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Abstract

The effects of neutron irradiation on the microstructure of welded joints made of austenitic stainless steels have been
investigated. The materials were welded AISI 304 and AISI 347, so-called test weld materials, and irradiated with neutrons
at 300 �C to 0.3 and 1.0 dpa. In addition, an AISI 304 type from a decommissioned pressurised water reactor, so-called
in-service material, which had accumulated a maximum dose of 0.35 dpa at about 300 �C, was investigated. The micro-
structure of heat-affected zones and base materials was analysed before and after irradiation, using transmission electron
microscopy. Neutron diffraction was performed for internal stress measurements. It was found that the heat-affected zone
contains, relative to the base material, a higher dislocation density, which relates well to a higher residual stress level and,
after irradiation, a higher irradiation-induced defect density. In both materials, the irradiation-induced defects are of the
same type, consisting in black dots and Frank dislocation loops. Careful analysis of the irradiation-induced defect contrast
was performed and it is explained why no stacking fault tetrahedra could be identified.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Welded austenitic stainless steels are commonly
used for the fabrication of internal components of
light water reactors, such as core shrouds. The core
shrouds of nuclear reactors are subjected to radia-
tion, heat, as the operating temperature is 288 �C,
stresses and corrosive environments. It is well
known that the failure of the welded reactor compo-
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nents, typically made of AISI 304, AISI 304L, and/
or AISI 347 types of austenitic stainless steels, usu-
ally occurs close to the welds. Examinations of core
shrouds have revealed the presence of circumferen-
tial cracks in the heat-affected zone (HAZ) induced
by the welding process [1,2]. The HAZ is defined as
the region adjacent to the weld metal, which is
subjected to heating during the welding process.
Although the behaviour of austenitic stainless steels
as base material (BM) has been thoroughly investi-
gated, studies of weld metal and HAZ are scarce.

The behaviour of a welded joint is required to be
the same as the BMs it joints together. In practice
this objective is not always achieved because the
welding process itself introduces secondary phases,
.
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residual stresses, defects and phase transformations
which can degrade the properties of the welded
joints as compared to the BM [3,4]. In fusion weld-
ing, a region of the HAZ is heated within the
carbide precipitation temperature range, so that
intergranular carbide precipitation can occur [5].
As a consequence of welding, the grains are
enriched in chromium and depleted in nickel [6].

Although the specific damage microstructure
depends on the particularities of the stainless steel
type and on the irradiation conditions, typical irra-
diation-induced microstructural features in austen-
itic stainless steels consist in the so-called ‘black
dots’ for the unidentified nanometric defects, Frank
dislocation loops, cavities [7–13] and, according to
some authors, stacking fault tetrahedra (SFT) [14–
17]. Irradiation induces depletion in chromium,
manganese and molybdenum at the grain bound-
aries and enrichment in nickel and silicon [18,19].
Irradiation can also lead to localised stress
relaxation.

The goal of this study is to better understand the
effects of neutron irradiation on the microstructure
of HAZs of three types of austenitic stainless steels.

2. Experimental

Two sets of materials were used in the present
study. The first set was composed of two types of
austenitic stainless steels, AISI 304 and AISI 347,
so-called test weld materials, with the chemical
composition listed in Table 1. Two plates of each
material were welded together by Framatome
ANP, Germany [20]. The chosen fusion welding
procedure was a compromise between the condi-
tions applied to real boiling water reactors (BWR)
components and the restrictions imposed by the
analysis tools used in this research project. Optical
microscopy observations performed on the materi-
als after welding have revealed that the grain size
presents a significant variation as a function of the
distance from the fusion line (FL). It appears much
higher in the HAZ, about 60–65 lm, with respect to
the BM (40–50 lm). No significant difference is
Table 1
Chemical composition of the materials, in wt%

Material C Si Mn P

AISI347 0.03 0.46 1.22 0.034
AISI304 0.042 0.31 1.63 0.03
BR304 0.08 0.75 2 0.045
observed between the grain sizes of the two mate-
rials. The width of the HAZ is approximately 600 lm
in both materials. The approximation of the width
of the HAZ allowed to further prepare specimens
for irradiation and microscopy observations.

After welding, specimens for microscopy obser-
vations were cut along the FL, in the HAZ, and
irradiated in the High Flux Reactor in NRG,
Petten, the Netherlands. The irradiation tempera-
ture was 290 �C, with a maximum target deviation
of ±10 �C. Two doses were accumulated, namely
0.3 and 1.0 dpa, for both AISI 304 and AISI 347.

