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Abstract: The work applies Mdssbauer spectroscopy (MS) and positron annihilation
spectroscopy (PAS) to evaluate the microstructure parameters of materials. These methods
are used for collecting additional characteristics for understanding the degradation
processes in reactor pressure vessel steels. Samples from the Russian 15Kh2MFA and
Sv10KhMFT steels, commercially used at WWER-440 nuclear reactors, were irradiated
near the core at NPP Bohunice (Slovakia) to neutron fluences in the range 7.8x10% m™ to
2.5x10** m™. Systematic changes in the MS and PAS spectra were observed mainly during
the early period of irradiation. These could be due to changes caused by precipitation of
elements like Cu, P or Cr, mainly in carbides, on the surface. The MS results confirm that
the close environment of Fe atoms in the b.c.c. lattice of RPV steels remains almost stable
after initial changes and can be correlated with the ductile-brittle transition temperature
curve from mechanical tests. Positron annihilation lifetime measurements using the Pulsed
Low Energy Positron System (PLEPS) were applied for investigation of defects of
irradiated and thermally treated reactor pressure vessel (RPV) steels. PLEPS results
showed that the changes in the microstructure of the RPV-steel properties caused by
neutron irradiation and post-irradiation thermal treatment can be detected in the surface as
well as the bulk region.

Keywords: Reactor pressure vessel steels; Mossbauer spectroscopy; Positron annihilation;
Neutron irradiation, Neutron embrittlement.
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1. Introduction

The degree of embrittlement in a reactor
pressure vessel (RPV) is a complex function
of different parameters such as temperature,
neutron fluence, flux and material chemistry,
ect. [1-9]. Many results on embrittlement
mechanisms have been obtained on a
macroscopic scale and with well proven
macroscopic techniques. However, prediction
and modeling of the property changes would
benefit from knowledge of the evolution of
the irradiation-produced  microstructure.
Therefore, for a good microscopic
understanding of the damage caused by

radiation, = microstructural  investigation
techniques need to be applied. In order to
gain better understanding of the microscopic
mechanisms of irradiation embrittlement,
Mossbauer and positron annihilation spectra
have been collected for a number of selected
steel samples within a Slovak extended
surveillance specimen program. As-received,

thermally treated as well as irradiated
conditions have been considered.
Many additional test methods,

summarised in Ref.[10] have been developed
to unravel the complex microscopic
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mechanisms responsible for RPV steel
embrittlement. According to our experimental
possibilities and practical experiences, the
Mossbauer spectroscopy (MS) results were
compared mostly with positron annihilation
spectroscopy (PAS) [11-26] and transmission
electron microscopy (TEM) [18, 20, 24, 27,
28].

2. Application of  Maossbauer
Spectroscopy to RPV-steel
Investigation
Mossbauer  spectroscopy (MS) is a

powerful analytical technique because of its
speciality for one atomic species and because
of its extremely high sensitivity to changes in
the atomic configuration in the near vicinity
of the probe isotopes (in this case *’Fe). MS
measures hyperfine interactions and these
provide valuable and often unique
information about the magnetic and electronic
state of the iron species, their chemical
bonding to co-ordinating ligands, the local
crystal symmetry at the iron sites, structural
defects, lattice-dynamical properties, elastic
stresses, etc. [30, 31]. In general, a
Mossbauer  spectrum  shows  different
components if the probe atoms are located at
lattice positions, which are not chemically
equivalent. From the parameters that
characterise a particular Mdssbauer sub-
spectrum it can, for instance, be established
whether the corresponding probe atoms reside
in sites which are not affected by structural
lattice defects, or whether they are located at
defect-correlated positions. In this respect,
however, it is imperative to combine
Mossbauer measurements with other research
methods, which preferably are sensitive to the
nature of the defect properties. Combining the
results of MS and other techniques [32] on
the same samples seems to be a promising
approach for such study.

Differences between Mdssbauer spectra
obtained from different Eastern as well as
Western types of RPV steels were already
discussed in detail [33, 34]. Only few studies,
indicating MS to be a potentially interesting
tool to investigate the microstructural aspects
of irradiation embrittlement of RPV steels,
have been performed so far [29, 31, 33, 34].
The results showed that the distribution
analysis of the spectra makes it possible to
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distinguish between the different steel types.
Small differences in carbon concentrations
between Western base and weld metal are
reflected in the small area fraction of the
cementite doublet for the weld metal.
Differences between Eastern and Western
type RPV steels are reflected in the overall
shape of the derived H)~distribution profile.
The larger fraction of the ‘perturbed’ area for
the Eastern steel, the differences in H,,and &
values and the absence of a carbide doublet
sub-spectrum are all due to the fact that the
overall alloy-element concentration
(especially for Cr and V) for the Eastern
steels is larger than for Western-type steels.
This interpretation was supported also by
results from transmission electron
microscopy and positron-annihilation
measurements [24, 27]. Vanadium carbides
(V,C,) formation was confirmed also using
small angle neutron scattering (SANS) [35,
36]. According to latest knowledge, V is
known as a predominant element to enhance
the tensile properties of material.

