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1. INTRODUCTION

Reactor components are exposed to high fluences of energetic
particles which produce changes in their atomic structure. These des
turbances, consequently, influence the electrical, magnetic and main
ly mechanical properties (e. g. hardness, strenghth, ductility and
dimensional stability) which are the most important characteristics
for practical application of metals and alloys. Whereas some changes
may be considered as "beneficial" effects (1).42) in metals and al
loys, most of them are destructive justifyng the expression " . Rédig
tion Damage" for the influence of radiation on materials.

Considering the irreversible trend trowards the development
of nuclear technology and uses of nuclear energy, it becomes : evil
dent that Radiation Damage in reactor components must be seriously
considered for a safe and economic operation of present fission re
actors, and mainly, on fusion reactor of the future. Therefore it
is essential to acquire a fundamental understanding of radiation dam
age effects and develop radiation-resistant materials.

An interesting comparison cam be made on the vulnerability of
metals and other materials, by the folowing example: the core compo
nents of a fast breeder reactor are exposed to a fast neutron flux

of approximately lO15

n/ cm2. sec., which results in about 300 dis
placements per atom (dpa) after 10 years of operation, practically
destroyng the original structure. Another irradiation time cumulati
ve effect is the swelling in present-reactor stainless steels, which
is a technologically unacceptable disturbance. Plastics desintegrate -
at much lower doses (~3.lO_4dpa), and 10712 part of the above men
tioned dose would develop pathological processes in bio-tissue lead
ing to the destruction of a living organism. The catastrophic effect
of radiation on organic material is due to the fact that a replace

ment of an atom by another element alters the chemical nature of the
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material. By contrast, a random exchange of atoms between different

lattice sites has no macroscopic effect on pure metal and disordered
alloy for relatively small doses, since an appreciable part of the

absorbed radiation energy goes into electronic excitation and ionisa

tion, and does not produce structural changes in metallic materials,
other than heat. This is not the case of ionic conductors, semicon

ductors and insutators whose physical properties are strongly influ

enced by electronic excitation,

The radiation damage study consists of two major, not com
pletely overlaping, fields : basic research on pure materials and
technological studies (data collection) on commercial reactor maté
rials. Research workers are interested in basic properties of point
defects and structure changes, performing experiments at low-tempera
ture, low-dose irradiations using elaborate methods to dermine the
atomic behavior of interstitials and vacancies. Very pure metals and
single crystals are used as samples with one kind of predominand de
fect present, in order to obtain reproducible results. On the other
hand, nuclear engineering, to desigﬁ and construct advanced reac
tors, must face technological challenges like radiation-induced swe
1lling, enhanced embrittlement and creep of commercial alloys, and
needs data on the behavior of these materials after several years of
reactor service at high doses and temperatures. I the last decade a
convergence of both fields has been noted and is due to great ad
vances recently made in dermining the structure and basic properties
of point defects in pure metals with the research presently turning
to defect aglomerates in dilute and concentrated alloys, and main
ly to the development of simulation techniques (charged particle ir
radiation) used to characterise commercial materials with regard to
their radiation resistance. In spite of the convergence of basic
and technological researches, many results and their theorical unde
rstanding are still confined to model materials of structures much
simpler than those of commercial alloys. Therefore, the macroscopic
property changes in reactor materials are only qualitatively under
stood with many open questions regarding detailed mechanisms leading
to embrittlement, swelling, radiation-enhanced diffusion, etc., how
ever the ecquired knowledge is sufficient to identify the areas
where radiation damage in structural materials can endanger the safe
and economic operation of reactors.

