beam
geometry using copper radiation (0.154179 nm). An �NT-MDT
Integra Prima� atomic force microscope was used for measuring
roughness at a 100 lm base.

As in the previous investigations by the authors (Ref 37,
40), high-temperature oxidation was carried out with an �ITM�
facility at a temperature of 1200 ± 3 �C in air and steam for
30, 60 and 180 secs. Its detailed description was reported in
(Ref 37). Weight changes were determined by weighing the
samples using a �RADWAG MXA-21� scales with a maximum
error of ± 0.01 mg. Three samples were tested for each
combination of the surface characteristics and the oxidation
conditions. The weight gain values were statistically processed
by applying the Y = BÆln(X) + A logarithmic fit.

The sample surfaces were examined using a �Carl Zeiss
EVO 50� scanning electron microscope (SEM) at an accelerated
voltage of 20 kV, equipped with a back scattered electron
(BSE) detector. An energy-dispersive spectroscopy (EDS)
analysis was carried out with a �JEOL JSM-6000PLUS� SEM.
For metallographic examinations, the samples were prepared
using standard methods similarly to (Ref 37, 40), which
included grinding with the above-mentioned sandpapers and
final polishing on a cloth with an aqueous chromium oxide
suspension. The sample cross sections were investigated with
an �Axio Observer A1m� optical microscope.

3. Results

3.1 Surface Modification

Figure 1 shows SEM images of the surfaces on the studied
samples. On the as-received cold-rolled samples (Fig. 1a), some
scratches, discontinuities and inclusions were observed.
According to the results of the EDS analysis (Fig. 2), such
inclusions were complex oxycarbonitride compounds. After
HIPIB irradiation, no shallow scratches were found while
deeper discontinuities possessed smoother reliefs (Fig. 1b). The
Ra roughness on the sample surfaces decreased down to 50-
60 nm, which was only half of the initial level of � 100 nm. In
addition to the initial inclusions, new black ones were observed,
characterized by dimensions within 1 lm (visible only at a high
magnification). They could be complex oxycarbonitride com-
pounds (according to Fig. 2) and include zirconium hydrides
(Ref 44-47), since the beam composition had consisted of both
carbon ions and protons. In this research, clarification of the
chemical composition of these new microinclusions was not
carried out due to the lack of their influence on the key findings
(discussed below). During HIPIB irradiation, some craters had
been formed on the modified surfaces, which were typical for
such cases (Ref 26, 48). After HCPEB processing, the sample
surfaces (Fig.1c) were characterized by more uniform reliefs (in
comparison with the as-received one shown in Fig.1a) and few
craters with slightly different morphology due to various
mechanisms of their formation (Ref 49), discussed below. More
detailed information about the influence of the HCPEB
processing parameters on the characteristics of the modified
layer on the samples from the Zr-1%Nb alloy can be found in
the previous paper by the authors (Ref 40).
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Figure 3 and Table 1 show the results of the x-ray
diffraction analysis of the surface layers on both as-received
sample and one after HIPIB irradiation. In general, the obtained
diffraction patterns were as expected, since a-Zr was the main
phase (Ref 1). Shifts of the peaks and changes in their shapes
also correlated with those previously reported for zirconium
alloys irradiated with carbon (Ref 38), helium (Ref 50) and
hydrogen (Ref 51) ions, as well as neutrons (Ref 52). For the
as-received sample, the diffraction peaks corresponding to the
(002) plane of zirconium were more intense compared to

others, similarly reported for Zircaloy-4 (Ref 50, 52) and the
M5� alloy (Ref 52). In the modified layers, the shifts of the
peaks and the changes in their shapes were explained by the
radiation-induced distortions of the crystal lattices (Ref 50, 52),
which depended on the fluences (doses) and some other
nuances (Ref 38, 50-52). This phenomenon was confirmed in
this study, according to the data presented in Table 1. In the as-
received Zr-1%Nb alloy, the lattice parameters exceeded those
for pure zirconium (a = 0.3231 nm; c = 0.5148 nm) due to the
presence of niobium as an alloying element. HIPIB irradiation
did not change the initial phase composition, but both a and c
lattice parameters decreased slightly with enhancing micros-
trains in the modified layer.