3. Application of the PAS
Techniques
Since 1985, positron  annihilation

spectroscopy (PAS) has been repeatedly used
in the study of RPV steels [5, 11-26]. The
positron lifetime (PL) technique is a well-
established method for studying open-volume
type atomic defects and defect-impurity
interactions in metals and alloys. The lifetime
of positrons trapped at radiation-induced
vacancies, vacancy-impurity pairs,
dislocations, microvoids, etc. is longer than
that of free positrons in the perfect region of
the same material. As a result of the presence
of open-volume defects, the average positron
lifetime observed in structural materials is
found to increase with radiation damage [15,
19].

According to previous work it seems to be
generally accepted that in RPV steels
(containing more than 0.1 wt. % of copper),
the copper and phosphorus rich precipitates
play a dominant role in thermal and radiation
embrittlement [2, 4, 37-39]. In case of
Russian-type RPV steels, the formation of
carbides has been proposed as an additional
micro-structural mechanism derived from
comprehensive PAS [11] and transmission
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electron microscopy (TEM) studies [27, 28].
Therefore, the main purpose of the present
investigation was to look for differences
between non-irradiated, annealed, irradiated
and post-irradiation  thermally treated
WWER-440 base and weld RPV materials by
means of the unique pulsed low energy
positron system (PLEPS).

For the interpretation of results from PL
measurements, the standard trapping model
(STM) can be used [40], if the sample is
homogenous. This premise, however, does
not hold for RPV-steels completely. In
inhomogeneous samples, the diffusion of
positrons from the various implantation sites
to the trapping centres has also to be
considered [41, 42]. However, the
mathematical difficulties associated with the
corresponding  diffusion-trapping  model
(DTM) [43], have so far prevented exact
solutions in all but the simplest cases [44,
45]. Thus it was impossible to analyse
quantitatively the very detailed experimental
results obtained with the pulsed positron
beam. The application of improved DTM
combined with the pulsed positron beam
technique is described in detail in [46].

For the first time the pulsed low-energy
positron system (PLEPS) [47, 48] was used
for the investigation of neutron-irradiated
RPV-steels. This system enables the study of
the microstructural changes in the region
from 20 to 550 nm (depth profiling) with
small and very thin (< 50 pum) specimens,
therefore reducing the disturbing “Co
radiation contribution to the lifetime spectra
to a minimum [26]. Such a disturbance is the
limiting factor for the investigation of highly
irradiated RPV specimens with conventional
positron lifetime systems.

Several approaches to tackle the problem
of the ®*Co prompt-peak interference with the
physical part of the positron lifetime spectra
have been considered so far [11, 21, 49, 50].
Besides the PLEPS technique, one of the
other acceptable solutions seems to be a
triple-coincidence method using a **Na-
source [21]. In this case three y-rays — one
with energy of 1274 keV and two with 511
keV — accompany each event of positron
annihilation, while only two y-rays result
from the “’Co decay. However, compared to
conventional two-detector systems, the

requirement of the triple coincidence reduces
drastically the rate of accumulation of
positron lifetime spectra [19, 21] and in
comparison, PLEPS reduces the measuring
time by a factor of 500 and enables in
addition the estimation of the defect
concentration.

The time resolution of PLEPS was about
240 ps FWHM. All lifetime spectra of
irradiated RPV specimens contained about
3x10" events at a peak to background ratio in
the range between 30:1 and 100:1 [26].
irradiation

4. Specimens and

conditions

In the Extended Surveillance Specimen
Program (ESSP) 24 specimens, designed
especially for MS measurement, were
selected and measured in the "as received"
state, before their placement into the core of
the operated nuclear reactor [25, 51]. The
ESSP and specimen preparation are presented
in detail in part | of this complex paper. For
this program and measurement of high-
irradiated ~ RPV-specimens  the  one-
dimensional angular correlation positron-
annihilation spectrometer was developed at
the Department of Nuclear Physics and
Technology of Slovak University of
Technology in Bratislava [52]. Results from
this measurement are reported in detail in
[53]. Beside this, the positron annihilation
lifetime spectra were measured using a pulsed
low energy positron system at the University
of Bundeswehr in Munich (Germany). Both
techniques were upgraded for measurement
of irradiated specimens, where disturbing
%Co contribution was a limiting factor for
measurement in the past. The positron
annihilation results were reported in
preliminary form [26].

Room temperature Mossbauer
spectroscopy measurements were carried out
in transmission geometry on a standard
constant acceleration spectrometer with a
*’Co source in Rh matrix [29]. The absorbers
consisted of 25-40 um thick foils. Due to
higher neutron embrittlement and ageing
sensitivity of WWER 440 (V-230) nuclear
reactors, our study has been focused on the
Russian 15Kh2MFA steel used in this older
WWER-440 reactor type.