Regarding the structural materials requirement, the following

considerations must be made. At present, commercially available pow
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er reactors are of the following three types: (LWR)- light-water fg
actors, and to a much smaller degree, the (HTR) high- temperature
reactors and, (HWR) heavy-water reactors, which rely on the rare U-
235 isotope as fuel. For this reason other types of nuclear energy
sources are being developed in several countries one of them the
liquid-metal fast-breeder reactor (LMFBR), to make available a pro
ven and environmentally safe commercial reactor in the next decade,
which would greatly increase the effective uranium resources, since
it "burns" both U-238 an U-235 isotopes. Another type of reactor is
the controlled thermonuclear fusion reactor whose practical feasibi
lity has not yet been demonstrated, but in last years such progress
has been achieved that researchers are strarting to analyse the
technological and economic aspects of fusion reactors where material

(3)

radiation-induced property changes will be discussed, references (4,

considerations are of paramount importance . Since here only ir
5 and 6) are suggested for further informations on different types
of reactors.

In boiling an pressurized-water reactors where the core stru
cture-consisting of fuel cladding, pressure tubes, grid plates, con
trol rods,etc - is exposed to fast- neutron fluxes of order of lO13
n/cm2. sec and temperatures around 3OOOC, the radiation damage nor
mally is not the life-time limiting factor. The most important radi
ation effects are low-temperature embrittlement, irradiation creep
in stainless steel and Zircaloy, and less frequently an. increased
hydrogen adsorption and corrosion produced by radiolysis.

Due to their high safety relevance, the thermal reactor pres
sure vessel deserves great attention. The pressure vessels are gen

erally made of low-ferritic steels welded by special processes and,

during their life-time, are exposed to fluences in the range of
1018 - 1019 n/cm2 (fluxes up to lOll.n/cmz-sec), at temperatures be
low 300°C. Low-temperature embrittlement may occur, shifting the

ductile-brittle transition temperature into the operating range (20
- 300°C) of rector pressure vessels (?)

(8)

as shown in Fig. 1.
The diminished toughness of the irradiated material may
lead to spontaneous crack propagation and fracture of the reactor
containment vessel; with catastrophic consequences. Due to this, ex
tensive investigations have been carried cut and should proceed in
tensively in the future to make available a broad data base to allow
reliable technological predictions. In parallel, surveillance sam

ples of material are irradiated in the neighborhood of the reactor
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hardening and embrittle
ment in pressufe—vessel steels is a consequence of point-defects ag
gregation (vacancies and intersticial atoms), however the role of
impurity atoms and other misrostructural defects in stabilizing and
affecting these clusters in commercial alloys is far from being com
pletely unterstood.

Gas-cooled high-temperature reactor (HTGR), have concrete ves
sel , fuel contained in graphite coating, and only a few metallic
structural components, reason why no serious radiation damage prob
lems in metallic components are expected, with the exception of con
trol rods. These operate at high temperatures (~950°C) and are ex
posed to fluences which could cause high-temperature embrittlement.
Considerable radiation - damage effects like, volume change, ther-
mal conductivity, and mechanical properties are expected to occur in
the graphite coating, but are not discussed in this paper.

In contrast with LWR, the LMFBR operate with, liquid sodium
18 n/cmzsec
and high mechanical stresses (~100MPa), which lead to material dete

cooling at temperatures up to 7OOOC, fluxes exceeding 10

riorations that limit the lifetime of many components below econom
icaly desirable values. The most representative parameters related
to fadiation damage problems in fast-breeder and fusion reactors,
are compiled in Table 1. R

The operating temperature of LMFBR is limited by structural
material available which is an austenitic stainless steel. The pow
er density level determines the neutron flux, helium production
rates, stress levels and fuel expansion. These conditions combined,
lead to following destructive effects, in deéresing order of deteri
oration: - swelling by void growth - irradiation creep - high tem

perature embrittlement and radiation enhanced diffusion. Investiga
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tions are being caried out, on world-wide scale , to develop radia
tion-resistant materials whose properties vary within certain 1lim
its established by engeneering requirements, as shown in Table 1.

TABLE I ANTICIPATED STRUCTURAL MATERIAL REQUIREMENTS
FOR FUTURE REACTOR SYSTEMS (after Ref.(9) ).

