
International Conferenc HR9800060
Nuclear Option in Countries with Small and K

Opatija, Croatia, 1996

SOME ASPECTS OF EXPERIMENTAL INVESTIGATION OF THE
RPV MATERIAL PROPERTIES.

Lipka J., Hascfk J., Grone R., Slugen V., Vila/.ck K., Hinca R., Toth I.

Kupca L."
Department of Nuclear Physics and Technology

Slovak Technical University, Bratislava, Slovak Republic
* Department of Structural Analysis

Nuclear Power Plant Research Institute
Tmava, Slovak Republic

ABSTRACT

Mossbauer spectra (MS) and Electron-Positron Annihilation (EPA) spectra at room
temperature have been measured on the samples from Reactor Pressure Vessel(RPV). Both
types of measurements showed that the changes associated with the effects of neutron
irradiation , as well as thermal treatment, can be detected by Mossbauer and Electron-Positron
Annihilation spectroscopy. On base of a positive results achieved in MS and EPA
measurements the complementary surveillance specimen program for the Reactor Pressure
Vessel Materials Study of the 3™ and 4 t n units NPP Jaslovske Bohunice has been prepared.
The complementary surveillance specimen program has started in May 1995. The samples with
proper design from basic and welded RPV materials were measured by MS and EPA before
placing into the reactor. After neutron irradiation the samples become radioactive because of
S^Co content. To eliminate the influence of ^ C o gamma radiation on the EPA angular
correlation and time spectra a three detectors spectrometer has been introduced.

1 INTRODUCTION
Resistance against neutron embrittlement is the most relevant parameter to be considered

when selecting materials for a reactor pressure vessel (RPV). The V-230 type RPV features a
rather specific design with relatively small diameter. Neutron fluxes in reactor walls must be
taken into account in this respect. Neutron embrittlement causes changes in the microstructure
of material and, consequently, mechanical properties of the RPV steel deteriorate. Neutrons
with the energy En > 0.1 MeV initiate collision chains by scattering with atoms of the crystal
lattice. At the same time, vacancies and interstitial created recombine and, depending on
temperature, grow to clusters and dislocations.

2 REACTOR PRESSURE VESSEL V-230
Unit 1 and 2 RPVs of the nuclear power plant Jaslovske Bohunice have been manufactured in

the former Soviet Union from the 15CH2MFA steel with an anti-corrosion austenitic cladding.
They belong to the first generation of VVER-440/230 reactors with high content of residual
elements in the vessel steel as listed in Table 1 [1].
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The vessel has six circumferential and one longitudinal weld in the bottom part. The highest
neutron fluxes appear in the belt segments located nearest to the active core (Tig. 1). As a con-
sequence, pronounced structural changes are expected in the welded part which is situated
between the fourth and fifth RPV segments.

Mechanical properties of the construction materials and influence of neutron radiation
damage on them are routinely investigated by macroscopic methods. Hardness, strain of
fraction, etc. are measured using surveillance specimens. We think, however, that microscopic
methods yielding information on the origin of structural changes on atomic and/or nuclear level
should be also employed.

TABLE I CHEMICAL COMPOSITION OF A RPV
STEEL NUMBER IN THE BRACKETS
REPRESENTS AN ERROR IN 'THE LAST
FIGURE

Element

C
Si
Mn
Cr
Ni
Mo
V
S
P
Co
Cu

basic
material
[%1
0.140(1)
0.31(2)
0.37(2)
2.64(1)
0.20(1)
0.58(2)
0.27(1)
0.017(2)
0.014(1)
0.019(5)
0.091(1)

welded
material
[%]
0.048(1)
0.37(2)

1.11(2)
1.00(1)
0.12(1)
0.39(2)
0.13(1)
0.013(2)
0.043(1)
0.020(2)
0.103(1)

FIG. I THE REACTOR PRESSURE VESSEL
WER 440/230 (BROAD ARROWS
INDICA TE PLA CES WHERE FROM THE
MATERIAL FOR SAMPLE PREPARATION
HAS BEEN COLLECTED)

3 METHODS
In the present study, structural changes in a RPV steel which result from irradiation processes

are investigated by non-destructive nuclear methods - namely by Mossbauer"effect (ME) and
electron-positron annihilation (EPA) spectroscopy. The main goal was to verify the feasibility
of both techniques in assessing the effects of radiation damage caused to an RPV during
routine operation.

