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Abstract

Studies of the mechanical properties of the materials affected by 25-200 keV H \ He+,
Ne+ and Ar+ ion irradiation in the range of fluences up to 21017 cm'2 based on the analysis
of acoustic emission signals, kinetics of the surface deformations measured by laser
interferometric technique and the variations of the surface acoustic waves propagation
velocity are conducted. The acoustic emissions source mechanisms under various ion
irradiation conditions are discussed and relative contribution of various possible
mechnisms are indicated. The correlation of experimental results obtained by different
methods of analysis is done.

1. INTRODUCTION

The RBMK reactors are graphite moderated and cooled by light water. The graphite
core consists of graphite blocks which not only act as the moderator but serve as a major
structural component of the core. During reactor life the dimensions and material
properties of the graphite undergo changes due to fast neutron irradiation. These changes
can affect the performance and must be accounted considering the safety of the reactor.

It is known [1] that in the first half of the reactor safe operation lifetime the graphite
shrinks and zirconium pressure tubes swell mainly due to irradiation creep. These
processes change the gap between the graphite moderator brick, the graphite rings and the
zirconium tube. It affects the heat transfer between the graphite and cooling water. There
is possibility that the presure tube may be tightly gripped by the graphite moderator bricks.

The understanding of the physical processes responsible for the deformation of
materials affected by irradiation is not complete [2]. The emitted neutrons interact with
atoms of the moderator and dissipate their energy creating displaced atoms. The vacancies
and interstitials produced by this process are mobile at room temperature and tend to
aggregate into clusters, or associate with impurity atoms or recombine. With the increase
of irradiation dose they are less easily accomodated in the crystal lattice, and their
presence induces considerable local strain. It results in the drastic changes of the elastic
properties of irradiated materials and to the geometrical shift of surfaces.

In some cases the physical processes related with the displacement of atoms in graphite
affected by neutron radiation may be simulated studing properties of materials affected by

1 The research described in this publication was made possible in part by Grant NoLHl 100 from the Joint
Fund Program of Lithuanian Government and International Science Foundation.
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ion irradiation. There is evidence [3] that kinetics of rearrangement of the microstructure
of irradiated materials does not depend on the ion mass but it is the universal function of
initiated atom displacements (d.p.a.). For example, it is known that there is threshold
fluence of irradiation equal to 10'2-10"' d.p.a. after which rearrangement of the
microstucture takes place. This d.p.a. value is typical of processes associated with the
saturation of damage accumulation when clusters of displaced atoms start overlapping.

The special interest is concentrated in the development of non-destructive methods of
in-situ analysis to get information about the kinetics of surface deformations during
irradiation. The laser interferometric systems were employed to measure shifts of surfaces
(about 10 to 100 nm) during ion irradiation and to study related stresses [4, 5].
Simultaneously with measurements of deformations the analysis of acoustic emissions
signals were conducted [6].

Penetrating irradiation initiates the rearrangement of the microstructure and formation
of extended defects, mainly clusters and dislocation loops which are related with the
release of stored energy in the form of mechanical waves They can be registered by a
dynamic laser interferometric technique or specially constructed piezoelectric transducers.

In the present paper the surface acoustic are used to study the changes of mechanical
properties of materials affected by ion irradiation. Obtained results are compared with
ones measured employing laser interferometric and acoustic emission (AE) analysis
methods.

2. EXPERIMENTAL TECHNIQUE

The AE signals generated during irradiation of solids with 25-200 keV H\ Hef, Ne4

and Ar+ ions in the range of fluences 1013 - 1017 cm"2 were registrated with ultrasonic
transducer glued to the back side of investigated sample. The ultrasonic transducer was
made from a piezoelectric ceramic PZT-7A. The signal conditioning amplifier was a high
input, low noise amplifier of gain 40 dB. The operating frequency range - 90-200 kHz
with the maximum sensitivity in the 95-115 kHz. The sensitivity of the sensor was of the
order of picowatts of acoustic power. The AE signals were analyzed in both the frequency
and time domains. The specially constructed piezoelectric transducers allowed to register
mechanical oscillations of the surface with amplitude 10'13 m in the frequency range up to
5 MHz.