75



Review Article

Specimens were measured before their
placement into the irradiation chambers, near
the core of the operated nuclear reactor, and
after 1, 2 and 3 years stay there (neutron
fluency in the range 7.8x10* m™ up to
2.5x10* m?). Taking into account the
enhancement of the irradiation due to the
closer position of the irradiation chambers to
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the reactor core (“accelerating” factor of
about 10 at the most loaded position), the
radiation treatment of the specimens after 3
years is equivalent to about 30 years of real
RPV-steel (projected lifetime of RPV). The
chemical composition and the irradiation
conditions of the studied RPV-steel
specimens are shown in Table 1 and Table 2.

TABLE 1. The chemical composition of the RPV-steel specimens [14]. The possible nitrogen
concentration is not given in the steel certificate. Nevertheless, we assume its presence

approximately at the level of carbon.

Chemical composition in wt. %

C Si Mn S P Cr Ni Mo \% As Co Cu
BM 0.13- 0.17- 0.30- max. max. 2.50- max. 0.60- 0.25- max. max. max.
0.18 037 0.60 0.025 0.025 3.00 0.40 0.80 0.35 0.050 0.020 0.150
Unit3 0.14 022 049 0,016 0.013 2,81 0.065 0.615 0.335 0,007 0,009 0.072
Unit4 0.15 0.24 041 0.015 0.015 2.86 0.085 0.7 0.322 0.007 0.007 0.075
WM 0.03- 0.20- 0.55- max. max. 1.10- i 0.40- 0.15- max. max. max.
0.12 0.65 1.30 0.030 0.030 1.60 0.60 030 0.050 0.025 0.120
Unit3 0.042 0.64 1.22 0.015 0.013 1.32 - 044 024 - 0.003 0.10
Unit4 0.031 0.60 1.13 0.015 0.010 1.31 - 0.52 0.19 - 0.006 0.06

TABLE 2. Description of the specimens irradiated at the 3rd unit of NPP Bohunice (Slovakia)

during 1995-1998.

Time of Neutron Fluence Total activit Thickness of
Sample  Material irradiation (£, > 0.5 MeV) (kBq) Y sample
(eff. days) (m?) 4 (um)

ZMNF Base. metgl 0 0 0 60
non-irradiated

ZM1Y Base metal . 280 7 81E23 62 50
1 year irradiated

ZM2Y Base metal ' 578 1.64E24 109 40
2 year irradiated

ZM3Y Base metal . 894 2 54F24 ]9 30
3 year irradiated

ZMNA Sample ZMNF
annealed 1 hour in 0 0 0 60
vacuum at 385°C

ZKNF Welq ' 0 0 0 55
non-irradiated

ZKIY  Weld 280 7.81E23 30 45
1 year irradiated
2 years irradiated

ZK3Y  Weld 894 2.54E24 110 47
3 years irradiated

ZKNA Sample ZKNF
annealed 1 hour in 0 0 0 60

vacuum at 385°C

The temperature during the irradiation was
measured, using melting monitors (special
materials ~ with  well-defined  melting
temperature) placed inside special containers,
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and reached values in the region of 285-298
°C. Neutron monitors measured the level of
the neutron fluence.
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5. Results
5.1. MS Results

Mossbauer spectra, which correspond to
the basic and weld material samples, show
typical behaviour of dilute iron alloys and can
be described with three [23] or four sextets
(this work). The reference MS spectra were
compared with the irradiated state of identical
specimens. These specimens were placed into
operated nuclear reactor in the NPP Bohunice

unit-3 and unit-4 with the aim to perform
identical thermal and radiation treatment of
RPV surveillance specimens as exists in
reality.

The total specific activity of the first batch
of specimens (sample k716 BM-I with the
weight of 25.6 mg) was 3.2 x 10" Bq/g. It is
mostly due to presence of “°Co and **Mn as
presented in Table 3 and Fig. 1.

TABLE 3. Activities of the most detected nuclides in RPV-steel specimen k716 BM-I (25.6

mg).

Nuclide Sb124 Co58 Co60 Cr5l Fe59 J131 Mn54 Na24
Activity [Bq] 6438 1673 160750 22622 47952 37660 544790 143
Error +1x10% +1x10*> +2x10* 43x10> +2x10*> +2x10° +3x10° +1x10°

k716 BM-I

Counts (x 10E5)
N

14 Cr-51

1 Sb-124 Fe-59
2 T
0

L Mn-54

Co-60

—— T
0 250 500

—_—————
750 1000 1250 1500
Energy (keV)

FIG. 1. Gamma spectroscopy spectrum of irradiated RPV-steel specimen 15Kh2MFA (k716-MB-I).