Parameter unit Fast Breeder Fusion ractor
(stell)
Temperature % 300-600 300-500 (steel)
i L6 500-1900 (refract.)
maximum instantan. dpa/s ~10 3X10~ —10”4(magnetic§
displacement rate lly confined)

1-10(inertially confi
ned)

avarange displace

ment rate - dpa/year ~50 10-30

Helium production appm/year ~10 200-600(steel), 25-150

-1 (refract.)
No. of power cycles vyear ~10 lO—lOS(magnetically

confined) 107-109(in
tertially cdnfined)
stress level MPa 60-120 60-200
Maximum permissible:
Volume change(life

time) % <5 <10
Creep strain(lifeti

me) % <1 <1
Ductility(elongation) % 4 <1

In spite of the difference in physical concept of LMFBR and
thermonuclear fusion devices, there are some similarities in the
radiation damage problems for the structural materials in both sys
tems. In analogy to the core of a LMFBR, the first wall and blan
ket materials sorrounding the plasma are exposed to high temperatu
res, intensive mechanical stresses and fast neutron fluxes higher
than lO14 n/cmz, depending on the wall energy loading which varies
from 1 Mw/m2 to 7 Mw/m2 for different fusion reactor designs. How
ever, it is already known that the neutron energy spectrum will be
considerably higher than that in a fission reactor due to the 14MeVv
neutrons produced by fusion. These will yield a strongly anhanced
Helium production by (n,o&) reaction leading, as a consequence, to
high - temperature embrittlement.

For the evaluation of the critical radiation damage problems,
several simulation techniques have been introduced, with the ini
cial aim of producing high damage rates for swelling studies after
charged particles inplantation. Very high swelling rates were a
chieved by the implantations with heavy ions'(5MeV) - lO4 greater

than in a typical fast breeder reactor, but with the handicap of a
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very limited damage range ( 1 pm) allowing only TEM observations on
very thim samples.

Light ions , like p, d and oi, with energies from 5 to 30 MeV

are suitable for homogeneous damage production in 25 to 100 pm thick

samples apropriate for bulk mechanical properties measurement like

: creep, fatigue, stress-strain curves,

5

but limited to a
(10)

etc., re
With ¢, implan

appmHe/dpa) can be a

duced damage rate of approximately 10  ~ dpa/sec

tation the highest appHe/dpa rates (~lO4

TABLE 2.
QUES

(10)

CHARACTERISTIC FEATURES OF DIFFERENT SIMULATION

TECHNI

Particle;
gy range;

ener

Advantages

Disadvantages

Main field of ap
plication

Heavy ions (se

Extremely high

Very small ranges

TEM investigation of

1f ions); 2-5 damage Trates (lpm)inhomogeneous swelling by void
MeV Van de (100dpa in 3 damage, surface ef fommation; screening
Graaf hours?; fects, dis of swelling resig

tribuition of high
stresses

tant alloys

Light ions (p, Somewhat higher Limited to 5 dpa; Simulation of "in
d,s)5-30 MeV; danage rates than damage structure pile'"mechanical pro
cyclotrons reactors; homo different from n- perties changes (1T
geneous damage damage radiation creep,
in =100umthick fatigue, anlrittlement,
samples; mechanica l influence of stress on
tests possible swelling)
Electrons; High damage ra Very thin layers In-situ observati
0.2-3 MeV; tes;production (surface effects) on of the huldup
HVEM and dosavation of and small areas of damage structure:
defect structure (stresses):;damage dislocation loops,
simultaneously structurevery diffe voids, cluster
rent fram neutrons complexes, etc.
(single Frenkel pairs)
chieved for simulation studies of He embrittlement in materials(ll).

The high - voltage electron microscopy (HVEM) is especially useful
as a simulation technique since permits the observation of structure
chaﬁges during the radiation damage generation with fast electrons
(~1 MeV). Some of the more important simulation techniques are list
ed on Table 2.