The other set of materials, so-called in-service
material, refers to the thermal shield of a decommis-
sioned experimental pressurised water reactor
(PWR), the BR-3, in Mol, Belgium. The operating
temperature and power of this reactor were lower
than those of the new generation of PWRs. There-
fore, the exposure conditions of the thermal shield
material are comparable to the current exposure
conditions in BWRs, where the coolant temperature
is about 290 �C, whereas it is 320 �C and higher in
the new PWRs [20]. The thermal shield was made
of the welded austenitic stainless steel BR 304, with
the chemical composition listed in Table 1. Two
plates, having the same thermal history, were
selected. One plate (Block A), referred to as the
reference material or unirradiated material, was
taken from the top of the thermal shield. The other
plate (Block B) was taken at 23 mm above the mid
plane, in the high neutron flux region. The accumu-
lated dose of the in-service material decreases from
the inner side of the reactor to the outer side, due
to self-shielding, reaching values between 1.3 ·
10�4 and 1.3 · 10�5 dpa for Block A and between
0.35 and 0.12 dpa for Block B [20]. Optical micros-
copy observations revealed an increase in the grain
size close to the FL (151 lm) as compared to the
values far away from the FL (106.8 lm), for both
Block A and Block B materials.

The residual stresses induced by the welding
process in the unirradiated materials have been
determined by neutron diffraction, using the POLDI
(Pulse Over-Lap Diffraction) facility at the Paul
S Cr Ni Nb Fe

0.005 17.69 10.34 0.49 Bal.
0.01 18.36 9.5 – Bal.
0.03 18.0 8.0 – Bal.
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Scherrer Institute, Switzerland. The principle of this
method is described in [21,22].

The evolution of the microstructure has been
studied by performing transmission electron micros-
copy (TEM) of samples cut out along the FL, at
varying distances from the FL and on samples from
the BM, for all materials and all accumulated doses.
A micrograph of the weld metal and TEM samples
positions is shown in Fig. 1. TEM observations were
performed using a JEOL 2010 microscope, operat-
ing at 200 kV, equipped with a detector for chemical
analysis by X-ray energy dispersive spectrometry
(EDS).

Because of the high activity of some specimens,
besides 3 mm TEM disks, 1 mm TEM disks were
also used. The specimens were electrolytically
thinned by jet polishing at 0 �C and at about
13.5 V, in a solution of 10% perchloric acid, 15%
ethylene glycol and 75% methanol.

The overview of the microstructure was obtained
by conventional bright-field and dark-field imaging
techniques. The small irradiation-induced defects
were studied using dark-field and weak-beam
dark-field imaging techniques [23]. The convergent
beam electron diffraction (CBED) technique was
applied for thickness measurements and for precise
lattice parameter identification. The dislocation
density in the unirradiated materials was deter-
mined from bright-field TEM images at different
Fig. 1. Micrograph of the weld metal and schematic of sample
preparation from the HAZ. Specimens were cut along the FL,
according to the dashed lines, with an angle of 60� corresponding
to the weld edge preparation.
distances from the FL. The defect size distribution
of irradiation-induced defects was determined using
series of micrographs imaged under different dark-
field and weak-beam conditions. The error in deter-
mination of loop number densities is calculated as a
sum of factors [24] taking into account the statistical
error, calculated as: E = T�1/2, where T is the total
number of defects counted for one condition. In
addition, the error in determination of foil thickness
was considered. The foil thickness has been deter-
mined using the spacing between the Kossel–
Möllenstedt lines in CBED mode. The uncertainty
in the foil thickness using CBED is estimated to
be ±10% [25]. Another error comes from the pro-
portion of loops which can be seen in TEM because
of the extinction arising for the loops for which
~g �~d ¼ 0 [26], where g is the diffraction vector and
b is the Burgers vector. Different diffraction condi-
tions are used in order to avoid this extinction and
the appropriate correction factor is applied [24].