As the most suitable fitting model we used
the four components fit with fixed sextet
No.2, which corresponds to the pure o-iron
with hyperfine field H,, = 33.0 T. MS
parameters as areas under sextets (4,) and
hyperfine fields (/) of RPV-steel
specimens are selected in Tables 4 and 5.
Typical Mossbauer spectra of base metal of
RPV specimens after 1-year stay in operated
nuclear reactor, treated by the neutron fluency
AE, > 0.5 MeV) = 7.8x10” m™ are shown in
Fig. 2. No doublet component (according to
[23] typical for western RPV-steels, assigned
to cementite contribution) was identified in
spectra. This is most probably due to
vanadium presence leading to VC formation
in Russian steels.

The most significant change after neutron
irradiation is observable in areas under first
two components (see Tables 4 and 5). The
degradation mechanism of RPV-steel
specimens owing to  fast  neutron
bombardment is shown as a decrease of the
pure a-iron component presence (fixed in all
analysis at M, = 33.0 T). The significant
decrease (up to 10%) was observed in all
specimens. This decrease was balanced by the
increased H;y; values of the first component,
which can be assigned to the contribution of a
complex of atoms (Cr, Ni, Cu, Mn, ...).
Comparison of results from both units and
between the base and weld material is shown
in Fig. 3A-3D.
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There were clear differences between base
and weld materials, but the behaviour of MS
parameters due to irradiation are similar.
After relatively intensive jumps of values
after the first year of irradiation, these
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changes do not continue due to increased
irradiation treatment and stay almost stable
(base metals) or move slightly back (welds).
It seems that after the first year of irradiation
the effects come to saturation.

TABLE 4. Comparison of RPV-steel specimens in non-irradiated and irradiated state at 3™ unit
NPP Bohunice (abbreviations BM-N stand for: base material - not irradiated, BM-I base
material — irradiated — numbers of years, WM-N weld material - not irradiated, WM-I weld
material — irradiated — numbers of years).

. A] Az AA1+ AAz— A3 A4 H’!ﬂ thz th3 H;yq
Specimen [%] [%] [%] [%] [%] [%] [T] [T] [T] [T]
k716 BM-N = ZMNF 243 35.0 333 7.4 33.8 33.0 30.6 28.5
k716 BM-I-1ly=ZM1Y 31.6 251 7.3 99 373 6.0 337 33.0 30.7 28.6
k723 WM-N = ZKNF 17.2 41.9 341 6.8 33.8 33.0 30.6 28.5
k723 WM-I-1ly=ZK1Y 23.8 34.0 6.6 79 353 69 337 33.0 306 284

2 years
k721 BM-N 27.1 30.7 352 69 33.8 33.0 30.6 283
k721 BM-I-2y=7ZM2Y 31.1 254 4.0 53 369 6.6 33.7 33.0 30.6 28.1
k725 WM-N 20.5 414 30.8 7.3 33.8 33.0 30.7 28.6
k725 WM-I-2y =ZK2Y 21.6 40.7 1.1 0.7 296 8.1 33.6 330 306 285
3 years
k720 BM-N 26.2 32.5 337 7.6 33.8 33.0 30.7 28.6
K720 BM-I-3y =ZM3Y 334 254 7.2 7.1 352 6.0 33.7 33.0 30.6 28.1
k728 WM-N 16.5 424 354 57 33.8 33.0 30.6 283
k728 WM-I-3y =ZK3Y 19.0 40.1 2.5 23 346 6.3 337 33.0 30.6 28.1
Accuracy +0.8 +0.8 +0.8 +0.8 +0.8 +0.8 +0.1 =+0.0 =+0.1 =£0.2

TABLE 5. Comparison of RPV-steel specimens in irradiated and non-irradiated state at 4™ unit

NPP Bohunice.

. A1 Az AA1+ AAz- A3 A4 Hh/'l Hh/z th3 Hh/'4
Specimen (%]  [%]  [%] [%] [%] [%] [T] __[T] [T} [T
k731 BM-N 24.6 333 354 6.7 33.8 33.0 306 283
k731 BM-I-1y 284 28.0 3.8 5.3 360 7.6 337 33.0 306 282
k735 WM-N 18.1 44.0 31.1 6.8 33.7 33.0 30.6 28.7
k735 WM-I-1y 23.0 38.2 4.9 5.8 327 6.1 33.7 330 306 284

2 years
k733 BM-N 27.1 33.0 340 5.9 33.8 33.0 306 283
k733 BM-I-2y 31.7 27.6 4.6 5.4 343 64 33.7 33.0 306 28.2
k739 WM-N 17.2 46.1 29.1 7.7 33.8 33.0 30.7 289
k739 WM-I-2y 204 43.0 3.2 3.1 30.2 6.3 33.6 33.0 306 284
3 years
k734 BM-N 26.1 36.8 31.5 5.7 33.8 33.0 306 284
k734 BM-I-3y 31.1 29.7 5.0 7.1 322 70 33.7 330 30.6 284
k740 WM-N 17.8 449 32.1 5.2 33.8 33.0 306 28.6
k740 WM-N-3y  20.5 425 2.7 2.4 31.7 5.3 337 33.0 306 28.1
Accuracy +0.8 +0.8 0.8 +0.8 +0.8 +0.8 +0.1 +0.0 +£0.1 0.2
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FIG. 2. Comparison of Mossbauer spectra of RPV- base material in non-irradiated and irradiated state.
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FIG. 3(A-D). Changes in areas under hyperfine field lines of first two sextets of Mdssbauer spectra
measured on original irradiated RPV-steels from NPP Bohunice (Slovakia) in frame of extended
surveillance specimen program. Delta Al+ and delta A2- present increase of first and decrease of

second component, respectively.