In the last decade several laboratories have devel

oped techniques of simulating neutron-damage phenomena through
charged - particle bombardment. Although the first Radiation dam
age experiments date from 1965 the simulation studies started at Ra
diation Damage Division - IPEN in 1984 on cyclotron o.implantations
and the results obtained have shown that simulation techniques can

provid fast, inexpensive and useful information about many aspects
well

as technological characretization for material development programs

of radiation damage problem. Particularly, basic studies, as




would be unthinkable without the use of simulation techniques.
2. EFFECT OF RADIATION ON CRYSTAL LATTICE

The macroscopically observed radiation damage phenomena are
a consequence of two elementary interactions between the bombarding

particles and the lattice atoms?

a) Neutrorns ions and electrons with incident energy E transfer a
recoil energy T to the atoms;if T » Td (Td-treshold energy) cre
ating a Frenkel pair (vacancy-intersticial)

b) Transmutation nuclear reaction produce considerable concentra
tions of foreign atoms within the material, such as Helium gas due
to (n,el,) reaction plying an important role in the mechanical sta
bility under fast-neutron irradiation.

The primary eventywhen the primary knock-on atom (PKRA) is
produced, is characterized by the probability of transfering a re
0il energy T to the atom, i.e. by the differential cross-section
A¢ (T,E). For ions, d¢/dT is given by the Rutherford cross-section-
proportional to (ETZ)—l - showing that small energy transfers are
“avored. Fast neutrons have a contrasting behavior with d4¢7dT almost
onstant for small (lOZeV) and medium (lO4 eV). The maximum transfer

able energy, for non relativistic particles is givem by:

T max = %MMIEHTZ~ (1)

here: M - mass of lattice atom
m - mass of the incident (bombarding) particle

The fundamental problem of Radiation Damage can be summarized b

v the following equation:

ax Tmax
Cq = : v(T) d@ (T,E) d g(E) 4T dE= (4. # (2)
dr dE
0 /0
vhere: C, - displacement rate

v - damage, function (averange number of atomic displacements
produced per PKA with recoil energy T < is zero for T(Td.

Ga - displacement cross-section

fluence (integrated flux)

The comparison of damage structures - cascade size distribuiti
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on due to different incident particles - can be made by means of eq.

(3):

[}

E max
cq = U@y ¢f[ v (T) do (E,T) 4 g (E) (3)
0

where: - fraction of displacements produced by primary recoil

)
C
a%oms with T T'
Cé is shown in Fig. 2 for diferent bombarding particles in
Ni. The recoil energies for which, e.g., half of the atomic displace

ments are produced, are:

~50 e V for 1 MeV electrons

‘~ 5 ReV for 13 MeVg/-particles
50 KeV for 5 MeV Ni - ions
~100 KeVv fbr 1l MeV neutrons

The physical meaning of this curves (Fig. 2) can beexplained
as follows: the steepness of the curves indicates the energy range
of recoils with siginificant contribuition to the damage: For exeam

ple:

- fast neutrons produce recoils in a narrow energy range-between 104
and lOSeV - meaning that the majority of Frenkel pairs is distrib

uted in large cascades.

- & - particles, have all recoil energies - from 100 eV to 1 MeV con
tributing equally to the damage yielding a broad spectrum of
cascades containing a variable number (up to thousands) of de

fects.

3 - RADIATION DAMAGE STUDIES AT THE INSTITUTO DE PESQUISAS ENERGETI-
CAS E NUCLEARES - IPEN-CNEN/SP.

Radiation Damage research started at IPEN-CNEN/SP in 1965 as
a consequence of technical cooperation between Brasil and France, in
#gxup denominated GRESIL (short for Grenoble-Brasil). In 1970 the
group grew to a departamental status - Materials Science and Techno
logy Dept-under the management of Prof. S. Watanabe. In 1976 the Ra
diation Damage Division was created, under the author's supervision

performing the radiation Damage Studies and compact cyclotron instal
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Fig.2. Function C'g calculated for Ni irradiated by different parti
cles (10).

lation and operation. In the last 22 years the radiation damage
(12 - 72) 09 M. Sc. and Ph. D

theses. In what follows, only the most important experiments will be

group produced' several publications

mentioned. In 1965 the first work was performed an order- disorder

transformation on Cu - PAd (50-50 at%) and FeNi Mo (49-49-2%) using
an "in-situ" irradiation device (Fig.3) which allowed the study of
isothermal kinetics under enhanced diffusion conditions, at high tem
peratures and controlled atmosphere by means of electrical resist

ivity.
3.1 - Electrical Resistivity

Cu Pd and FeNi alloys showed different behaviour under irra

(13). While Cu Pd had almost coincident relaxation curves

diation
(Fig. 4), FeNi (Fig. 5) presented distinguinshable short and long
range order with the critical order-disorder transition at TC=515t5

OC.
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Fig.3 - Irradiation device for "in-situ" resistivity
measurements.