3.1 Electron-positron annihilation in metals
The utility of positron annihilation studies of metallic substances relies on the fact that the

characteristics of the annihilation process depend almost entirely on the initial state of the
positron-many-electron system. Since energetic positrons are rapidly thermalized after entering
condensed matter, if they are not bound to electrons, the characteristics of the annihilation
process in most cases depend on the initial state of the many electron system where positrons
annihilate. The energies, momentum, and time of the gamma rays emitted during the
annihilation may be measured with high precision with modern detector systems. Therefore,
the state of electrons in metallic substances can be identified by studying the positron
annihilation process characteristics [2,3].
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The annihilation lifetime can be determined by lifetime measurement. Momentum distribution
of the annihilation gamma rays can be measured using the method of angular correlation of the
two collinear annihilation gamma rays, and energy distribution using the method of Doppler
broadening.

Hence, the lifetime method yields information regarding the electron density in the region of
electron-positron overlap through the determination of positron decay rates from various states
in the metal. The method of angular correlation and Doppler broadening (momentum technique
) gives information regarding the electron momentum in this overlap region through the shape
of the angular (0) and energy (E) distributions of the annihilating y-rays. These shapes are
usually characterised by one or more "lineshape parameters". The most commonly used ones
are the normalised peak-counts determined in an interval around 0 = 0 (in angular correlation)
or E = 0 (in Doppler broadening). These measure in various, but qualitatively equal, ways the
change of annihilations with electrons of low momentum relative to those with high momentum
[5,6]. These changes in the annihilation characteristics yield information whether the positron
annihilates in
a defect free region of the crystal or from a defect site.

As a method the positron annihilation technique has several advantages in the study of crystal
defects. The most important feature is its selectiveness, i.e. it is only sensitive to defects of the
vacancy type, vacancies, vacancy loops, vacancy clusters, and, to some extent, dislocations. It
does not react to self-interstitials or impurities in diluted concentrations. The second point is,
that it is very sensitive and the range of vacancies covers the concentration from 0.1 to 500
ppm. The largest sensitivity is, of course, in vacancy clusters.

3.2 Mossbauer spectroscopy in metals
The structural lattice defects (SLD) are defects in the regular construction of a crystal or

crystalline grain. They may be point defects, as vacancies and interstitial atoms. We shall deal
mainly with the production of SLD by irradiation (radiation damage), since radiation defects
are those SLD which are by far the most frequently interacting with Mossbauer spectroscopy
(MS) investigations.

The MS is very suitable for the investigation of microscopic defect properties [8,9], By
microscopic we mean, that the hyperfine parameters to be determined from a Mossbauer
spectrum are particularly sensitive to local conditions at the Mossbauer atom site and its
immediate environment. The Mossbauer effect is therefore also capable of providing
microscopic information about defects in this region. Such information is not obtainable by
integral "macroscopic" methods as e.g. electrical resistivity, optical absorption or EPR changes
of mechanical properties, length and lattice parameter changes of stored energy, microscopic
study, scattering y- rays measurements, strength, fracture etc. But all of the integral methods
can hardly give information on what is going on at the defects site on a microscopic scale.
Up to now we have regarded the defects as being frozen into their place immediately after

production. We will now study defect migration at increased temperature after the end of the
irradiation.

We think therefore, that in metal where other microscopic methods are still not powerful
enough, a method like the MS has a wide range of applications on SLD.

A Mossbauer spectrum can show different components belonging to various sites of
Mossbauer atom with different neibour-hoods. From the parameters of Mossbauer spectra it
can be defined, which is the Mossbauer atoms site undisturbed by SLD and which are the
defect-correlated sites.