5.2. PAS Results

According to our previous work and
experiences [13, 23-25] a suitable set of RPV
steel specimens was selected and prepared for

the investigation. In the framework of the
“Extended Surveillance Specimen Program”
[25, 51], several specimens, prepared
originally for Maodssbauer spectroscopy
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measurements [54], and suitable for PLEPS
measurement  because of their size
(10x10x0.05 mm) and polished surfaces,
were selected and measured before and after
their irradiation, near the core of the nuclear
reactor. The chemical composition and the
irradiation conditions of the studied RPV-
steel specimens are shown in Table 1 and
Table 2. Specimens measured by MS and
PAS techniques were identical.

The calculated positron lifetimes for
different types of defects in pure iron and
different carbides in low alloy Cr-Mo-V steel

Lipka

are shown in Table 6. Experimental results
for the mean positron lifetime 7, after various
irradiation treatments are shown in Fig. 4 and
Fig. 5. 7, is plotted versus the mean positron

implantation depth. The characteristic
decrease of 7, with increasing positron
implantation  depth is  typical  for

measurements with a low energy pulsed
positron beam. It is due to the back diffusion
of positrons to the surface and subsequent
trapping at a surface state or in the oxide
layer.

TABLE 6. Calculated positron lifetimes for different types of defects in pure iron and different

carbides in low alloy Cr-Mo-V steel.

Material Positron lifetime (ps)  Reference
Fe-bulk 110 [59]
Fe-dislocations 165 [60]
Fe-monovacancy 175 [59]
Fe-divacancy 197 [60]
Fe-3 vacancy cluster 232 [60]
Fe-4 vacancy cluster 262 [60]
Fe-6 vacancy cluster 304 [60]
VC 99 [61]
V0.86Cro.00MO0g 04F€0.01C 105 [61]
Mo,C 112 [61]
M01,4CI'0_6C 116 [6 1]
Cr;,Cs 107 [61]
CrpCs 112 [61]
Mn26C6 99 [61]
Fe;C 101 [61]
390
370 - © ZMNF
% 228 B o ZM1Y
£ 3104 % a ZM2Y
£ 2007 °, 0 ZM3Y
€ 2704 9§,
o 250 { gAA x ZMNA
§ 2:138 : :!Izia . A
2 190 - gz I3
* 170 X x €868 g8 g
150 ' XXxx x x x x x
0 100 200 300 400 500

Distance from the surface (nm)

FIG. 4. Comparison of mean lifetimes 7, of different neutron-irradiated 15Kh2MFA (base metal) steel
specimens.
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FIG. 5. Comparison of mean lifetimes 7, of different neutron-irradiated Sv10KhMFT (weld) steel
specimens.

Each lifetime spectrum can be well
analysed by two lifetime components, which
below a depth of about 300 nm remain fairly
constant over the full depth range (see Fig. 6
and Fig. 7). The shorter lifetime 7; of about
170 ps is the dominant steel component (most
likely iron monovacancies or dislocation
lines) with an intensity of about 97% in the
bulk. The longer lifetime 7, with intensity of
about 3% or less and a value of about 400-
500 ps can be assigned to the contribution of

245

235 1 © ZMNF
‘9 225 A o ZM1Y
s 2151 aZM2Y
@ 205 B
= o ZM3Y
8 19513 IF
Z 1854 © I A x ZMNA
S oReo 2T T kg s s d ]
= 175 1 |:|I:l°° o o Y
® o O 0o © o o
o 0D§ o g B 2]
S 165{ xo°88efog8y

o O
155 1 X
xXx X x x x X
145 . : a = XX
0 100 200 300 400 500

Distance from the surface (nm)

FIG. 6. Comparison of lifetimes 7, of RPV steel
specimens (base metal) after different neutron

irradiation.

large vacancy clusters. The intensity of this
component is surprisingly much higher (up to
10-12 %) for those specimens, which were
not thermally treated (reference specimens
ZMNF and ZKNF), indicating that large
vacancy clusters are already present in the
material before irradiation. These ZMNF and
ZKNF specimens were annealed for 1 hour in
vacuum at 385 °C and renamed ZMNA and
ZKNA (see Table 2 and Figs. 6, 7).

