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Abstract

A post-irradiation annealing study was conducted with use of reactor pressure vessel(RPV)
steel A533B Cl.1 base metal imadiated to a dose of 4:84X10'® n/cm? at about 380 C.
Microhardness and positron annihilation (PA) methods were used to obtain better understand-
ing of the recovery of radiation hardening. Isochronal anneal experiments indicated that two
recovery processes occur during annealing of irradiated specimens. The first recovery process
occurs in the temperature range of 280-305T. Michrohardness and positron annihilation (PA)
methods were used to obtain better understanding of the recovery of radiation hardening.
Isochronal anneal experiments indicated that two recovery processes occur during annealing
of imadiated specimens. The first recovery process occurrs in the temperature range of 280
-305C. The variations of Ip, Iw and R parameters indicated that the formation of vacancy
clusters by vacancy agglomeration and the annihilation of monovacancies are the first recov-
ery process. The second recovery process occurs in the range of 405-4907C and positron
annihilation parameters measured indicated that the dissolution of carbon atoms decorated
around vacancy—type defects and possible precipitates, and the annihilation of monovacancies
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give rise to the second recovery process. It was further indicated that radiation anneal
hardening (RAH) in the range of 305-405C between the temperature ranges for the two
processes occurs due to the formation of carbon—decorated vacancy clusters and precipitates.

The activation energies, orders of reaction and other characteristics of recovery processes
were determined by the Meechan—Brinkman method. The activation energy for the first
recovery process was determined as 1.76 eV and that for the second recovery process as 2.00
eV. These values are lower than those obtained by other workers. This difference may be
attributed to the lower copper content of the RPV steel used in the present study.

The order of reaction for the first recovery process was determined as 1.78, while that for
the second recovery prdcess as 1.67. Non—integer orders of reaction for recovery processes
seem to be attributed to the fact that several mechanisms for the first order and the second
order of reaction are compounded in one process. This result also supports for the above
conclusions from measurements of PA parameters.
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I. INTRODUCTION irradiated in fast neutron flux (E>1MeV). It is
known that the RPV steel is radiation-hardened
Radiation—induced defects are generated in the due to source hardening and friction hardening.

material when the reactor pressure vessel (RPV) is The risk of brittle fracture increases when the
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radiation—hardened RPV steel is subjected to
pressurized thermal shock (PTS). The NRC Reg-
ulatory Guide 10CFR50, App. G, IV stipulates that
the upper shelf energy (USE) surveillance speci-
mens of 1/4 must be above 50 ft-1b. If their USE
is lower than 50 ft-1b and the integrity of the
RPV can not be proven by non—destructive test
and fracture analysis, the Regulatory Guide
10CFR50, App. G, V.D. requires heat treatment of
the RPV to recover radiation—induced embrittle-
ment. [1] Hence better understanding of recovery
mechanisms of radiation embrittled RPV is very
important.

According to the previous studies, radiation
embrittlement involves compounded effects of
several factors such as neutron flux, fluence, irra-
diation temperature, microstructure and chemical
composition. [2,3] Effects of radiationdamage rate
[4] and impurity contents of RPV steel[5-6],
especially, those of Cu, Ni and P [7-9] are also
known to be detrimental. Spitznagel[7] reported
that the formation of copper-vacancy aggregates
accounts for 70% of irradiation embrittlement of
RPV steel. Previous workers also reported that
recovery of radiation embrittlement occurs due to
agglomeration and/or dissolution of vacancies
[10], vacancy clusters{11,12], and depleted
zones[13], and dissolution of impurity precipitates
[9,14], and carbon decorated clusters[12,15,16].

Complex recovery processes of irradiation
embrittlement, howerver, can not be completely
analyzed by usual testing methods such as Charpy
tests of NDTT and USE, tension tests, hardness
and intemnal friction measurements. Hence addi-
tional methods that are sensitive to defect struc-
ture, namely, resistivity, positron annihilation (PA}
and small angle neutron scattering (SANS)
measurements are also used for the study of re-
covery mechanisms.

