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High-Ni, high-Mn welds are the life-time determining components in reactor pressure vessels (RPVs) of Nordic
reactors at desired operating times of pressurized water reactors (PWR) of 60 or even 80 years due to embrit-
tlement that is caused by pronounced clustering of Ni, Mn and Si. To understand early stages of clustering we
performed atom probe tomography (APT) measurements on an axial weld of the boiling water RPV from Bar-
sebéck Unit 2 decommissioned after 28 years of operation. Contrary to our previous work on the same weldment,

here we report observation of clustering. The cluster number densities vary significantly between individual APT
measurements, which we attribute to variations in local Ni and Mn concentrations, a trend even seen within
single grains. Based on comparison with high fluence samples containing more and larger clusters we propose
that NiMnSi cluster formation and growth is an irradiation-induced continuous process without a relevant

threshold dose.

Nuclear reactor pressure vessels (RPVs) are manufactured from
ferritic low alloy steels [1]. Such steels exhibit a pronounced ductile to
brittle transition (DBT) [2-4]. The DBT temperature (DBTT) is adversely
affected by thermal ageing combined with neutron irradiation [5]. The
ageing effects can be divided into non-hardening — mostly P segregation
to grain boundaries (GBs) — and hardening effects, which are related to
irradiation-induced defects from fast neutrons that facilitate diffusion
and clustering or precipitation of solutes (Cu, Ni, Mn, Si, P) [3,4,6-8].
These mechanisms have been characterize by X-ray techniques [9,10],
positron annihilation spectroscopy [11], and APT investigations [6,
12-23]. Early investigations of RPVs revealed that Cu plays a key role in
embrittlement [2] due to formation of coherent Cu-rich precipitates [6,
14,15,24], which is accelerated by radiation enhanced diffusion [3]. The
independent role of Ni in low-Cu (<0.05 at%) steels was only noticed
some decades later [25,26] and it was proposed that NiMnSi clusters
with negligible Cu fraction forming in such materials are subject to an
incubation period [3,27]. Based on this assessment there is an ongoing
debate with respect to the nature of these solute clusters in low-Cu steels,
namely, if they are or can become separate phases at later stages, i.e.,
whether their formation is thermodynamically favored and accelerated
by radiation enhanced diffusion [28,29] or they are stabilized by

* Corresponding author.

irradiation-induced point defects (vacancies and self-interstitial atoms)
[30-32]. Following the model laid out by Castin et al. [31] we believe
that, simply put, clusters in the low-Cu RPV welds that we are concerned
with ([20] and this work) are mainly defect stabilized. The form via
radiation induced segregation of solutes to point defects. Phase sepa-
ration does not occur at relevant time scales (low-Cu, high-Ni material
was the only alloy in a wide range of compositions where no evidence for
G-phase formation was reported [10]).

Prediction of changes in the mechanical properties and assessment of
the operative limits of RPVs is conducted in surveillance programs (e.g.,
[22,33]). In the case of the Nordic RPVs the welds are critical parts of the
structure. At the time they were manufactured it was already known that
Cu strongly enhances the irradiation embrittlement [24] and, hence,
weld metal with low levels of Cu [33] and some 1.5 wt% Ni and Mn was
used. For the RPVs of Ringhals Unit 3 and 4 an R&D program to support
long term operation has been undertaken [17,18,20,21,34]. To under-
stand the full microstructure evolution starting at low damage levels
materials were harvested from the decommissioned boiling water
reactor (BWR) Barseback Unit 2 RPV [35]. This material has been sub-
jected to mechanical and microstructural characterization [36,37] and
atom probe tomography (APT) [38]. The current study is an extension of
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Table 1
Chemical composition determined by optical emission spectroscopy (from [37]).
Ni Mn Si Mo C Cu Cr Co P Al S Fe
at% 1.58 1.45 0.32 0.26 0.25 0.06 0.03 0.02 0.02 0.004 0.009 bal.
wt% 1.66 1.43 0.16 0.44 0.054 0.07 0.03 0.02 0.01 0.02 0.005 bal.

*.“Cladding

Fig. 1. Electron images of a sample from an axial weld of the Barsebdck 2 RPV weld close to the cladding. (a) Overview secondary electron (SE) image, (b)
backscatter electron (BSE) image highlighting the cladding and the HAZ. (c;) and (c») are BSE and ion-induced secondary electron images (ISE) of APT lift-out
locations from the normal weld microstructure (position 1 from [38]). (d) and (e) are BSE and SE images of the lift-out location in the HAZ adjacent to the cladding.

the work in [38] and features more APT measurements to understand
the early-in-life behavior of NiMnSi clusters formed during reactor
operation.