245

235
— 25 o © ZKNF
é (o] ozK1yY
= 215 4 i A ZK2Y
aé 205 0ZK3Y
£ X ZKNA
D 195 4 i
= 185 % QI
o i

x
£ =.SE8aizIgIi g
2 X %07 4,006 e
o 165 -
X
155 *X*x*xxx)‘xxx
145

0 100 200 300 400 500

Distance from the surface (nm)

FIG. 7. Comparison of lifetimes 7 of RPV steel
specimens (weld) after different neutron
irradiation.
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The interesting results for the irradiated
specimens, in respect to the defect structure
in the bulk, presented in Fig. 6 and Fig. 7, are
the almost constant value of 7; for the weld
alloy as well as the oscillating behaviour of 7
for the base alloy, where the resulting lifetime
indicate that after one year and three years
irradiation obviously only dislocations are
present, whereas after two years of neutron
irradiation a mixture of iron mono- and di-
vancancies is produced. However, in both
base and weld alloys, the concentration of
large vacancy clusters is reduced from about
12 percent before irradiation to 3 percent after
irradiation. It is very likely that in addition,
small irradiation - induced precipitates
(probably carbides) with sizes of about 1 to 2
nm [36] developed, which are not so effective
for trapping positrons.

Decrease of the mean positron lifetime 7,
after annealing of the non-irradiated
specimens (ZMNF and ZKNF) in vacuum at
385 °C for 1 hour was from 200 £+ 3 ps to 161
+ 3 ps in the case of base metal (ZM) and
from 201 £ 3 ps to 170 = 3 ps for weld metal
(ZK) (see Figs. 4-5).

Of particular interest is the concentration
of defects as a function of irradiation dose
and thermal treatment. Generally, this effect
can be obtained from positron studies only if
the bulk lifetime can be resolved from the
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shortest lifetime, attributed to annihilation
from defects. In the present case of saturation
trapping this was impossible. Therefore, from
the individual lifetime spectra we can only
conclude a total trapping rate x larger than
about 10's™.

However, from the variation of the mean
lifetime 7, as a function of positron
implantation energy, we can estimate x even
in the case of saturation trapping. The
problem was fully analysed in [46, 55]. Based
on this theory the total defect concentration
can be estimated as:

K

c, =
K

spec

In Fig. 8 and Fig. 9 results for the
evaluation of x (trapping rate) as obtained by
the procedure described, are presented. For
the specific trapping rate .. the plausible
value 10"°(s") [40] has been assumed.
Because of slight surface oxidation, this
evaluation of x results in a systematic
underestimate. A lower limit of 10 ns™ for x
may by derived within the framework of the
STM since we have observed saturation
trapping at defects.

Annealing experiment in region of (400-550°C/0,5h)
ZM1Y - base metal 1 year irradiated
ZK1Y - weld metal 1 year irradiated

— 40
g
2 30 1
S
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Irradiated RPV-steels after 1, 2 and 3 years in reactor
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FIG. 8. The total trapping rate x versus Hollomon-
Jaffe’s parameter at isochronal annealed (step
25°C) specimens of base (ZM) and weld (ZK)
alloys after 1 year of irradiation in the reactor
(fluency of about 7.8x10* m™). The lower limits

trapping

forx, as derived from saturation
according to the STM, is 10 ns™".
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FIG. 9. The total trapping rate x versus Hollomon-
Jaffe’s parameter at RPV specimens from base
(ZM) and weld (ZK) alloys after 1, 2 and 3 years
residence in reactor irradiation chambers
(neutron fluency in the range from 7.8x10* m™
to 2.5x10** m™). The lower limits forx, as
derived from saturation trapping according to
the STM, is 10 ns™..
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According to the results from our
measurements  performed on different
irradiated RPV-steels, the total trapping rate x
in ns” as well as the total defect concentration
¢y (the same values but in ppm) increases
slightly for both base and weld materials as a
function of the irradiation dose (see Fig. 9).
The weld material (Sv10KhMFT) seems to be
less sensitive to the changes caused by
neutron-irradiation or by post-irradiation heat
treatment than the base  material
(15Kh2MFA) (see Fig. 8). Nevertheless, the
differences in the positron trapping rate x are
not too large. It seems reasonable to relate the
observed trapping rates with the ones which
have been derived for trapping into
precipitated  carbides from  electron
microscopic images [20]. Accordingly, in the
15Kh2MFA the trapping rate into chromium
carbides (Cr;C;, Cry;Cy) is predicted as ¢, =
1.8x10% s and into vanadium carbides as &yc
= 22x10" s' [20]. Thus precipitated
vanadium carbide could indeed account for
the observed trapping rates. But on the other
hand, as shown by calculations [35],
positrons experience a repulsive potential
from carbides embedded in an iron matrix.
Thus only the defects at the iron-carbide
interface could provide an acceptable
trapping site for positrons.