3.2 High-Temperature Oxidation

After high-temperature oxidation, the samples looked about
the same. (A typical general view is shown in Fig. 4.)
Nevertheless, the oxidation kinetics varied depending on the
surface parameters and the test environments. Figure 5 presents
the �weight gain vs oxidation duration� curves for the as-
received samples, as well as ones after HIBIP irradiation and
HCPEB processing. In all studied cases, two patterns were
revealed: 1) The oxidation rates were lower in the �as-
received fi HCPEB-processed fi HIBIP-irradiated� se-
quence, and 2) they were greater in air than in steam. These
facts were confirmed by variations in the thickness ratios of
three layers (oxide, a-Zr(O) and prior-b) after high-temperature
oxidation. (Typical cross sections of the oxidized samples are
shown in Fig. 6.) Some dispersions in the obtained values were
determined by the specifics of the applied test method (Ref 2),
as well as their dependence on many factors including the
oxidation instability on the sample edges in some cases (Fig.7).
However, the purpose of these preliminary studies was to
obtain general data on the possibility of improving resistance to
high-temperature oxidation for zirconium alloys by high-energy
surface processing procedures, but not to report any specific
constants. Therefore, in order to assess the reliability of the
presented patterns and understand their causes, detailed studies
of the dynamics of changes in the morphology of the oxide
layers were carried out using their SEM images for all
investigated cases. It should be noted that the chemical and
phase compositions of the oxide layers were not examined in
this study. Nevertheless, previous experiments by the authors
under similar conditions (Ref 37) showed the presence of both
carbon and nitrogen atoms absorbed from the environment
during high-temperature oxidation. Their concentrations varied
along the depth, reaching the maximum values of 19.7 and
4.3%, respectively. Given the extremely high reactivity of
zirconium and its alloys (Ref 1), this fact contributed to the
formation of complex oxycarbonitride compounds inside the
formed scales (Ref 44).

Figure 8 shows the dynamics of changes in the surface
reliefs of the samples with increasing the duration of high-
temperature oxidation. Their variations greatly correlated with
the kinetic curves shown in Fig. 5. Upon testing the as-received
samples in air (Fig. 8a), initial local discontinuities on their
surfaces (Fig. 1a) had been concentrators of pitting accelerated
oxidation from the very beginning of the process (the first
control point of 30 secs). During this period, many small
blisters had formed in some areas of the oxide layers. With
prolonging the test duration, they had enlarged, cracked and
peeled off in some cases. This fact was undoubtedly the reason

Fig. 1 SEM images of the sample surfaces: (a) as-received, (b)
after HIPIB irradiation, (c) after HCPEB processing
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for accelerated oxygen diffusion and weight gains for the as-
received samples. After varying the test environment from air
to steam, the surface character of the oxide layer significantly
changed. As in the previous case, initial local discontinuities
had been concentrators of pitting accelerated oxidation from the
very beginning of the tests. However, the surfaces of all
oxidized samples were much more uniform. The formation of

Fig. 2 Results of the EDS analysis of a typical inclusion on the sample surfaces shown in Figure 1

Fig. 3 X-ray diffraction patterns of the as-received sample and one
after HIPIB irradiation

Table 1 Lattice parameters and microstrains in the
surface layers of the samples from the Zr-1%Nb alloy

Samples

Lattice parameters

Microstrains, %a, nm c, nm

As-received 0.3239 0.5149 0.23
After HIPIB irradiation 0.3226 0.5136 0.31

Fig. 4 A typical image of the oxidized samples (as-received, air,
180 secs)
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small blisters was observed only after 180 secs. It should be
noted that the oxide layers were without cracks and no peeled
off areas were found. As a result, the oxygen diffusion rate and
the corresponding weight gain kinetics were lowered (Fig. 5).