There are other microscopic methods for the investigation of SLD originating in the same
way as the ME. We think it very important to combine Mossbauer measurements with other
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TABLE 2 REFINED VALUES OF THE MOSSBA UER
PARAMETERS CORRESPONDING TO THE
BASIC MATERIAL

Sample

unirradiated
(1)

irradiated
(2)

irradiated and
annealed in
vacuum (3)
Accuracy

B
(T)
33.4
30.7
28.0
33.4
30.8
•28.3

33.4
30.7
28.1
±0.1

r
(mm/s)

0.25
0.35
0.41
0.27
0.34
0.38
0.25
0.32
0.37

±0.02

Arel
(%)

57
36
7

61
32
7
57
36
7

±1

rnr
FIG. 2 ROOM TEMPERA TURE MOSSBA UER

SPECTRA OF THE BASIC MATERIAL
SUBJECTED TO DIFFERENT
TREATMENTS

T ]=120 ps and Ij=8% corresponds to annihilation in nickel foil, t2 corresponds to the mean
lifetime of positrons in pure crystalline lattice and vacancies and X3 corresponds to annihilation
in air with the intensity I3 of about 2% [8].

The results obtained from positron lifetime measurements are summarised in Table 3.
Decrease of the mean lifetime %2 corresponds to a decrease in the number of vacancies and

dislocations in samples due to annealing.
Typical positron lifetime spectrum of basic material after annealing can be seen in Fig.3.

Decrease in lifetimes for both the basic and the welded material implies a release of structural
defects after annealing

Angular correlation spectra of the irradiated basic material before and after annealing are
shown in Fig.4. These spectra were measured using a home made correlation spectrometer
with two 3 m long arms, trinity lead slits and Nal(TI) detectors. The measurement time in each
arm position was 6000 s.
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methods, preferably methods sensitive to totally different defect properties. Promising attempts
have been made by combining MS and EPA. Simultaneous measurements with various
methods on the same samples are optimal.

The effort (also experimental and theoretical) is rewarding, since the illumination of the
microscopy of lattice defects serves a field which is not only interesting in itself but it is also of
great technological importance for the future nuclear reactor development where severe
radiation damage problem ai ised.

4 RESULTS
We have studied samples of a VVER-440 reactor steel taken from:

(1) the original, i.e. unirradiated material,
(2) the material which was irradiated for 15 years

(taken from the RPV ofNPP V-l Jaslovske Bohunice unit 2 ),
(3) the material from (2) subsequently thermally annealed in vacuum in our laboratory,
(4) the material taken from RPV of the 2.unit after annealing in NPP Jaslovske Bohunice in

1993,
(5) the material from (4) subsequently thermally annealed once more in vacuum in our

laboratory
Using a milling machine, sawdust-like pieces have been taken from the original material and

directly from the reactor vessel to prepare the samples (1), (2) and (4), respectively. The latter
was heat treated at 450° C for 168 hours in a vacuum to obtain the samples (3) and (5). Two
batches of the samples comprising the basic material of the vessel and material from the welded
part have been prepared. The welded material was not available in its original, i.e. unirradiated
form.
Room temperature ME measurements were carried out in transmission geometry on a

standard constant accelerator device working with a 57Co source in Rh matrix. EPA spectra
have been taken by home made equipment with 22Na sources. The source for lifetime
technique (activity cca. 0.4 MBq) was closed in a 3-u.m nickel foil. In angular correlation
measurements, a 46 MBq Amersham source deposited on a Pt substrate was used.

Mossbauer spectra in Fig.2 which correspond to the basic material samples (1), (2) and (3)
show typical behaviour of dilute iron magnetic alloys which can be described by three sextets.
Their relative areas are close to the theoretical values calculated from a random distribution
model of impurities in a bec structure (5% of 12 elements in total). All corresponding hyper-
fme parameters were free during the fitting procedure. The spectrum parameters of the
original, irradiated and post-irradiation annealed samples are listed in Table 2.