It is known that recovery is associated with

compound recovery processes occurring duing

annealing, with each of which an activation ener-
gy is associated. Many defects for which there
exist different activation energies are regarded in-
dependently and simultaneously.[17,18] Since
variations of frequency factor and order of reac-
tion are complicated and initial activation energy
spectrum is not known, it is difficult to analyze
compounded recovery processes and associated
recovery mechanisms. Hence recovery mechan-
isms can be usually studied by an analysis method
for which several representative recovery proces-
ses occurring during annealing are regarded as a
single activated process for convenience of its
study. [19] The order of reaction is taken as the
first order for easier analysis. [4,20,21] Analysis of
a single activated process using the chemical rate
equation, namely, the Meechan—-Brinkman
method[19], however, is considered to be most
appropriate.

According to previous workers who have stu-
died radiation effects with use of positron annihila-
tion measurements, it was possible to explain re-
covery of radiation hardening by several mechan-
isms based on positron annihilation (PA) param-
eters as follows ;

The increase of life~time * and Doppler
broadening peak parameter Ip and the decrease
of intensity I and Doppler broadening wing para-
meter lw indicate a recovery process associated
with the formation of vacancy clusters by vacancy
agglomeration. [22] The decrease of intensity I
and peak parameter Ip and the increase of wing
parameter Iw indicate a recovery process involv-
ing annihilation of monovacancies. The decrease
of intensity is attributed to formation of carbon-
—decorated vacancy clusters, whereas the increase
of intensity and the decrease of life—time are attri-
buted to their dissolution. {12,16] The formation
and the dissolution of precipitates have not been
observed directly. In combination with results of
transmission electron microscopy, however, the
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increase of life-time and the decrease of intensity
can be.associated with formation of precipitates,
and the decrease of life-time and the increase of
intensity associated with dissolution of precipitates.
(9,14,23]

Previous workers reported that there are two or
three recovery processes occurring at the operat-
ing temperature of commercial reactors. [4,20,21]
As opposed to most of the previous studies of
recovery mechanisms based on the first order of
reaction, the orders of reaction and activation
energies associated with recovery processes are
determined with use of chemical rate equations in
the present study. Attempts were also made to
study characteristics of recovery mechanisms of
radiation—induced defects with use of microhard-
ness and positron annihilation measurements after
isochronal and isothermal annealing experiments.

. EXPERIMENTAL METHOD
II-1. Specimen Preparation

Specimens used in this experiment are base
metals of A533B Cl.1 that are the specimens
taken from the first RPV surveillance test for
Yeong-Gwang Nuclear Power Plant Unit 2. The
irradiation temperature of the surveillance test
specimens was about 280C. The chemical com-

position of this RPV base metal is shown inTablel.

Specimens were taken from 10mmX556mm
Charpy test specimens and they were cut in 5mm
X5mmX1mm specimens by a diamond cutter
and polished on 600 grid emery paper to measure
initial hardness value. All subsequent hardness
specimens were also polished on 600 grid paper,
PA specimens were polished on an automatic
grinder with use of 600 grid emery paper, 1 um
A ¢ ;03 power and 0.05 um A ¢ 203 powder in

sequence.
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Table 1 Chemical composition of the RPV Surveill-
ance test specimens of Yeong-Gwang
Nuclear Power Plant Unit 2.

Chemical Composition (wt. %)
Element Surveillance Surveillance
Test Plate a) Weldment
R 6506-1 Test Plate D a)

C 20 11
Mn | 1.50 1.50

P 015 018
S 006 012
Si 20 49

Ni 54 11
Mo 49 53
Cr .16 .018
Cu .051 .029
Al 020 .009
Co 007 005
Pb <.001 <.011
w <.01 <.01