After HIPIB irradiation, the oxide layers (Fig. 8b) were
significantly different from those on the as-received samples
(Fig. 8a) in all studied cases. Since the modified surface layers
had been smoothed, concentrators of local pitting oxidation
were almost not observed after high-temperature oxidation in
air. Craters did not accelerate the oxide layer degradation as
well. In general, all modified surface layers were much more
uniform than those on the as-received ones after high-temper-
ature oxidation in air. This fact explained the low weight gain
kinetics shown in Fig. 5. After testing in steam, a completely
different type of the oxide surfaces was observed (Fig. 8b). In
particular, lips-like defects began to form on the sample
surfaces after 30 secs, the profiles of which became more
pronounced (they �swelled� and �opened up�) as the test duration
increased. In addition, several holes within 1 lm in diameter
were observed in some areas. Also, precipitation of white

microinclusions of various intensities was found at the oxidized
surfaces. From the one hand, it could be initial black ones
(shown in Fig. 1b) that had reacted with steam. From the other
hand, similar effect was typical for the breakaway oxidation of
the as-received samples from the Zr-1%Nb alloy (Ref 2) that
was not observed on the cold-rolled oxidized surfaces in this
study (Fig.8a). It should be noted that there is still no generally
accepted theory for the mechanism behind nodular oxidation
(Ref 2). Despite these features, the slowest weight gain kinetics
was obtained upon testing of in steam the samples after HIPIB
irradiation (Fig. 5).

HCPEB processing changed the oxidation process as well
(Fig.8c). In general, the oxide layers were more uniform than
those on the as-received samples after the tests in air (Fig.8a).
As after HIPIB irradiation, craters were not pronounced
concentrators of local surface damages. However, microcracks
were observed at some regions already after 30 secs. Their
widths increased with prolonging the test durations. In fact,
they were direct channels for oxygen transportation into the
metal, which accelerated weight gains for these samples. Also,
a small number of large blisters were found in several areas
after oxidation for 180 secs. The mentioned differences on the
surfaces compared to the previous two cases also explained the
reason why the weight gain kinetics was between them in
Fig. 5. At a high magnification, the oxide layers looked like a
uniform orange peel after oxidation in steam (Fig. 8c). Some
separate lips-like defects were observed only after oxidation for
180 secs. It should be noted that the described similarities and
differences in the formed oxide layers enabled to identify only
general patterns (discussed below). However, further in-depth
research is needed to understand their underlying causes.

4. Discussion

4.1 The Effect of Surface Modification

According to the authors, discussion of the obtained results
should be started with a brief description of differences between
the applied surface modification methods (more detailed

Fig. 5 Oxidation kinetics for the as-received samples, as well as
ones after HIBIP irradiation and HCPEB processing

Fig. 6 Typical cross sections of the samples after high-temperature
oxidation for 180 secs: (a) as-received, air; (b) after HIPIB
irradiation, steam

Fig. 7 An example of the non-uniformity of the metal oxidation at
the sample edges (as-received, steam, 120 secs)
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Fig. 8 SEM images of typical areas of the sample surfaces, characterizing their features depending on both environment and duration of high-
temperature oxidation: (a) as-received, (b) after HIPIB irradiation, (c) after HCPEB processing
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information can be found in (Ref 41)). Both implemented high-
energy surface processing methods were characterized by some
common patterns. According to (Ref 41), heating and cooling
rates could be about 108-1011 K/s during HIPIB irradiation,
while they lied in a narrower range of 5Æ109-1010 K/s upon
HCPEB processing. In such cases, spatial temperature gradients
reached 106-107 K/cm and one of the possible channels of
energy dissipation was intense movement of atoms in the base
metal, depending on the applied parameters and charged
particles. In the surface layers, mass transfer was determined
mainly by thermal- and pressure-controlled diffusion processes,
but shock waves gave the main contribution at great depths.
This vortex motion and attenuation of pressure waves during
the existence of a liquid phase on the sample surfaces (for
several microseconds) could cause significant mixing of the
surface layers (which certainly contained initial oxide layers
and, probably, some other contaminations in the studied cases).
Therefore, an important role in the surface modification
processes was played by diffusion in the molten layer and its
hydrodynamic mixing among the mechanisms of intensification
of atomic migration. However, the stopping ranges differed by
orders of magnitude for electrons and ions at the same energies,
determining variations of some obtained results (discussed
below).