Slight increase of the hyperfine magnetic field values, B, in the third component as well as an
increase in the line-width, I", and the relative area, Are], of the first sextet after the irradiation
can be interpreted as a consequence of increased structural disorder due to neutron
bombardment. After annealing, B and Arei values resumed almost original values. Decrease in
F for the second and third components in the annealed samples with regard to their original
unirradiated values is due to annealing out of the defects which leads to improved
structural ordering. The same trends were observed when the irradiated sample has been taken
from the welded part of the RPV.

For the EPA measurements we have used samples (2), (3), (4) and (5) obtained from basic
material as well as from welded part of RPV.

Lifetime spectra were measured using a home made lifetime spectrometer with the resolution
of 320 ps and evaluated by the program POSITRONFIT emolaying a 3 component model. The
first component
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FIG. 3 POSITRON LIFETIME SPECTRA OF
BASIC MATERIAL BEFORE AND AFTER
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FIG. 4 ANGULAR CORRELATION SPECTRA OF
THE BASIC MATERIAL (2) ZMI0MAX (•)
AND (4) 210A (O)

Because the experimental conditions including sample dimensions, their placement as well as
time of the measurements have been preserved in both cases the spectra can be displayed in
absolute counts. Decrease of the peak intensity in the annealed sample with respect to the
irradiated one can be associated with a decrease in the number of low momentum electrons
which can be interpreted in terms of improved structural order after the annealing. In addition,
broadening of the annealed spectrum, which can be revealed from normalised curves, is also in
favour of this assumption.

TABLE 3 PARAMETERS OF THE POSITRON LIFETIME SPECTRA CORRESPONDING TO THE BASIC
AND WELDED MA TERIAL

Sample

Basic
material

Welded
part

(2)ZM10max
(3)ZM10max
(4)210A
(5)21OA
(2) ZK202max
(3) ZK202max
(4) 20B
(5) 20B

11 (PS)
120
120
120
120
120
120
120
120

t ? (PS)

44016
383+6
385+6
37416
40115
38415
374+5
38715

X3 (PS)

30601230
30601230
30601230
30601230
27171230
2717+230
2717+230
27171230

il(%)
8
8
8
8
8
8
8
8

I2(%)
89.67
89.67
89.67
89.67
89.51
89.51
89.51
89.51

I3l%)
2.33
2.33
2.33
2.33
2.49
2.49
2.49
2,49
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//I ULE 4 WIDTH OF CORREIA TlON SPECTRA 01- BASIC AND WELDED MA TER1ALS

Samples

(2) ZMlOmax
(4) 210A
(2) ZK202max
(4) 20B

Width T
(mrad)

11.3 ±0.7
15.3+0.7
12.9 ± 0.7
18.7 ±0.7

5 SURVEILLANCE SPECIMEN PROGRAM
Transmission Mossbauer spectroscopy and electron-positron annihilation spectroscopy was
applied in nuclear reactor pressure vessel steel type 15Ch2MFA investigation in framework of
Extended surveillance specimen program, started in the Slovak nuclear power plant Bohunice
V-2 (1994). This methods were chosen as an additional non-destructive test methods with the
aim to unravel the complex of microscopic mechanisms responsible for RPV steel
embrittlement.
Results confirmed MS sensitivity to detect also small differences in chemical composition or
preparing technology of RPV steel samples. In comparison with western types of RPV steels
such as A533 Cl.l and A508 C1.3, the doublet fraction ascribed as Mn and/or Cr- substituted
cementite is completely absent in 15Ch2MFA. Here are formed probably mainly Cr23C6,
CnC3 and VC carbides.
The only possibility to reduce irradiation embrittlement and increase the safety margin of RPV
steel is thermal annealing. Room temperature MS spectra obtained from isochronal annealing
experiments (15Ch2MFA specimen) are compared with MS spectra of in real operating con-
ditions irradiated specimen (1-year into the nuclear reactor NPP Bohunice unit-3 and unit-4).