The order formation on Cu Pd could only be detected by means of X -
Ray diffraction. Computer analysis of the relaxation curves sugges

ts existence of two predominant processes - nucleation and growth
of ordered domains.

3.2 - Magnetic Methods.

With the aim ofestablishing characterization methods of nucle
ar materials, basic research theory and techniques (solid state phy
sics) and applied techniques (irradiatim and mettalurgy) were used
to find some practical proceedures. This is the case of supersatu
ration curves, determined by means of the Magnetic After Effect
(MAE) , which makes feasible a cheap and rapid pre-selection of more
adequate materials before the destructive stage of void formation
and swelling. Since vacancy supersaturation is a necessary conditi
on for the formation of voids, the metal or alloy with the lowest

supersaturation is initially a more suitable material nuclear envi
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ronments.

The relaxation time constants § are inversely proportional to

the vacancy concentration Cv’

R

g
The supersaturation is defined as the ratio between the vacancy con

centration under irradiation C and the thermal vacancy con

v irrad.
centration CV,

~
= J = Cys 5
S virrad (5)

Y irrad C
v

giving on Fig.6 the supersaturationcurves for FeNi (50-50 at%)
FeNi Mo (50-50 at%+50 ppm) and FeNi Cr (49,95-49,95 - 0,1 at.%).
‘ An example of the improvement ("beneficial effect") (1) (2)

’
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Fig.6. Vacancy supersaturation,h in FeNi
alloys (59).

of the magnetic properties after irradiation Si and Mo doped FeNi
alloy can be seen in Figs 7 and 8. In fact the small dose (4.10" 'n/

cmz) fast neutron irradiation enhanced the short range ordering of

the alloys increasing their ferromagnetic character and turning them

more "trustful"

for technological applications (e.g. - as servomech
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anisms). Of coure, higher doses will destroy that order.

sob aBr Fe-Ni-Mo (48-48-4 %)
By e~ ~ non irradiated 17 5
—e—em— = irradiated(@=4.10""n/cm”)

e——.— - irradiated in magnetic field
20}~ (~30 Oe) /

N S——

&
10 R

/. ”"‘—_q-‘\—_—””
o”
0 él 1 | | L .
e — =
100 200 =300 TC=345 400 500 ©c

10k~
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3.3 - Mechanical Methods

3.3.1 - Microhardness (46)(54)

The purpose of this experimental series was to make a contri
buition to the technology of fabrication and characterization of
special stainless steels with Niobium additions by means of micro
hardness (and electrical resistivity) studies-before, during and
after - fast neutron irradiation. Effects of radiation in a wide
range of temperature in austenitic stainles steel type AISI 321with
0.05 and 0.10 wt.% Nb were investigated after neutron irradiation

k7 n/cm2 employing Vickers microhardness tech

with fluences about 10
nique which is sensitive to microstructure changes produced by ir
radiation, as well as, thermal and mechanical treatments.

The results indicate the existence of radiation damage peaks
around 480°C for the material without Nb additions; around 500°C
with 0.05 wt.% Nb and around 570°C with 0.1 wt.% Nb, as shown in
Fig. 9. No microhardnes variation was detected on non-irradiated ma
terial (Fig. 10)

The results were confir

.
HV(Kgf/mm") med by means of electri

+\ cal resistivity (Fig.l1ll)
|

The inversion of damage

3ueH : // peaks is attribuited to

T . the niobium carbide pre

2504 = v cipitates formed at grmain
1 I

YA boundaries. A dis
2004 f\\\\zif¢ ; placement of the damage
?} “\/ peaks to higher tempera
\5 tures as a function of
1504 . -AISI 321

increased Nb additionwas
e =AISI 321+0,05 wt. % Nb
T « —AIST 32140,10 wt. % Nb observed and can be con
100 v v ~— sidered as result of pra
250 400 500 600 700o . . . .
. 7(°C) ctical significance in
Fig.9- Variation of microhardness nuclear materials selec
with irradiation temperature i
and composition. tien.
(65)(69)

3.3.2 - Ultrasound

The scope of using ultrasonic technique is to study the fast
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ing the distinction of the radiation effect in spite of the predo

minant thermal influence.