Under the applied HIPIB irradiation parameters, the surface
layers of the sample from the Zr-1%Nb alloy were melted and
solidified then. However, both heating and cooling rates were
(probably) lower than upon HCPEB processing, since the
characteristic microreliefs of the modified surfaces ware less
pronounced (Fig. 1b and c). This fact was also facilitated by
vacuum in the chamber of the HIPIB accelerator in contrast to
the argon environment in the second case. Under such
conditions, HIPIB irradiation typically resulted in a long-range
effect, i.e., a change in the microstructure and properties of
metals, steels and alloys at depths significantly exceeding the
stopping range of ions (Ref 41). Almost instantaneous heating
of the base metal in the surface layers resulted in the generation
of thermal stresses in the solid phase (the thermal shock effect),
as well as melting and moving of the material from the
irradiated surface. The resulting recoil momentum extended
compressive forces. Consequently, both processes have a
synergistic effect on the irradiated metal. Compared to other
types of high-energy surface processing methods, HIPIB
irradiation gave the maximum energy input to this effect and
formed the most extended surface layers, hardened due to the
distortion of the crystal lattice (Ref 41). It should be noted that
the cratering mechanism was somewhat different during HIPIB
irradiation than that in HCPEB processing. Variations in the

Fig. 8 continued
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surface tension values of molten inclusions and the matrix
contributed to the material flows because of hydrodynamic
processes that formed craters on the irradiated surfaces (Ref
48). Then, their profiles developed due to the combined effect
of the surface tension variations and their curvatures.

Upon HCPEB processing, high heating and cooling rates of
the surface layers, followed by recrystallization processes,
formed spatial layers with different types and concentrations of
defects. Under the applied conditions, it contributed to melting
of a thin surface layer (several micrometers thick), the
formation of a heat-affected zone (up to ten micrometers in
depth) and a plastic deformation region, characterized by the
presence of many dislocations and significant distortions of the
crystal lattice to a depth of 50 lm (Ref 26, 40, 41). As a result,
the modified surface layers were characterized by great residual
stresses. In the surface layer with a thickness of � 1 lm, high
temperatures and significant thermoelastic stresses acted simul-
taneously. Therefore, vacancy-type point defects had to be
formed due to rapid cooling upon solidification. Additional
thermoelastic stresses contributed to the formation of point
defects in the crystal lattice, such as clusters of interstitial
defects, both screw and edge dislocations. In the heat-affected
zone, the microstructure was changed due to the distortion of
both grain and dislocation substructures (Ref 41). Respectively,
the modified surface layers up to 50 lm thick were character-
ized by altered conditions for oxygen diffusion and the
formation of oxide layers. It should be noted finally that
craters were formed by eruption of overheated material
volumes in the subsurface layer, characterized by the presence
of microinclusions with thermal properties different from those
of the base metal (Ref 49). Even at the optimal HCPEB
processing parameters (Ref 40), microcracks were found at
these areas, while increasing the input energy contributed to
their deepening and peeling off of the surface layer. These
factors contributed to subsequent cracking of the oxide layers in
some regions (Fig.8c) and, accordingly, to the accelerated
oxidation rates during the tests (Fig. 5).

As follows from a comparison of the above data with the
thicknesses of the oxide layers after high-temperature oxidation
(as an example, the HIPIB-irradiated sample in Fig. 6 after
testing in steam for 180 secs), their orders were the same.
Respectively, diffusion of oxygen and the formation of oxides
on the Zr-1%Nb alloy had been mostly in the modified layer
with the distorted crystal lattice (Fig. 3, Table 1), which had
slowed down these processes. As a result, after HIPIB
irradiation, the weight gain curves were the lowest in both air
and steam environments. As for HCPEB processing, the
slightly higher weight gain curves were observed due to the
presence of microcracks and greater residual stresses in the
surface layers. It should be noted that HIPIB irradiation with
carbon ions and protons had not been the optimal composition
for the reactive Zr-1%Nb alloy, since it had easily formed
complex compounds with these accelerated particles, lowering
resistance to high-temperature oxidation (Ref 2). The reasons
for using such beams for HIPIB irradiation were the fact that
beams of light ions (hydrogen, carbon, nitrogen, etc.) were
easier to generate, and they possessed significantly longer
ranges than heavy particles (Ref 41). Nevertheless, this high-
energy surface processing method resulted in the slowest
weight gain kinetics for all investigation cases. Accordingly,
there is a possibility that changing the beam composition with
inert argon ions may further improve this characteristic.
However, more research is needed to confirm or refute this