We investigated an axial beltline weld (bulk composition, see
Table 1) from the Barseback 2 RPV reaching a nominal fast neutron
fluence of 7.9 x 102! n/m? (28 full power years). The DBTT was not
affected [37] (Yuya et al. [39] reported a DBTT shift of +-26 °C for a BWR
RPV with a fluence of 1.5 x 10%2 n/m? containing 1.48 wt% Mn, 0.56 wt
% Ni and 0.09 wt% Cu). APT specimen preparation was performed using

an FEI Versa3D focused ion beam using standard procedures [40] (final
annular milling: nominal 30 or 50 pA at 30 kV with mask inner diameter
100 nm, final cleaning at 2 kV and 28 pA for 30 s).

APT experiments were conducted in a Cameca LEAP 6000XR
(detection efficiency 52 %, laser wavelength 257.5 nm). Experimental
parameters are provided in a table in the supplementary material. In
voltage pulsing APT the number of collected ions often was relatively
small (typically 1-3 x 10° ions) so we additionally used laser pulsing
APT, which is less well-suited for characterizing cluster size and
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(b) Cluster no. densities in BWR RPVs

A Barseback 2 HAZ

® Barseback 2 normal weld microstructure

® Barseback 2 normal weld microstructure
Lindgren et al. LEAP 3000X HR

®  Murakami LEAP 3000X HR
4 Yuya etal. LEAP 5000XR
v Burke etal. AP-FIM

Flux 1014
(nmzs?y ~ na 1115510 65107
o 276
Temp. (°C) 288 286 288
Time (d)  na. g1 203K 7.3k
84
4

T HAZ

g o ) 3
- Grains

> 5 from HAZ

= A
@ 4 |
3 A 2
© 34
g- N
5 21 | (Grains from 1
B 14 norm. weld

= microstr.

o 04 v e 01

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16  0.079

Fluence (10% n/m?)

Fig. 2. Cluster number density vs. fast neutron fluence (> 1 MeV), with flux, irradiation temperature and time given above the plots. In (a) the data obtained in this
work (that are additionally represented as a box plot) are compared to high fluence data from Nordic (high-Ni, high-Mn, low-Cu) RPV steel from [20]. In (b) our data
(colored, see text) are presented in comparison to low fluence literature values from BWR RPVs [14,38,39,49]. Again, the data from the present work are additionally
represented in box plots. Note that Burke et al. [14] used AP-FIM and did not detect any clusters at all, likely due to the small captured volumes.

Table 2

Statistics of the cluster number densities (10?® clusters/m?®) from our APT
experiments.

All data Normal weld Heat- Yuya Murakami
from this microstructure affected [39]1 [49]
work zone (HAZ)
combined (HAZ)
N (no. of 31 6 25 41 -
APT
datasets)
Mean 1.3 0.4 1.5 6.4 3.1
Standard 0.9 0.3 0.8 1.6 0.9
deviation
Median 1.2 0.2 1.3 - -
Maximum 4.2 0.8 4.2 -
Minimum 0.2 0.2 0.6 - -

composition as it is leading to significant surface diffusion of Si, P and Cu
[41]. But since laser pulsing allows for the collection of much larger
datasets (> 107 ions) we used it to capture larger volumes increasing the
confidence in the cluster number density determination. All datasets
were crystallographically calibrated [42,43]. Compositions were
calculated using the built-in peak decomposition in AP Suite 6.3. In
voltage pulsing Mn and Cu are systematically underestimated [41] (see
supplementary material, Appendix A). Cluster analysis was performed
using the version of the maximum separation method [44] implemented
in AP Suite 6.3. For voltage pulsing datasets we included Ni, Mn and Si

(@  Haz (b (c)

)
Ni+Mn
Normal weld

e Ni  microstructure
e Mn

ve

. Cu

10 nm slices :
Ni Mn Si Cu Snm

1.21 x 102
clusters/m?®
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Fig. 3. (a) and (b) are 3D atom maps from APT reconstructions displaying Ni,
Mn, Si and Cu from the HAZ (50 K, 15 pJ) and the normal weld microstructure
(50 K, 20 pJ), respectively. 6 at% Ni+Mn ICSs highlight larger clusters. The
views in (c) and (d) depict 10 nm slices including a single cluster from (a)
and (b).
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Table 3
Comparison of compositions of the specimens in Fig. 3 (50 K base temperature
and 20 and 15 pJ LPE).