3. Results and discussion

3.1. Residual stress measurements

The residual stresses induced by the welding pro-
cess have been measured on the unirradiated test
weld materials using a neutron diffraction technique
[21,22]. The residual stresses measured for example
in the AISI 304 are plotted in Fig. 2. They mainly
concentrate in the longitudinal direction, reaching
the highest values in the centre of the weld. The
residual stresses are correlated with the microstruc-
ture observations.
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Fig. 2. Residual stresses variations along a line perpendicular to
the weld in the unirradiated AISI 304.
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3.2. Microstructure of the unirradiated test weld

materials

A bright-field image of the AISI 347 BM, unaf-
fected by the thermal cycles upon welding, is pre-
sented in Fig. 3. The microstructure is typical of
that of austenitic stainless steels, with isolated dislo-
cations and extended stacking faults. Fig. 4 shows a
bright field image of the AISI 347 HAZ. Close to
the FL one observes recrystallised areas, relatively
free of dislocations, surrounded by a matrix with a
higher dislocation density than in the BM. No dif-
ferences were observed between AISI 304 and AISI
347 regarding the microstructural features present
in the BM and in the HAZ. It is known that, under
Fig. 3. TEM bright-field image of AISI 347 base material.

Fig. 4. TEM bright-field image of AISI 347 heat affected zone.
welding, austenitic stainless steels develop a duplex
microstructure composed of ferrite and austenite
grains [27–29]. In this case, the ferrite is present as
an interphase that could be located in thin sheets
surrounding austenite grains. It appears in TEM
as islands with dimensions between 2 and 12 lm.
The amount of ferrite in the HAZ of both AISI
304 and AISI 347 was determined from TEM
images from surface fraction to be about 3 vol.%
in the austenitic matrix. To authenticate the ferritic
structure, the interphase was further studied by
TEM using selected area diffraction (SAD) and
CBED. In the case of AISI 347, the lattice para-
meter of the austenitic matrix was determined from
SAD images to be (0.359 ± 0.014) nm, while for the
ferrite it was found to be (0.304 ± 0.014) nm.

To further analyse the interphase, the CBED pat-
terns of the matrix and interphase were indexed and
compared. Fig. 5 shows a CBED of the (111) zone
axis of the matrix, together with the corresponding
SAD, typical of an fcc structure. The CBED pattern
of the (111) zone axis in the interphase is presented
in Fig. 6, with the corresponding SAD. These
patterns are characteristic of a bcc structure, dem-
onstrating the ferritic nature of the interphase.
Kikuchi patterns were simulated using the jEMS
software [30] to better determine the lattice parame-
ter. Fig. 7 shows a simulated Kikuchi pattern super-
imposed on an experimental CDEB image of the
matrix, in the case of AISI 347 HAZ. The image
simulations were performed for the ð�1�1�1Þ zone axis,
the ð�1�1�1Þ foil normal and the centre of Laue circle
Fig. 5. CBED pattern and corresponding SAD pattern obtained
for the (111) zone axis of the matrix (fcc structure).



Fig. 6. CBED pattern and corresponding SAD pattern obtained
for the (111) zone axis of the interphase (bcc structure).

Fig. 7. Simulated Kikuchi pattern for the ð�1�1�1Þ zone axis, the
ð�1�1�1Þ foil normal and the centre of Laue circle at (8.8,�15.04,
6.21) superimposed on experimental CBED image of the inter-
phase in the AISI 347 HAZ.

Table 2
Chemical composition of the matrix and the interphase of AISI
347 determined by EDS, in wt%

Position Si Cr Mn Fe Ni Nb

Matrix 1.7 20.6 1.3 67.29 9.02 0.18
Interphase 1.9 29.83 0.7 65.03 4.22 0.08
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Fig. 8. Dislocation density as a function of the distance from the
fusion line for the unirradiated test materials.
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at (8.8,�15.04, 6.21). The lattice parameter of the
austenite, determined by fitting the simulated Kiku-
chi lines to the experimental image, was found to be
a = (0.3677 ± 0.0010) nm.

The chemical composition of the interphase was
determined in TEM by EDS and compared to the
one obtained for the matrix. The results for AISI
347 are listed in Table 2. It was found that Cr is
enriched in the interphase, while Ni is depleted. This
is in agreement with the previous conclusion, point-
ing out that the interphase is of ferrite type, as it
is well known that Cr and Si are ferrite forming
elements, while Ni and Fe are austenite forming
elements [6].