Ti 005 .004
Zr <.002 <.002
Vv <.002 <.002
Sn 005 <.002
As 011 .003
Cb <.002 <.002
N 012 .010
B <.001 .001

a) Chemical analysis by Westinghouse

lI-2. Heat Treatment

1. Isochronal Heat Treatment

So prepared specimens were first heat—treated
isochronally to investigate the trend of change in
hardness. Isochronal heat treatment was given for
four hours based on the results of various experi-
ments by D. Pachur[21]. Four hours were adequ-
ate for annealing out radiation induced defects.
The heat treatment was conducted in the temper-
ature range of 290-500C in a salt bath to protect
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from oxidation of specimens. The salt used was
composed of NaNO3; and KNQj in the ratio of 1
to 1. Its melting point is 225°C and heat-treatment
in the temperature range of 260-590C is possible
with use of this salt bath.

The heat treatment of specimens for PA studies
was performed at temperatures at which the re-
covery process was expected to change based on
the results of hardness measurements. These
temperatures of heat treatment were 3207TC,
380C and 500TC.

The hardness value of unirradiated RPV base
metal and the reference value of PA measure.nent
were also required for comparison. For this pur-
pose unirradiated A533B Cl.1 steel specimens
were heat—treated for 4 hr at 500T.

2. Isothermal Heat Treatment

Isothermal heat-treaments were ccnducted at
320°C, 3807C and 480 as a function of anneal-
ing time(i.e. 11 points).

For isothermal heat treatments of PA speci-
mens, time interval at 380C were taken as 20
min., 130 min., 350 min. and 700 min. in 380C
based on the results of isothermal hardness ex-

periments.

II-3. Methods for Microhardness and Positron
Annihilation Measurements

1. Microhardness Measurements

The Vickers micro-hardness tester (Matsuzawa
model DMH-2) was used for microhardness
measurements. Microhardness represents materials
resistance to local indentation under certain load.
This is expressed by DPH(diamond pyramid hard-
ness), according to the following equation ;

2P sin( g /2)
d?

DPH= (1)

where P=load(kg—force)
d=average length of the indentation’s diago-

nal(mm)

6 =vertical angle between opposite
faces(136°).
The lengths were measured under the microscope
of 400 times magnification after the specimens
were fixed and applied 500g load during 15
seconds.

2. Positron Annihilation(PA) Measurements

The positron is the antimatter particle of the
electron. The two particles have: identical prop-
erties except for an opposite electrical charge. In
mid-1960’s it was experimentally estabilished that
the positron interacts sensitively with lattic defects
of metals. Positrons are produced from 8 * de-
caying radioactive isotopes such as 2?Na, ¢Co,
and **Ti. Among these ??Na is most widely used.
Penetration depth of positrons into materials de-
pends on the maximum energy of positronsand t-
he density of materials exposed to the positrons.[24],

If positrons having the energy of a few keV
penefrate into metal, most of the penetrated posit-
rons annihilate with electrons and this results in
emission of mainly two gamma quanta of 511 keV
that is equivalent to the rest mass energy of an
electron or positron. Fig. 1 shows the decay
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Fig. 1 The decay scheme of ??Na and basic princi-
ples of three types (life-time, Doppler
broadening, angular correlation) of positron
annihilation measurement.
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scheme of ®?Na and basic principles of three types
of positron annihilation measurement, namely,
positron life-time, Doppler broadening of the anni-
hilation 7 ~ray and angular correlation.

22Na used frequently as a positron source emits
positrons and fiducial 7 ray of 1.274 MeV within a
few picoseconds. [25] Hence the lifetime of a
positron in a specimen can be determined by
measuring the time delay between the birth of the
fiducial 7 -rays and that of the ¥ -ray of 511
keV.

The Doppler broadening has been demons-
trated by Innes K. Mackenzie of the University of
Gulph in Ontario. [26] Hence the information
about the electron momentum distribution in a
specimen can be obtained by measuring the ener-
gy spectrum of the annihilation 7 -rays (line
shape measurement of Doppler broadening).
Since the energy of the core electrons is higher than
that of free electrons, the Doppler broadening line
shape becomes narrow-if the number of defects
such as vacancies increases.