The AE sensor measurement system was carefully calibrated so as to remove or
minimize any potential contributions to the AE spectra not directly attributable to the
irradiation effects. Such factors as the shape of the sample, the location of the
piezoelectric transducers, the input impedance of the signal conditioning amplifier and the
sources of acoustic and electronic noises were examined. It was found that the amplitude
and spectra of AE signals depend on the location of the transducers. The stability and
sensitivity of the cell was monitored by measuring the frequency response using HP
Network Analyzer Model HP4194 A.

The interferometric system was installed in the experimental chamber of ion implanter.
A two-laser-beam interferometric system was used to study static and dynamic
deformations of materials during ion irradiation [7].The interferometric pictures of surface
topography were analyzed using special microprocessing system for dynamic
interferograms. The employed system had a sensitivity limit about 10"" m in the range of
frequencies up to 30 MHz. This method is contactless and non-destructive. In
many cases the mechanical properties of the subsurface layers of solids affected by
irradiation differ from ones in the bulk. To study the kinetics of properties variations
during ion irradiation and distribution of related defects as function of the distance from
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the surface the surface acoustic waves (SAW) were employed [8, 9]. Standart technique,
such as bulk acoustic wave propagation has been very useful for studying mechanical
properties of massive materials. However, in many cases the presence of surface
significantly modifies the kinetics of accumulation and relaxation of point defects
generated by penetrating irradiation in near surface layers. The Rayleigh waves are
concentrated in a layer only one wavelength thick [10]. It means that the thickness of the
analyzed layer depends on the frequency of SAW. Different frequency waves contain
information from different depth.

The defects tend with the increase of irradiation fluence to form clusters and local
inhomogeneities of macroscopic size beneath the surface. There are difficulties in
observing them by the usual scanning electron microscopic (SEM) technique. If the size of
local perturbations of mechanical properties is about the SAW wavelength they can be
localized by the visualization of scattered Rayleigh waves. In the present research the
SEM was used to visualize the formation of scattering centres for travelling SAW in ion
irradiated materials.

The SAW were launched in the investigated materials employing standart
microelectronics technology. The use of ZnO films made possible to investigate
nonpiezoelectric materials. Two identical filters on the SAW together with amplifiers
formed generators of harmonic oscillations whose frequencies were measured. The
samples with SAW filters on the surface were located in the chamber of ion accelerator
Irradiation of the SAW propagation channel was done by H+, He4, Nef and Ar4 ions. The
ion beam current density was less than 10 uA-cm'2. The frequency of the filter deviated
from the central frequency equal to 70 MHz during irradiation as SAW propagation
velocity was modified along the propagation channel.

3. EXPERIMENTAL RESULTS

The materials affected by ion irradiation are acoustically active. The interpretation of
AE results in many cases is difficult. The possible sources of the acoustic signals may be
related with thermal changes during irradiation, phase transitions, kinetics of defects
accumulation and redestribution. In many cases to determine the source of AE
complementary experiments are needed such as transmission electron microscopy, X-ray
diffraction, etc. to register structural and geometrical changes.The Rutherford
Backscattering analysis and AE analysis were conducted simultaneously to make
correlation between the AE signals and the displacement rate of atoms in solids initiated
by penetrating 500 keV H+ ions.

Fig. 1 illustrates the dependences of the amplitude of AE signals (curve 1) and the
number of backscattered H+ ions (curve 2) registered during irradiation of LiNbO? crystal
with 500 keV H+ on the disorientation angle between the well collimated ion beam and the
channeling direction of crystal. Channeling ions mainly dissipate their kinetic energy
interacting with electrons of solid and the number of displaced atoms is significantly less
than in the case when the disorientation angle exceeds critical. The good coincidence of
the minimums in the RBS and AE data indicates that the displacement of atoms can be
monitored registering AE intensity.

The non-monotonous dependences of AE signals was measured during irradiation of Si
(111) by 100 keV H+ and Ar+ ions (fig. 2). The maximum of AE during Ar* irradiation is
related with amorphization of Si in the range of fluences 2-6-10)4 cm"2. The irradiation
with H+ ions does not amorphize crystalline structure of silicon and the observed AE
variations may be related with stress variations in the irradiated layer.
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Fig. 1. The dependences of the AE signals intensity and the number ofbackscattered protons on
disorientalion angle.
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Fig. 2. Acoustic emission during irradiation of Si (111) by 100 keV FT and Ar+.