The mean dislocation density has been evaluated
from TEM images of the BM and HAZ of both
unirradiated materials. Results are reported in
Fig. 8 as a function of the distance from the FL.
The dislocation density decreases as the distance
from the FL increases and no significant difference
between the two materials is observed. The higher
dislocation density in the HAZ as compared to
the BM can be explained by the successive heating
and cooling processes taking place in the HAZ
during the welding process which introduces
mechanical stresses in the material. These measure-
ments are in good correlation with the residual
stresses, in the sense that the increase in residual
stresses corresponds to an increase in dislocation
density.
3.3. Microstructure of the irradiated test weld

materials

The microstructure of both AISI 304 and AISI
347 after neutron irradiation changes in one



Fig. 10. TEM weak-beam image g(4g), g {111}, close to a zone
axis h311i of AISI 304 ferrite interphase irradiated up to 0.3 dpa.Fig. 9. TEM weak-beam image g(5g), g {200}, close to a zone

axis h011i of AISI 347 irradiated up to 1 dpa.
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dominated by irradiation-induced defects: black
dots and Frank dislocation loops. Fig. 9 shows a
weak-beam dark-field image of the austenite matrix
of AISI 347 close to the FL, following irradiation to
1.0 dpa. The so-called ‘black dots’ relate to con-
trasts in TEM appearing as white dots in weak-
beam dark field images and that cannot be related
to specific defects. The Frank dislocation loops have
been identified on the basis of their specific black/
white image contrast, as will be discussed later.

In Fig. 10 a detail of the interphase in AISI 304
HAZ irradiated up to 0.3 dpa is shown, presenting
a background free of ‘black dots’. Either no defects
have been produced by neutron irradiation in the
interphase of bcc structure, or the defects are too
small to be resolved by conventional TEM. Note
that the TEM resolution is about 1 nm in dark-field
weak-beam imaging [31]. The absence of TEM
observable irradiation-induced defects in the ferrite
phase can also be related to the lower defect accu-
mulation rate under irradiation in bcc structures
with respect to fcc structures [9].
Table 3
Defect density and mean size versus dose of the AISI 304 and AISI 34

Material Dose [dpa] Black dots

Density [m�3] Mean size [nm

AISI 304 0.3 1.1 · 1023 2.2
1.0 1.4 · 1023 2.2

AISI 347 0.3 5.2 · 1022 2.2
1.0 3.0 · 1022 2.3
No significant changes were observed in the
irradiation-induced microstructure with varying
irradiation dose, in terms of density, size and
morphology. The defect density and size distribu-
tion of irradiation-induced defects were determined
using series of micrographs imaged under different
dark field and weak-beam dark field conditions;
they are reported in Table 3. The total defect
density, including black dots and Frank dislocation
loops, shows no significant variation with increasing
irradiation dose, while the total defect size is
observed to slightly increase with increasing irradia-
tion dose.

For irradiation temperatures below 300 �C it is
postulated by some authors that the Frank loops
are interstitial in nature, while black dots are pre-
dominantly of vacancy nature [32–35]. More recent
studies contradict this statement and conclude that
Frank loops with sizes in the range of 1–30 nm
can be either vacancy or interstitial type [14]. In
the present work, the nature of Frank loops has
been investigated using the inside–outside contrast
method [24]. Weak-beam dark field TEM was used,
7 irradiated materials

Dislocation loops Total density
[m�3]] Density [m�3] Mean size [nm]

1.6 · 1023 5.4 2.7 · 1023

1.6 · 1023 5.4 3.0 · 1023

7.8 · 1022 5.6 1.3 · 1023

7.7 · 1022 7.7 1.1 · 1023



Fig. 12. Strain field contrast of a small irradiation-induced defect
imaged in two-beam dark field condition using (a) a {200}
reflection and (b) a {220} reflection, close to a h110i zone axis.
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as it allows obtaining the best spatial resolution in
diffraction contrast. In order to identify the inclina-
tion of the habit plane of the loop, a pair of pictures
is taken under exactly the same diffraction condi-
tions, defined by the diffraction vector, g, and the
deviation parameter, but using different sample
orientations. Usually a tilt of 10–20� is sufficient.
A stereoscopic observation using both pictures
allows determining the orientation of the loop habit
plane. In essence, it is the evolution of the width of
the loop contrast from one picture to the other that
allows determining its inclination.

Fig. 11 shows two experimental weak-beam
dark-field TEM images taken with a diffraction
vector {200}, close to a zone axis h0 11i, under
slightly different angles. There is a tilt of about 10�
between the two pictures in Fig. 11(a) and (b).
The corresponding diffraction vectors are inserted
in the upper part of the images. The two upper
loops marked with arrows exhibit an outside
contrast that is broader in Fig. 11(a) than in
Fig. 11(b), but the loop at the bottom of the image
exhibits a narrower contrast. It is concluded that the
two upper loops are interstitial in nature, while the
one at the bottom is made of vacancies. This analy-
sis indicates that Frank loops can be either intersti-
tial or vacancy in nature.