The Doppler broadening line shape consists of
two portions, namely, a central parabola attributing
to annihilation of the positron—free electron pairs.
These portions are defined as the peak parameter-
{l,) and the wing parameter (I,) as shown in Fig.2,
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Fig. 2 Doppler bradening line shape and definition
of parameters Ip and Iw.
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Both the increase of I, parameter and the de-
crease of I, parameter repesent an increase in the
concentration of defects if the positrons are trap-
ped by the same type of defects throughout the
whole stages of deformation. Mantl and Trifshaus-
er[27] suggested that the defect-specific para-
meter R can be used to resolve the information
about the type of defects. The R parameter is

defined with use of [, and I, parameter as,
L—If -1

= A= @
where I and I} are the characteristic values of the
lineshape peak parameter I, for the free and trap-
ped states, and I/ and I,! are those of the wing
parameter I, for the free and trapped states, re-
spectively. Here R parameter is independent of
concentration and characterizes the type of trap-
ping centers that are present. If several types of
trapping sites are available for the positrons at the
same time, the above argument is also valid as
long as one type of trapping sites predominates.

The life~time and the Doppler broadening
accompanying positron annihilation (PA) were
measured with use of the PA measuring instru-
ments in the Non—Destructive Test Laboratory of
the Korea Standards Research Institute.

The positron annihilation (PA) measurement
system has two plastic scintillators mounted on the
photomultiplier tubes (PMT). Two constant frac-
tion differential discriminators(CFDD) were used to
discriminate the start and stop signals from the
two detectors. The start signal and the delayed
stop signal were fed to a time analyzer, and the
time duration between the birth and the annihila-
tion of a positron in a specimen was measured by
a time analyzer. The measured timing information
was sent to the multichannel analyzer (MCA)
through an analog-to—digital convert(ADC) to
form a time spectrum. The time spectrum was
analyzed by a computer using the program that
was originally developed at Queen’s University,
Canada and modified at Brookhaven National
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Laboratory in U.S.A. The details of the data analy-
sis are reported elsewhere. [28] The time scale of
the system was calibrated using a time calibrator.

The energy of 7 -rays was measured with use
of a high purity Ge detector of the measurement
system. The energy resolution was 1.64 keV full
width of half maximum (FWHM) for the fiducial 7
—ray of 1.274MeV. The line shape of the Doppler
broadened 7 -rays measured with use of MCA
through a spectroscopy amplifier and an ADC.
The line shape was found to be dependent on the
counting rate.[28] As the counting rate increases,
the line shape becomes broader for the specimen.
The variation of the line shape was relatively small
when the integrated counting rate {ICPS) was
around 250 counts/s. All line shapes in this work
were measured with the same counting rate of
250 counts/s.

The life-time distribution, however, is also sepa-
rated into two portions, namely, one being that
due to the annihilation of a positron—free electron
pair and the other being that due to the annihila-
tion of a positron—core electron pair. Hence the
life-time measuring system must measure separate-
ly these two portions and test whether two por-
tions are separated or not. ?/Bi and well-an-
nealed 99.999% Cu were used to check the per-
formance of the life measuring system. The reason
why 27Bi and Cu were used is that they have
clearly evident lifetimes, namely, 187 ps for 2°7Bi
and 157 ps for Cu. As a result analysis must be
performed by one—trapped method after source
lifetime is determined by analysis of one lifetime
component, and source lifetime is set to the result
obtained from core—trapped method.

. RESULTS AND DISCUSSION
II-1. Isochronally Annealed Specimens

1. Microhardness
Fig.3 shows the results of microhardness tests
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Fig. 3 Microhardness changes of the RPV steel
isochronally annealed for 4 hours.

on isochronally annealed specimens. It can be
seen from these results that one recovery process
occurs in the temperature range of 280-305C
and the other recovery process in the temperature
range of 405-490°C. The hardness value scarcely
changed for specimens annealed isochronally in
the temperature range of 305-405C. These re-
sults seem to indicate that defects of higher activa-
tion energy were formed without altering

the effective defect density[21] but the hardness
value representing the effective defect density
varies very slowly in this' region. Hence micro-
hardness of specimens annealed in this region can
be explained by the compounded effect of radia-
tion anneal hardening(RAH) and recovery by
vacancy annihilation.