The comparison of the kinetics of the integral streses in irradiated silicon measured
using laser interferometric system and the intensity of AE signals are in good correlation
(fig. 3). It indicates that the induced stresses in the irradiated solids are the main driving
force initiating AE. The mechanism of stress formation is the subject of the intensive
discussions [11].

FLUENCE, cm"2

Fig. 3. Correlation of AE signals (curve 1) with integral stresses (curve 2) measured
during irradiation of Si (111) by 100 keV Ar\
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The kinetics of integral stresses formed in SiO2 during irradiation of 150 keV Ar+ is
illustrated in fig. 4. The presented results indicate that the integral stresses in irradiated
solids depend on the irradiation intensity (curve 1-0.1 uA-cm'2; 2 -0 .5 u,Acm'2 and 3 -
1.8 uAcm"2 ; fig. 4a) and ion mass (curve 1 - He+; 2 - Ar+; fig. 4b). The studies of the
variations of the propagation velocity of the SAW during ion irradiation of LiNbOs show
(fig. 5) the sharp decrease of SAW propagation velocity at the beginning stages of
irradiation with following saturation. The interpretation of obtained dependences may be
done on the basis of the equation defining Rayleigh wave propagation velocity [10]

where v is the Poisson ratio, u. is the shear modulus and p is the density. Which of the
parameters mentioned above is responsible for the observed SAW propagation velocity
variations is difficult to indicate.

The preliminary studies of the graphite properties affected by irradiation with the He
and Ar ions show that the experimental results (AE signals, integral stresses and variations
of the SAW propagation velocity) significantly depend on the manufacturing and
processing technology of the graphite: concentration of impurities, initial defect
concentration and surface finishing technology. The graphities used in RBMK reactors are
GR-280 grade (moderator bricks) and GRP2 125 grade (rings). These are anisotropic
graphites with densities of 1.71 and 1.85 gem'3 , respectively. The graphite crystals are
anisotropic. The anisotropy is formed during the crystal extrusion process. Without strict
control of the initial properties of the graphite it is dificult to predict the behaviour under
irradiation. It is observed that in dependence of the initial state of graphite the integral
stresses initiated by ion irradiation may be compressive or tensile.

4. DISCUSSIONS

By now the physical basis of irradiation damage in materials is fairly well advanced and
most phenomena are at least qualitatively understood. However, the application of the
existing understanding to the solution of technologically important problems require
special considerations. The similar situation is with problems related to the nuclear
reactors and properties of graphite affected by neutron irradiation

The elastic collisions which occur between fast neutrons or heavy ions and the atoms of
a solid result in energy transfers ranging from fractions of an eV to many tens of keV. The
similarity in basic damage formation processes taking place in solids affected by neutron
and heavy ion irradiation makes that experimental results obtained studing ion irradiation
effects with some degree of accuracy can be used to predict the behaviour of materials
irradiated by neutrons in reactors. However, in such experiments are not reproduced
reactor data. Using accelerated tests employing ion beams the investigation of physical
mechanisms responsible for the damage of reactor materials may be studied with the
following analysis of the reactor results.

The analysis of the data about behaviour of ion irradiated materials employing acoustic
emission signal analysis, the kinetics of surface topography and SAW propagation velocity
in dependence on ion mass, energy and irradiation fluences together with complementary
information about the structure of materials obtained using RBS and TEM techniques and
surface microstructure by SEM show that this behaviour depends not only on the
properties of material (composition and structure) but and on the prehistory of the
investigated materials including sometimes non-controlable or difficulty controlable
parameters such as impurities, technology of crystal growth, post-growth treatment
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Fig. 4. Kinetics of integral stresses during irradiation with 150 keV Ar*.
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Fig. 5. Relative changes in Rayleigh waves velocity as a function of irradiation fluence.

procedures: cutting, polishing and annealing. In dependence of the surface treatment
technology of graphite the formation of compressive and tensile stresses was observed
during 100 keV He+ irradiation.