SFTs have been observed in irradiated austenitic
stainless steels [16–18], usually in low densities
(<1%) and in high purity alloys. However, Dai
[15] observed in an irradiated 304 stainless steel a
SFT density corresponding to about 20–25% of
the total density of defects. In the present study,
only a small amount of image contrasts that could
Fig. 11. TEM weak-beam dark field TEM images, g (6g), g {200}, clos
different tilt angles.
stem from SFTs were identified. It should be noted
that one faces here the problem of interpretation of
TEM images. In austenitic stainless steels triangu-
lar-shaped contrasts can appear in TEM pictures
as a result of defects overlapping in the electron
beam direction. In this view, a careful analysis has
been performed in the present study. One example
is shown in Fig. 12, where two beam dark-field
images of a small irradiation-induced defect in AISI
347 irradiated to 1.0 dpa were taken close to a h110i
zone axis. In Fig. 12(a) taken with a diffraction
vector of the {200} type, the image contrast pre-
sents a triangular aspect. When the diffraction con-
dition is changed to a diffraction vector of the
{220} type, the image contrast looses its triangular
aspect, indicating that it cannot result from a SFT,
as in Fig. 12(b). Typically, when looking down a
zone axis of the h0 11i type, Frank loops lying in
{111} planes will appear edge-on for the two fami-
lies of planes (e.g. ð11�1Þ and ð1�11Þ) containing the
zone axis (e.g. [011]). The image contrast is then a
e to h011i zone axis of AISI 347 irradiated to 1 dpa, taken at two



Fig. 13. TEM weak-beam image g (4g), g {200}, close to a zone
axis h011i, of the low dose in-service (Block A) BM (4 mm away
from the fusion line) irradiated to 1.3 · 10�5 dpa.
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well delineated straight segment, bounded on each
side by a light contrast. When two of these loops
are lying in two conjugate {111} planes containing
the zone axis h011i and are located one above the
other, the resulting contrast, actually composed of
two straight segments touching each other, may
have the appearance of a triangle. The triangular
appearance of the contrast could also be due to
the asymmetrical strain field of a single defect,
whose contrast varies with the diffraction condition,
as suggested by Jenkins and Kirk [24].

The low stacking fault energy (SFE) in austenitic
stainless steels (between 10 and 50 mJ/m2 [36])
should favour the formation of SFTs. Solely on the
basis of SFE and the shear modulus, by calculating
the ratio of the SFE (c) to the shear modulus (l) times
the Burgers vector (b), c/(l Æb), one may infer that
SFTs should be the dominating features in irradiated
stainless steels [37]. Considering c = 38 · 10�3 J/m2,
l = 74.23 · 109 N/m2, b = 0.253 · 10�9 m [20], the
ratio has a value of 1/490 which, according to Schäu-
blin et al. [37] should favour the formation of SFTs,
and this is actually not the case. A similar idea was
proposed by Zinkle et al. [38,39] who suggested that
copper alloys contain a smaller fraction of SFTs than
pure copper, even though their SFE is lower than in
pure copper.

The scarcity or absence of SFTs in irradiated
stainless steels may be rationalised in two ways.
One scenario consists in the premature partial disso-
ciation of Frank loops, before they reach the trian-
gular shape needed for the SFT formation, giving
the loop a waffle-like structure, as suggested by
Jenkins and Kirk [24]. After reaching this shape,
the loop morphology cannot evolve anymore so
easily, as this would require the constriction of
one or more of the dissociated edges in order to
allow for the glide of the boarding dislocation to a
triangular shape. The small SFE in stainless steels
would be in favour of such a premature dissocia-
tion. In the other scenario, it is suggested that
impurities and alloying elements are altering the
evolution of Frank loops towards SFTs. In alloys,
due to the different atom sizes, the recoil collision
sequences are less efficient than in pure metals, with
uniform atom size. This can modify the displace-
ment cascade process, in the sense that the intersti-
tials and vacancies will not be effectively separated
from one another and the vacancy-rich core may
not develop so well [40]. Vacancies can preferen-
tially migrate to solute atoms, reducing the possi-
bility of SFT formation [33]. In addition, the
differences in atomic radii (between the Fe atoms
and the other alloying elements) might be sufficient
to locally impede the nucleation and/or glide of the
1/6h112i Shockley partial necessary to unfold the
stacking fault planes that are the premises of a
nascent SFT.