In order to study some micro structural changes in irradiated nuclear reactor pressure
vessel steel samples using a positron annihilation technique [12], a new three-detector set-up,
suitable for a positron 1-Dimensional Angular Correlation of Annihilation Radiation (1D-ACAR)
study of ^OCo - containing materials, was developed. Design of the equipment as well as
results from test-measurements are shown in the figures 5,6.
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FIG. 5 ANGULAR CORRELATION SPECTRA OF BRASS
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Hve ; HV3 psa

FIG. 5 BASIC DESIGN AND ELECTRONICS SCHEME OF 1D-ACAR SPECTROMETER

1 - fixed arm, 2 - movable arm , 3 - shielded source-specimen chamber,! - ^Na radioactive source,.
5 - specimen. 6 - cover, 7,8,9, 10- scintillation detection units SP1, SP2, SP3, SP4, 11, 12- lead covers of
scintillation detectors, 15, 14, 15-vertical lead shades with gaps of 2 mm, 16-driver, 17 - carrier frame

DRV- driver. SCA1, SCA2, ... SCA5 - single-channel amplitude analysers. HV1, HV2, HV3 - high-voltage ,
27, 12 - summary units, AMPS -fast linear amplifier, PS1. PS2, PS3 - shape circuits, COINC - 3-input
coincidence unit. Cl. C2. ... C6 - impulse counters. C0NTR1 - control unit ofNP426, C0NTR2 - control unit
oflD-ACAR spectrometer, 2x8255 - universal parallel port, PC - computer PC XT/AT

The equipment is based on the simultaneous registration of starting positrons (by
detection of y-photon with energy 1274 keV) and its annihilation with an electron in the
studied material, accompanied by emission of 2 y-photons with the energy of 511 keV emitted
mainly at the 180°- angle. Through this triple coincidence the disturbing ^ ^ c 0 _ contribution
(yphotons with the energy of 1,17 and 1,33 MeV) can be effectively separated from the
annihilation spectra of irradiated reactor pressure vessel steel specimens.
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The measurement of one correlation spectrum takes in our conditions (activity o
source was about 3 mCi) approximately 160 hours. Therefore the resistance against all non-
stability's in the power net or other influences from outside is very important.

Fig.6 shows spectra of a brass sample measured in 3 different regimes. Spectrum A was
obtained using 1D-ACAR in so called "classical way". Points of spectrum were obtained after
the coincidence registration of impulses (caused by y-photons accompanied annihilation in
sample) in two 511 keV detectors set up in defined position around the angle of 180°.

Spectaim B was obtained from the same sample and under the same conditions as in
case A, but we placed a ^^Co source (13 mCi) into the shielding chamber, directly on the brass
sample. This way we simulated measurement of radioactive samples containing 6^Co.

For spectrum C measurement the new set-up was used. Into the shielding chamber the
source was placed as in the previous case. Instead of double coincidence from two 511

keV detectors we used a triple coincidence of simultaneous detection of "starting" 1274 keV
y-photons in fast detection unit placed on the cover of shielding chamber and two pairs of
"annihilation" 511 keV y-photons placed at the end of the arms at an angle around 180°.

6 CONCLUSION
Interpretations of the results obtained from positron lifetime and angular correlation EPA

techniques are in agreement with the findings from the Mossbauer effect experiments. It has
been shown that the combination of both methods yields promising results regarding
identification of structural changes which are taking place in an RPV steel due to neutron
irradiation and subsequent heat treatment.
Based on the experience obtained in NPP V-l a project named "Extended Surveillance

Specimen Program" was prepared for NPP V-2 in Jaslovske Bohunice. This program, which
uses samples with proper geometrical design, is already running. After preliminary
measurements of the original material by MS and EPA in total 24 special Mossbauer foils with
the thickness from 25 to 40 jam and 12 samples for EPA with the thickness of about 1 mm
have been placed inside the reactor units 3 and 4 in NPP V-2 Jaslovske Bohunice and will be
inspected after certain operation times (1,2,3,5 and 10 years).

Fig. 6 shows an increase of background count rate in the case of B spectrum caused by
1.17 MeV and 1.33 MeV y-photons registration and a significant good agreement between A
and C spectra confirming the reliable elimination of the disturbing "^Co-contribution using our
three detector set-up. This triple coincidence can be effectively used in applications of EPA
technique to nuclear industry.
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