assumption. In addition, a more detailed study of differences in
thin structures of the surface layers should be carried out
applying advanced research methods (Ref 41), such as high-
resolution transmission electron microscopy, Rutherford
backscattering of channeled ions, electron-positron annihilation
and secondary ion-mass spectroscopy.

4.2 The Influence of Environmental Humidity

It is known that the effect of the environmental humidity
greatly depends on the material being oxidized and the test
temperature (Ref 53). Steam molecules could go into chemical
reactions with metals, steels and alloys. This phenomenon
could reduce ductility of the oxide layers and their peeling.
Concerning zirconium and its alloys, very few fragmentary
(and contradictory in some cases) data were published so far on
this topic (Ref 2, 6, 19, 21, 23, 54-66). The results obtained in
the presented research, correlated to some extent with infor-
mation reported in (Ref 2, 23, 59). The similarities included the
facts that the metal degradation process was faster in air than in
steam (Ref 2, 23), as well as the proportion of the oxide, a-
Zr(O) and prior-b layers (according to Fig. 6) changed similar
to that reported in (Ref 59). Both goals and conditions of all
other mentioned experiments (Ref 6, 19, 21, 54-58, 60-66)
differed significantly, so it was impossible to compare �apples
with oranges� in these cases. Unfortunately, the facility for high-
temperature oxidation used in the present study (described in
detail in (Ref 37)) did not enable to estimate both water and
hydrogen concentrations in the test environments. However,
based on the oxidation kinetics, the sample cross sections and
the morphology of the oxide layers (Fig. 5, 6 and 8, respec-
tively), it could be unambiguously concluded that steam played
a significant role upon testing all investigated samples. Further
research in this direction should be focused on a detailed study
of the hydrogen content in the oxidized samples, similarly to
(Ref 44), and variations in the microstructure of their oxide
layers, applying up-to-date methods such as in situ neutron
radiography (Ref 14) and neutron scattering (Ref 15).

5. Conclusions

The obtained results enabled to draw the following conclu-
sions.

1. HIPIB irradiation led to more uniform surface reliefs on
the samples from the Zr-1%Nb alloy. In particular, no
initial shallow scratches were found while deeper discon-
tinuities were characterized by smoother reliefs. Despite
the presence of some typical craters, the Ra surface
roughness decreased down to 50-60 nm, which was only
half of the initial value of � 100 nm. HIPIB irradiation
did not change the phase composition of the Zr-1%Nb al-
loy, but both a and c lattice parameters decreased slightly
with increasing microstrains in the surface layer.

2. After HCPEB processing, the general patterns of changes
in the surface layers were similar to those after HIPIB
irradiation, but microcracks were found in some areas.

3. During oxidation of the samples at 1200 �C, the weight
gains were greater in air than in steam in all studied
cases. Nevertheless, diffusion of oxygen and the forma-
tion of oxide layers occurred more slowly in the surface
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layers modified with both types of charged particles. The
main reason for this phenomenon was the radiation-in-
duced distortion of their crystal lattices. After HIPIB irra-
diation, the weight gain curves were the lowest in both
air and steam environments. After HCPEB processing,
the slightly faster weight gain dynamics was caused by
the presence of microcracks and greater residual stresses
in the surface layers. This fact was associated with differ-
ent physical processes that had occurred when the sur-
faces had been modified with ion and electron beams.

4. Further research direction should be focused on irradia-
tion of zirconium alloys with inert ions, as well as more
detailed examinations of thin structures and hydrogen
contents in the surface layers using advanced experimen-
tal equipment.
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