2. Positron Annihilation(PA) Measurements

Fig.4 and Fig.5 show the Doppler broadening
results obtained from specimens annealed for four
hours isochronally, namely, I, peak parameter and
I, wing parameter, and R parameter, respectively.
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Fig. 5 Variations of the R parameter for the RPV

steel isochronally annealed.

They are in good agreement with the results of
C.Lopes Gil et al.[23]

The peak parameter I, decreased for the speci-
men isochronally annealed in the temperature
range of 280-380°C. This means that the density
of vacancy-type defects decreased. While the
hardness value decreased, the peak parameter I,

dJ. Korean Nuclear Society, Vol. 22, No. 4, December 1990

scarcely changed for the specimen annealed
isochronally in the temperature range of
380-500C. This means that this change was due
to that in the density of non-vacancy type defects.

Fig.6 and Fig.7 show the resuits of positron

250
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150 1 | ] | | |
259 300 350 400 450 500 550 600
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Fig. 6 Variation of the life—times 7 ; and 7 ¢ for the
RPV steel isochronally annealed

100

Intensity I(x)
a

250 360 350 400 450 500 550 600
Temperature ( C)

Fig. 7 Variations of the intensities It and I, for the
RPV steel isochronally annealed.
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lifetime and intensity measurements, respectively,
where subscript T denotes annihilation of trapped
positrons at vacancies and subscript f denotes
positron annihilation with the core electrons. The
decrease of Iy for the specimens annealed in the
range of 280—320TC seems to indicate that the
average dimension of vacancy-type defects in-
creased a little and the total number of defects
decreased. The variation of Iy for the specimens
annealed in the range of 320—500T was similar
to the results of the positron annihilation experi-
ment for RPV steel reported by C. Lopes Gil et al.
[23] Drawing a straight line between 320°C data
point and 500°C data points, this line is nearly
straight with that connecting with 280TC data
point. Hence these results seem to indicate that
monovacancies were annihilated continuously in
the specimens annealed in the whole range of
isochronal annealing. The increase of lifetime t
and the decrease of intensity I for specimens
annealed in the range of 320—3807C indicate the
formation of the vacancy clusters or voids that
were decorated by carbon migration, or the pre-
cipitation of nitrides. Since the copper content of
RPV base metal is low, the role of copper was
considered to be negligible. It was reported that
isochronal annealing of ‘specimens in the the
range of 380—500C causes dissolution to the
matrix of decorated carbons at vacancy clusters
and precipitates. [16,23]

3. Correlation of Microhardness and Positron
Annihilation Measurements

Vacancies agglomerate with vacancies, vacancy
clusters, or voids in the first stage of isochronal
annealing in the temperature range of 280—
305C.[22] Impurity carbons migrate and deco-
rate vacancy—type defects, and/or possibly other
impurity precipitates are formed in the tempera-
ture range of 305—405T.[23] Since carbon
shells around vacancy~type defects are metastable
at higher temperature above 405C, decorated

carbon atoms are released to the matrix, [18] and
other possible precipitates are dissolved. Hence,
the defect structure prior to the carbon decoration
and possible precipitation is gradually recovered.
In the whole temperature range monovacancies
appear to be annihilated also at sinks continuously
during isochronal annealing. It can be seen from
the isochronal annealing curves shown in Fig.3.
and Fig.4. that fully recovered steel specimens did
not show characteristics exhibited by non-—irradi-
ated specimens(H=183.25, [,=0.4970, I,=
0.1119).[30]

II1-2. Isothermally Annealed Specimens
1. Microhardness

Fig.8 shows the results of microhardness tests
on specimens isothermally annealed at 380T.
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Fig. 8 Microhardness (Hv) changes of the RPV

steel isothermally annealed at 380°C.