The total trapping rate x and the defect
concentration ¢, are stable or increase slightly
for 15Kh2MFA steel as a function of
Hollomon-Jaffe’s parameter which
determines the influence of annealing
temperature 7[K] and time ¢[s] together [11,
27]. Between 15.5 to 16.5 (corresponding to
the temperature region 400 to 450 °C) the
defect concentration increases. On the other
hand (Fig. 8), in the same range, there is a
marked decrease in the lifetime of defects. A
simple explanation could be the dissolution of
precipitates and defect clusters which would
reduce the average size of the defects, and, by
the same process, would increase the
concentration of the defects.

The annealing effect due to the
temperature of about 290 °C and due to the
neutron irradiation is in competition with the
creation of the new radiation-induced defects.

This finding is supported also by the results
from 1D-ACAR and Mdéssbauer spectroscopy
(MS) measurements performed on identical
specimens [26, 54].

The steel specimens irradiated for one
year were also isochronally annealed for 30
minutes in the temperature range of 400-550
°C in steps of 25 °C. This region was selected
according to previous lifetime measurements
on the same type of unirradiated material
[22]. It was reasonable to start from 400 °C,
because the previous isothermal treatment
(one year at about 290 °C) is comparable with
annealing at 400 °C for 30 minutes. The
measured lifetimes of the annealed but non-
irradiated specimens indicate that the small
vacancy clusters are no longer present but
rather a high density of dislocations remains
in the sample. Via 3D presentations of
PLEPS experimental results, some
differences in near surface and bulk regions
can be better visualized and understood.
There is significant increase of the mean
positron lifetime after first level of
irradiation, but mostly in the surface-near
region. The next long term irradiation at
temperature of about 280 °C induces slight
decrease of this parameter. Positron
annihilation technique is highly effective for
the evaluation of post irradiation heat
treatment. Deep PLEPS study of WWEER
base and weld metals using PLEPS on
neutron fluence level of 7.8x10” m?,
(specimens ZM1Y, ZK1Y). The 2 and 3D
presentation of PLEPS results presenting the
mean lifetime dependence on irradiation of
weld is shown in Fig. 10. Similar behavior of
defects creation due to increased neutron
fluence was measured also for base metal
(presented in other view in Fig. 11). The
effectiveness of the annealing process to
removing of small defects (mono/di-
vacancies or Frenkel pairs) can be followed
via significant decrease of parameter 7; (see
Fig. 12). This figure also shows rapid
increase of mentioned small defects in
Russian type of RPV steels after about 500
°C.
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FIG. 10. The 2D and 3D presentation of PLEPS results (MLT) of irradiated Sv-10KhMFT steel (weld
metal). The first D about 140 nm were neglected due to possible surface defects.
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FIG. 11. The 3D presentation of PLEPS results in form of the MLT dependence on neutron fluence. The
first about 140 nm were neglected due to possible surface defects.

6. Discussion and Conclusions

Conventional TEM has revealed three
kinds of neutron radiation-induced matrix
defects in our surveillance specimen, which
consists of: black dots, small dislocation
loops and fine precipitates, concentrated near
dislocations and low-angle boundaries. Non
irradiated microstructure of base metal is
typical for annealed bainite with coarse
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carbide M;C a M;C; and fine carbide MC.
Weld metal microstructure is created by
acicular and proeutektoid ferrite and the heat
affected zone (HAZ) is created by acicular
mixture martensite, self-tempered martensite
and down bainite. Dislocation structure of
base metal, weld metal and heat affection
zone is locally markedly changed. BM
dislocation structure is created by dislocation
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net, but  also simple  dislocation
configurations, which are probably anchored
by MC carbide [24]. Dislocation structure is
more homogeneous in WM than in BM. No
micro voids were found in any surveillance
specimen investigated by TEM after
irradiation. The weld joint dislocation density
of analyzed steel is after five-year irradiation
in comparison with former exposures
invariable.  Dislocation  substructure is
evidently recovered in base metal after
irradiation, the number of two-dimensional
networks has increased, networks are more
entire as in non-irradiation state. Locations
with upper density account for specific

1

Depth (nm)

t(°C)

1582 1681 1781 1880 1979 2078 2178 2277 2376

180
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description of dislocations configurations too.
Dislocation loops and fine precipitates
density little by little decrease, relaxation,
after the first year irradiation, but density
increases and achieves saturation state after
two, three and five years of irradiation. Their
size increases and their visibility grow with
increasing neutron fluence. Decoration of
original dislocations with radiation-induced
defects is rather general phenomenon in
neutron-irradiated materials. Decoration of
dislocations  with  adefects population

probably plays akey role in irradiation
induced hardening.

FIG. 12. The 2D and 3D presentation of PLEPS results (Taul) of irradiated and annealed Sv-10KhMFT
steel (weld metal) to level of neutron fluence 1.25x10** m™. The first about 140 nm were neglected

due to possible surface defects.