Irradiated non irradiated samples
Resonance Frequency Variation: Lo .
A Ea (Fr) - 24% - - 17%

Pulse Velocity Variation:
A Ea (vp) - 28% - 18%

Although from these data it not possible to describle the interacti-
on of fast neutron irradiation with a complex structure like cement

the radiation damage is evidenced by the smaller recovery of the dy
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namic elasticity module Ed, showing that the mechanical properties of

cement are changed even by small irradiation doses.
3.4 - Simulation Experiments

The importance of simulation experiments has been described in
in the introduction as an effective technique for materials characte

rization.

3,4.1 - Gas Release (53)(63)

Heiiﬁﬁ has been homogeneously introduced in Au, Ag and Al foil
as room témperature by &~ implantation in a CV-28 cyclotron to simula
te (n,ol) reaction. After implantation Helium release was observed
during isothermal and linear heating experiments.

It iskassumed that after room temperature implantation all He
atoms are trapped in vacancies, i,e., in substitutional positions.

Mobility may be regained by two diffusion mechanisms:

a) interstitial diffusion between two vacancies (substitutional positi
ons) and,

b) vacancy mechanism assumed to operate in most substitutional alloys.
For this case the activation energy . A}I is located in the following
range (accordingly to the five frequenc1es ‘model) (75).

of -, ga (o)

whwre: Q;S - activation energy for self-diffusion by divacancies

E€ - formation energy of a vacancy
Qsd - activation energy for self-diffusion

The activation anergy ebtained thoough gas release clearly favours
the vacancy macanism for 51ngle atom He diffusion as can be seen in
Table 3.

3.4.2 - Stainless Steel Embrittlement by Alpha Partlcle Implantation

in Cyclotron (66)(70)

21135



Table 3. - Experimental activation energies (gas release)compared

with calculated values for vacancy mechanism

metai Vacancy mechanism exps;iﬁzgtal
o2 (T3_gF (78) (ay) P (73) | gy (ev)
Au 1,42 1,76 (1,70%0,13)
Ag 1,06 1,76 (1,51%0,12)
al 0,92 1,28 (1,40%0,11)

The critical consequence of He gas, produced by (n,dV) reacti
on, is the fast degeneration of the mechanical properties of metals
and alloys. For this reason the study of this detrimental effect be
comes important in:

a) selection of more adequate materials, through the characterizaton
of presently available materials, and

a) search for new, more radiation-damage resistant alloys.

Two experimental series were performed in the Radiation Dama
ge Division at IPEN-CNEN/SP on AISI 316 atinless steel, by means of
creep measurements, in different conditions of; applied stress, tem
perature, He implanted doses and fast neutron irradiation. Creepééis
a parameter strongly dependent on temparature and activation'anergy
Ea (of the order of self difusion), and is defined by:

€ X exp (Ea / kT) (7)

The first experimental series consisted of ten samples, 100
pm thick, with 50% coldwork. Three samples (I-1, 2 and 5) were fast
heutron irradiated inside the IEA-R1 reactor core with a fluence of
1,7.1018 n/cm27 four samples (AI-1,2,3 and 4) were homogeneously He
implanted at concentrations of 5 and 26 appm in CV-28 cYclotron and
the rest (samples.20, 25 and 29) were control samples. The creep be

haviour of the samples is visualized in Figs. 12 and 13.
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In Fig. 12, the neutron irradiated samPles, except for the low

er rupture point, have almost coincident creep behavior. On the other
hand, in Fig. 13, a marked difference can be seen on He implanted sam
ples by the decrease in rupture time and ductility, showing that embri
ttlement occurs even by small He concentrations.