This figure shows recovery of two stages in the
early region and the later region. Detailed recov-
ery processes can not be analyzed by microhard-
ness data alone but can be analyzed in conjunc-
tion with the positron annihilation method.
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2. Positron Annihilation(PA)

The resulis of Doppler broadening for the speci-
mens isothermally annealed at 380C are shown
in Figs.9 and 10. The results of lifetime measure-
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Fig. 9 Variations of the Doppler parameters Ip and
Iw for the RPV steel isothermally annealed
at 380°C.
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Fig. 10 Variations of the R parameter for the RPV
steel isothermally annealed at 380°C.

ments can not be analyzed because of the com-
plication of lifetime analysis for this specimen.

The sharp decrease of peak parameter I, and
the sharp increase of wing parameter J, for the
specimen annealed for 0 — 20 min.at 350C indicate
that free vacancies were annihilated at dislocations
or intemal sinks. The decrease of R parameter for
the specimen annealed for short time also sup-
ports this interpretation. The increase of peak pa-
rameter I, and the decrease of wing parameter I,
for the specimen annealed for 20—30 min. at
380T indicate that the size of vacancy—-type de-
fects, namely, vacancy clusters and voids was
growing by agglomeration of vacancies. The in-
crease of R parameter for the specimen annealed
for 20—350 min. indicates that the characters of
dominant trapping sites changed. Hence all these
parameters support the interpretation that agglom-
eration of vacancies occured in the specimens
annealed for 20—130 min. Peak parameter I,
decreased for the specimen annealed for 130—
350 min. whereas wing parameter I, increased.
This observation indicates a decrease of the aver-
age dimension of vacancy-type defects by anni-
hilation of monovacancies. R parameter for this
specimen, however, increased. Hence, it appears
that the agglomeration of vacancies and the de-
crease of the average dimension occurred simul-
taneously. The vacancy agglomeration seems to
occur mainly in the time interval of 20—130 min.
and the decrease of the average dimension seems
to occur predominantly in the time interval of 130
—350 min. Both parameter I, and I, were nearly
constant for the specimens annealed for a longer
time duration than 350 min. [t appears that vacan-
cy—type defects were continuosely annihilated even
after 350 min.

3. Correlation of Microhardness and Positron
Annihilation Measurements

Free vacancies existing in the specimen seems
to move to sinks such as dislocations and internal
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sinks in the early stage (up to 20 min) of isother-
mal annealing at 380C. It seemed subsequently
that the agglomeraton of vacancies occur in the
specimen during annealing for 20—350 min. and
a decrease of the density of vacancy—type defects
by vacancy annihilation occur during the entire
period of isothermal annealing. Analysis of the
variations of I, I, and R parameter indicates that
the agglomeration of vacancies occurs predomi-
nantly during annealing for 20—130 min. and the
decrease of the density of vacancy—type defects
occurs predominantly during annealing for 130—
350 min.

IlI-3. Determination of Activation Energy and
Kinetics

1. Determination of Activation Energy

The Meechan—Brinkman method[19] was used
to evaluate the activation energies for recovery
processes corresponding to decreases in hardness.
Activation energies were determined with use of
microhardness data of specimens annealed
isochronally and isothermally at 380TC. The
activation energy for the first recovery stage was
determined as 1.76 eV whereas that of the second
recovery stage as 2.00 eV. These values are lower
than those reported by previous workers{20].
This defference may arise from the fact that the
copper content of the RPV in present study was
much lower than that of steels used by other
workers. Pachur{20] obtained activation energies
ranging between 1.5 and 2.5 eV for recovery pro-
cesses associated with his—annealing experiment.