Our investigation of the nature of Frank loops
supports this analysis. The fact that Frank loops
can be either interstitial or vacancy in nature
explains the scarcity of the observed SFTs. The
balance of point defects, interstitials and vacancies,
produced in even quantities by the impinging parti-
cle can be maintained, as vacancies can be equally
found in Frank loops, thus voiding the need of
SFT, which are intrinsically vacancy in nature.
3.4. Microstructure of the in-service material

The study of the in-service material provided
information about the evolution of the microstruc-
ture in the HAZ in comparison with the BM.

The in-service material shows the same micro-
scopic features as those in the test weld materials.
Weak-beam dark-field TEM images of the low dose
and high dose in-service material, far away from the
FL, are shown in Figs. 13 and 14, respectively. The
low dose in-service material (Block A) exhibits a
microstructure typical of austenitic stainless steels,
with isolated dislocations and extended stacking
faults. No irradiation-induced defects are visible in
TEM. When the irradiation dose is increased to



Fig. 14. TEM weak-beam image g (5g), g {200}, close to a zone
axis h011i, of the high dose in-service (Block B) BM (far away
from the fusion line) irradiated to 0.35 dpa.
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0.35 dpa, irradiation-induced defects such as black
dots and Frank dislocation loops are observed.

The mean dislocation density was determined for
both HAZ and BM of the Block A material. The
measured values range from 3.9 · 1010 cm�2 at
1.3 · 10�5 dpa to 4.8 · 1010 cm�2 at 1.3 · 10�4 dpa
for the BM and from 4.6 · 1010 cm�2 at 1.3 ·
10�5 dpa to 7.8 · 1010 cm�2 at 1.3 · 10�4 dpa in
the case of HAZ. There is a small irradiation-
induced increase in the dislocation density with dose
in both BM and HAZ, the increase being slightly
more important in the HAZ. The defect density
and size versus dose were determined for the Block
B material and they are reported in Table 4. A much
higher defect density is observed in the HAZ than in
the BM, but the dose dependence is not significant
in this dose range.

The higher density of dislocations observed in the
HAZ as compared to the BM can be due to the ther-
mal cycles reached during the welding process,
which introduce residual stresses in the HAZ.
Table 4
Defect density and mean size versus dose of the BM and HAZ of the

Material Dose [dpa] Black dots

Density [m�3] Mean size [nm]

BM 0.12 9.0 · 1021 2.0
0.35 1.7 · 1022 2.0

HAZ 0.12 6.2 · 1023 2.5
0.35 5.2 · 1023 2.5
4. Conclusions

The effects of neutron irradiation on the micro-
structure of welded joints made of austenitic stain-
less steels have been investigated. The materials
were AISI 304 and AISI 347 welded by fusion weld-
ing and irradiated with neutrons at 300 �C to 0.3 and
1.0 dpa. An AISI 304 type austenitic stainless steel
from a decommissioned pressurised water reactor
(in-service material), which had accumulated a
maximum dose of 0.35 dpa at about 300 �C, was also
available. Studies of the microstructure of HAZs
and BMs have been performed before and after irra-
diation and the following results were obtained:

• The HAZ is composed of an austenite matrix
containing a small amount of ferrite (3 vol.%),
resulting from the high temperatures reached
during the welding process.

• In the unirradiated test materials (AISI 304 and
AISI 347), as well as in the low dose (10�4 dpa)
in-service material, the dislocation density was
found to be higher in the HAZ as compared to
the BM, due to the thermal cycles upon welding.

• The residual stress measurements are in good
agreement with the microstructure, in the sense
that the increase in residual stresses corresponds
to an increase in dislocation density.

• Irradiation-induced defects are small black dots
which cannot be identified in TEM and Frank
dislocation loops which can be either of vacancy
or interstitial type. No stacking fault tetrahedra
were observed.

• No irradiation-induced defects have been
observed by TEM in the bcc ferrite present in
the HAZ.

• In the in-service material, the irradiation-induced
defect density was found to be higher in the HAZ
as compared to the BM, maybe due to the larger
grain size in the HAZ as compared to the BM,
leaving less sinks, i.e. grain boundaries, for irra-
diation-induced defects annihilation.
high dose in-service material

Dislocation loops Total density
[m�3]Density [m�3] Mean size [nm]

5.7 · 1021 5.0 1.5 · 1022

6.7 · 1021 4.0 2.4 · 1022

1.4 · 1023 5.5 7.6 · 1023

2.9 · 1023 4.5 8.1 · 1023
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• The total defect density seems to increase with
the irradiation dose, at least for the in-service
material.
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