Both vacancy and interstitial point defects
are expected to be mobile in the temperature
range of most operating pressure vessels.
However, they are also expected to interact
with solute atoms. The key interstitial
impurity in Russian RPV steel is Carbon [11,
27]. The partial or complete trapping of self-
interstitial by C solutes will cause
heterogeneous cluster nucleation and a fine
cluster distribution. Further, in steels
containing residual levels of elements such as
copper, which are in super-saturated solution,
radiation-enhanced diffusion will occur at
these temperatures, which leads to the
formation of small clusters, which can again
harden the matrix. Generally, the thermal
treatment together with neutron irradiation
lead to a microstructure consisting of small
clusters (< 5 nm in diameter) which create

obstacles to the free movement of
dislocations thereby producing an increase in
the yield stress, hardness and the ductile-
brittle transition temperature of the material
[8, 36].
Mossbauer
identifies  the

spectroscopy
close environment of
Mossbauer nucleus (Fe). Although, this
method is very suitable for materials
containing Fe, an interpretation of results is
very difficult in complex steels. Using MS, it
is possible to observe changes in hyperfine
fields of atoms in the lattice and according to
these to evaluate the precipitation of some
elements (mainly in the form of carbides
[31]). Their relative areas are close to the
theoretical values calculated from a random
distribution model of impurities in a b.c.c.
structure (5% of 12 elements in total). Results

precisely
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confirmed MS sensitivity to detect also small
differences in chemical composition or
preparation technology of RPV steel samples.
In comparison with Western types of RPV
steels such as A533 C1.1 and A508 C1.3, the
doublet fraction ascribed as Mn and/or Cr-
substituted cementite is completely absent in
15Kh2MFA. Here probably mainly Cr23C6,
Cr7C3 and VC carbides are formed. [34].

Significant differences in MS parameters
between the RPV base and weld materials can
be explained by different chemical
compositions and/or different preparation
technology and were observed also in the past
[29, 31, 34]. The trend in the changes due to
irradiation is almost the same in both
materials. It seems that the expected changes
in material microstructure (precipitation of
elements like Cu or Cr mainly in carbides to
the surface) were performed mainly during
the initial period (1-year stay in irradiation
containers in operating conditions by “speed
factor” of about 10). These results confirm
that the close environment of Fe atoms in the
b.c.c. lattice of RPV steels remains after
initial changes, almost stable and perhaps
could be correlated with the trend of ductile-
brittle transition temperature (DBTT) curve
obtained from mechanical tests or with the
defect density curve obtained from the
transmission electron microscopy studies.
With increased neutron fluence (up to AE, >
0.5 MeV) = 1x10®° m?) the dislocation
density number as well as the average defect

diameter remain stable after an initial
increase of about 20-30% [28].
On the other hand, the isochronal

annealing of 2 selected irradiated specimens
performed at 400, 475 and 520 °C did not
cause return of the MS parameters to the
starting positions. It means that the radiation-
induced changes observable in MS spectra
were not re-annealed in such a complete way
as the re-annealing of point defects observed
by TEM [18, 28].

The PLEPS technique enables the depth
profiling from the surface to a specimen
depth of about 500 nm. Therefore, the micro
structural changes in very small and thin
specimens could be studied. Thanks to this
technique and very small volume of
specimens, the disturbing contribution of “°Co
radiation in the PAS lifetime spectra were
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reduced to a minimum. In our case, identical
specimens were used for PAS and MS study.
Such approach seems to be optimal due to

possible  inhomogenities in  different
specimens  from the same  steels.
Nevertheless, there exist many open

questions and there is aneed for further
investigation. Interpretation of PAS and MS
results is neither easy nor straightforward.
Both techniques are very sensitive to sample
preparation and handling.

It was shown that MS as well PLEPS can
see the formation of solute clusters during
irradiation of RPV steels, resulted in
depletion of Cu and P in the matrix in the first
period of irradiation. Some alloying elements
(for example Ni) can slightly retard this
depletion [56]. After this first period, both
techniques registered no significant changes
connected to increased neutron treatment. In
the contrary, the positron lifetimes decreased
probably due to long-term thermal treatment
on the level of 280 °C. Using PLEPS, the
most effective region (450-470 °C) of thermal
treatment was clearly shown at base as well
as weld metals. Positron annihilation
techniques can be applied for the
development of new types of steels with well-
defined parameters (materials for fusion
reactors, etc.) or by the evaluation of the
effectiveness of post-irradiation thermal
treatments [57]. Application of a scanning
positron microscope in the RPV-steel
investigation would be surely one of the ways
in the future [58].

The results from the present extensive
study of RPV surveillance specimens indicate
that MS and PAS could be useable techniques
for the evaluation of some microstructural
changes in RPV-steels and, in combination
with other spectroscopic methods can
contribute to an increase of NPPs operational
safety and lifetime prediction. However,
neither this method is a magic wand solving
all  substantial questions in  neutron
embrittlement and material ageing. This
investigation will continue also in the next
period and specimens treated in reactor up to
10 years will be studied. Such loaded
specimens will be equivalent to real RPV
steel after more than 50 years of operation
and will be interesting for the RPV lifetime
management.
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