2. Determination of Kinetics

Kinetics was determined by the Meechan-
—~Brinkman method using isothermal-annealing
data.[19] Here microhardness data of the speci-
mens isothermally annealed at 320C were used
representatively. It was possible to determine first
the order of reaction for the second recovery

stage because there was only one recovery
mechanism in the second recovery stage. Micro-
hardeness data of the second recovery stage were
expressed as

Hy()=H{t)—Ho 3)
where H(t) is microhardeness data experimentally
measured and He is completely recovered
(asymptote) microhardeness. When the plot of In
H vs. In (t+M) became a straight-line, the order
of reaction (7) was determined. For the second
stage the slope was determined as —1.488, the
order of reaction as 1.67, and the value of M as
397 min. Hyp{microhardness at t=0 of the speci-
men in the second recovery stage) was deter-
mined as 20.82 from thes results. Subsequently,
the order of reaction was determined for the first
recovery stage. In this case the following rela-
tionship hold for microhardeness data of the first
recovery stage ;

Hy()=H({t)—He —Ha(t) 1G]
where Ha(t) was determined as [C,(t+397)}1/ 1~
167 and Hyo (microhardness at t=0 of the speci-
men in the first recovery stage) was 12.39. The
same method employed for the second recovery
stage vielded the slope as —1.276, the order of
reaction as 1.78, and M as 21 min.

The roder of reaction is generally an integer for
a single mechanism or for pure metal. The orders
of reactions obtained here were not integers. The
results similar to this were observed in other stu-
dies.[32] It seems that several mechanisms of the
first order and the second order were compound-
ed in one recovery stage. Mechanisms such as
agglomeration of vacancies, formation of carbon
decorated clusters by carbon migration, annihila-
tion of vacancies seem to be compounded in the
first recovery stage, and mechanisms such as anni-
hilation of vacancies, dissolution of decorated car-
bons and precipitates also seem to occur in the
second recovery stage. Since the specimens used
in the present study were not a pure metal but an
iron-base alloy, non—integer orders of reactions
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nay be justified.
V. CONCLUSIONS

The following conclusions are drawn from mic-
'ohardness and positron annihilation measure-
nents on isochronally and isothermally annealed
pecimens of RPV steel A533B Cl. 1 base metal
rradiated with a dose of 4.84X10'® n/cm? neu-
rons at about 280C

1. Positron annihilation (PA) parameters mea-
ured indicated that the first recovery of radiation
rardening of reactor pressure vessel (RPV) steel
luring isochronal anneal in the temperature range
f 280—305C is attributed to formation of vacan-
w clusters by vacancy agglomeration. For the
pecimens isochronally annealed in the tempera-
ure range of 4054907, PA parameters indicated
hat the second recovery process is atributed to
he dissolution of carbon atoms decorated around
racancy—type defects and other possible precipi-
ates, and the annihilation of monovacancies from
lefect surfaces. For the specimens annealed in the
nid-temperature range of 305-405°C between
he temperature ranges for the two recovery pro-
:esses, it was indicated that radiation anneal
ardening (RAH) is attributed to the fromation of
:arbon decorated vacancy clusters and other
yossible precipitates.

2. PA parameters for the specimen in the early
tage (up to 20 min.) of isothermal anneal at 380°C
adicated that free vacancies existing in the speci-
nen move to sinks such as dislocations and other
itermal sinks. PA parameters measured indicated
1at the agglomeration of vacancies occurs pre-
ominantly during isothermal annealing for 20—
30 min. and the decrease of the density of
acancy—type defects occurs predominantly during
sther annealing for 130—350 min.
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3. The activation energy of the first recovery
process was determined as 1.76 eV and that of
the second recovery process as 2.00 eV. These
values are lower than those obtained by Pachur.
This difference may be atiributed to the lower
copper content of the RPV steel used in the pre-
sent study.

4. The order of reaction was determined as
1.78 for the first recovery process. On the other
hand, the order of reaction was determined as
1.67 for the second recovery process. Non—inte-
ger orders of reaction for recovery processes are
attributed to the fact that several mechanisms of
the first order and second order of reaction are
compounded in one process. This results also sup-
ports for the first and the second conclusions
above.
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