However, in spite of the manifestation of individual properties of materials in theirs
behaviour during ion irradiation some general tendencies are observed

326



In many cases the dependences of AE, deformations and SAW propagation velocity on
the irradiation fluence may be divided into three regions. In the region of low fluences
(less than 21015 cm"2 for H+; 2-1014 cm"2 for He+; 2-1012 cm"2 for Ne and 91011 cm"2 for
Ar+) the influence of ion irradiation on the SAW propagation velocity and surface
deformation is small and AE signals are low. In the range 21015-1.51017 cm"2 for H \
2-1014-5-1015 cm'2 for He\ 210I2-2-1014 cm"2 for Ne+ and 910"-31014 cm"2 for Ar+ the
drastic changes in SAW propagation velocity and macroscopic static and dynamic
deformations of irradiated samples are observed. The intensity of AE signals increases
with maximum at 30-50 kHz. At higher fluences the temporal saturation in variations of
SAW propagation velocity and static deformations take place with the appearance of
bursts of high intensity AE signals.

The strong correlation between data obtained by different analysis methods indicates
that in the range of fluences corresponding to I0'2-10'' dp.a. the relaxation of stresses
takes place which is related to the rearrangements of microstructure.

Ion irradiation, inducing displacements of atoms and generating a high concentration of
vacancies, creates the necessary conditions for relaxation of compressive stress. It starts if
atoms from the surface are accomodated in the lattice. A high concentration of vacancies
must be present for it to move into. The local vacancy concentration decreases in this
process and the associated strain field (with tensile stress) must be reduced. Nevertheless,
when an interstitial - vacancy pair combines, the total volume decreases to the half the
atomic volume, leading to an overall reduction of the compressive stress.

The relaxation of tensile stress takes place by a mechanism leading to an increase in the
total volume. The coalescence of vacancies and the formation of voids is the most
probable mechanism, provided that the interaction grain boundaries is negligible.
Otherwise this interaction will collapse the newly created voids and thus present tensile
stress relaxation.

This means that there is and essential assymetry in these processes. The assymetry in
the behaviour of vacancies and atoms in grain boundaries has an important effect on the
way the relaxation of compresive and tensile stresses take place. The energy barrier that
must overcome to nucleate a void is much greater than that needed to form a hillock. The
process of void nucleation must take place with the generation of new surface area, albeit
heterogeneously in the grain boundary. Initially it requires an energy barrier to be
overcome before a void is stable according to classical nucleation theory . A hillock, on
the other hand, requires nothing more than for an atom to add itself to a surface which has
been created. All it takes is to displace the atom from the initial position and to provide
enough energy for migration. This means that processes of relaxation of compressive and
tensile stresses have to be different.

The possible sources of AE signals may be different in different fluence ranges. The
contributions to the overall AE output come usually from several mechanisms. The
problem is determining which of them is the major contributor, under what conditions, and
at which stage. The actual proportion of mobile dislocations is not known and the effects
of strain and strain rate temperature, and microstructure is poorly documented. The
obtained results indicate the existance of the avalanche trigering mechanism in the range of
fluences lO'MO"1 dp.a. Grain boundaries, solute atmospheres, precipitates, inclusions,
grown-in dislocation networks may act as obstacles to dislocation motion and therely
cause pile-ups.

In the range of high fluences the observed bursts of AE are related with the formation
of voids and theirs eventual growth and coalescence. The mechanism of final coalescence
involve the sudden failure of the remaining ligaments between the voids. This is a fracture
event involving local plastic deformation which predicts the high energy bursts of AE.
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5. CONCLUSIONS

(1) Materials under ion irradiation are acoustically active. The kinetics of defects
accumulation can be monitored studying AE spectra. At least three fluence ranges
differing in the AE sources may be identified.

(2) The changes in the AE spectra are correlated with the kinetics of integral stresses in
irradiated materials measured by laser interferometric technique.

(3) The studies of the variations of the SAW propagation velocity in different materials in
dependence of the ion fluence irradiation indicate that the theshold character of
dependences is related with the rearrangements of microstructure in the range of
fluences 10"2-10'1 d.p.a.
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