The second éxperimental series consisted of ten samples with a

100 MPa applied stress, divided in two lots:

1 st. - 7 samples annealed during 2 hours at l,GSOOC in wvacuum batter
than 10~ Torr.
2 nd. - 3 samples 20% coldworked after the annealing

Two annealed (AI-1,2) and one coldworked (DI-3) samples were im
planted with 26 appm He in cyclotron. The results of creep measureme
nts can be seen in Figs. 14 and 15.

‘The analysis of the results ahows that:

- approximately, a factor 2 deformation (to rupture) decrease, and a
factor 10 increase in rupture time on 20% coldworked samples (D) in

comparison do the annealed samples (A).

- the implantation of 26 appm of He (samples AI-1,2 and DI-3) has a
great effect on the reduction of rupture time (tr)' if compared with
the coldworked samples (D-2,3,4); approximately a factor 4 trdejease
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(D-2,3,4)- coldworked and 26 appm He implanted (DI-3)

for (AI-1,2) and a factor 2 tr decrease for (DI-3).
All the above mentioned results offer an experimental evidence

of the intense embrittlement due to the presence of He in the materi
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als structure.
4, - OTHER RADIATION DAMAGE GROUPS IN BRASIL

The presentation of the work "Order-Disorder Transition in
Cu Pd“(lz) in 1966, initiated the studies of radiation damage of ma
terials at IPEN in 1966 by simulating their performance under power
reactor working conditions, i.e. during fast neutron irradiation
("in situ" experiments) at high temperatures (up to 700°C) and con
trolled atmosphere, and charecterizing their physical properties by
means of electrical, magnetic, mechanical and microscopic methods.

The pioneering work on radiation damage after proton irradia
tion in cyclotron was performed by Suszczynski and Quaranta Cabral
in 1974 (76). The merit of this experiment was to demonstrates

a) the existence of high temperature (approx. 500°C) proton irradia
tion (E= 5MeV) hardening andconsequently embrittlement of the
stainles steel 316 studied.

b) the possibility to simulate high fluences (long time in-pile ir
radiations) in only some hours (1 to 5 h) of proton irradiation
in a cyclotron. In this experiment the proton fluence was 3.10l8

2
p/cm”.

At the Instituto de Fisica - from the Universidade Federal
do Rio Grande do Sul - the research group headed by Prof. Zawislak
is performing, among others, very interesting experiments on N; par
ticles and e-implantation in pure iron (77). Fe samples were N; im
planted at 400 KV ion implanter with different energies to allow a
homogeneous implantation to a depth of 1000 & and a concentration
of approximately 40 at. %. The post-implantation of e{-particles was
made to a concentration of 1 at. %. The ion current, inall cases,
was below 1 pA and temperatures were kept below 70°C. It was found
that the post implantation ofet particles significantly alters .the.
diffusion of nitrogen, depending on the type of nitride precipita
tes present in the structure. Since the Helium-Vacancy (He - V)
clusters diffuse slowly below 600°C, the mobility of nitrogen is re
duced by trapping at the He - complexes. This trapping effect is of
potential application in metallurgy, where the retention of nitrides
is of major importance, as well as, in nuclear technology due to a
probable inhibition in the void formation processes.
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At the cyclotron of the Instituto de Engenharia Nuclear -
CNEN - Rio de Janeiro, a radiation damage group has formed under
the leadership of Dr. Carneiro Gongalves using the technique of po
sitron anihilation. A time spectrometer has been installed to measu
re positron life-time in materials, as proposed technique of radia-
tion damage study. Using a simulataneous gamma-ray sSource 60Co, the
resolution funétion with 390 ps FWHM and 1172 ps FWHM was obtained.
Life-time measurements were performed in organic and inorganic ma
terials, such as, cicle-hexan, teflon, sodium, steel, zinc, copper,
aluminium and others, The results compared with those from the lite
rature show that the time spectrometer is ready to be used in de

proposed studies.(75)
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