Normal weld microstructure HAZ
Clusters/ 0.20 x 10 1.21 x 10%
m3
Composition (at%)
Full 6 at% Ni-+Mn ICS Full 6 at% Ni+Mn ICS
dataset removed dataset removed
Ni 1.40 1.39 1.47 1.44
Mn 1.19 1.18 1.37 1.35
Si 0.20 0.20 0.29 0.28
Cu 0.04 0.04 0.04 0.04

ions, for laser pulsing datasets only Ni and Mn were used. P and Cu are
only present in small amounts and were therefore not included in the
cluster search. For every dataset we performed a sweep of the maximum
separation distance (dmax) and chose this parameter from the plateau
region between 0.4 and 0.55 nm (see Figure S1). If no clear plateau was
present, we chose the value with the lowest slope between 0.4 and 0.6
nm. Clusters with 25 or more detected solute atoms were considered for
analysis. The cluster numbers obtained for each dataset agree well with
isoconcentration-surface-(ICS)-based cluster identification (typically
10-20 % difference, see Figure S2). Radial concentration profiles were
created based on the cluster dimensions of the identified solutes in AP
Suite. Most of the clusters found in the here presented work have radii
smaller than ~ 1 nm (~ 350 atoms) for which compositions cannot be
reliably determined by APT [45]. Since large clusters (> 3000 atoms)
from comparable high fluence material [20] did contain Fe, we included
it in the cluster composition analysis although it is most likely signifi-
cantly overestimated. Because we cannot quantify the lateral resolution
and the evaporation field differences we are not able to determine the
real Fe fraction inside clusters [46].

Fig. 1 comprises electron images of the bulk specimen from which
the lift-outs for APT analyses were taken: (a) is an overview marking the
approximate positions of the lift-outs by dashed ellipses and (b) is a
magnified view of the dashed rectangle in (a) highlighting the cladding
in the upper right and the coarse-grained heat affected zone (HAZ). The
grain morphology is shown in (c) — (e): The same region from the normal
weld microstructure is depicted in (c1) and (cg) as a backscatter electron
and an ion-induced secondary electron image, respectively, both
showing the typical weld morphology. (d) shows the transition region,
where weld morphology is visible in direct vicinity of grains that extend
over more than 100 pym. Finally, (e) is depicting a region in the HAZ
where only coarse grains are present.

Fig. 2(a) is a plot comparing cluster number densities obtained in the
present work with high fluence (high flux) data from Nordic RPV welds:
a surveillance specimen from Ringhals Unit 4 and its archive material
irradiated in the Halden research reactor [20] (note that the cluster sizes
are significantly different). The data from the present work are addi-
tionally presented as a box plot. Fig. 2(b) is a comparison of the present
results with low fluence (low flux) literature data (note that cluster
analysis results strongly depend on the parameter choice [47,48]) from
BWRs including earlier work from the same weldment where no clusters
of any kind were found in 10 needle specimens ([38] see lift-out location
1 in Figure 1 (c)). The data from the Barseback 2 RPV weld are
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represented in magenta for the normal weld microstructure, blue for the
HAZ and red (from [38]), while the literature values are shown in black.
The box plots of the data from this work provide a better visualization of
the number density statistics that are provided in Table 2 alongside
literature values for comparison (note the different Cu levels: Murakami
[49] 0.24 wt%; Yuya et al. [39] 0.09 wt% Cu).

The plots in Fig. 2 clearly show that comparatively higher cluster
number densities are found in coarse grains of the HAZ. Also noteworthy
is the large scatter with the highest values on the level of that seen in the
Ringhals 4 material.

Fig. 3 allows for visual comparison of two APT specimens from the
HAZ and the normal weld microstructure (coarse- and fine-grained re-
gions), respectively. Clusters are scarce but recognizable by visual in-
spection. The reconstruction depicted in Fig. 3(a) and (c) is from lift-out
position 2 (Fig. 1(d)), while that shown in Fig. 3(b) and (d) is from lift-
out position 3 (Fig. 1(c)). The cluster number density of the dataset from
HAZ is six times larger than that of the fine-grained region, which is
associated with an 0.25 at% higher Ni+Mn fraction as listed in Table 3.

The table includes measured fractions (clusters included vs.
removed) of Ni and Mn in the two APT specimens in Fig. 3. Similar
experimental parameters ensure comparability. Because of the low
volume fraction of the clusters the difference is not due to the presence
of clusters but the larger total concentration of these elements.

Fig. 4(a) shows an secondary electron (SE) image of the HAZ with a
very large grain (Grain 1). We performed a lift-out targeting a total of
three grains, including a GB and a region spanning roughly 20 ym inside
Grain 1. The positions of the individual specimens are marked by color-
coded circles. Figure 4 (b) depicts a plot of cluster number density over
the Ni+Mn fraction for the individual APT measurements. Only laser
pulsing datasets were included in the linear fit (R? = 0.74, p = 0.002)
because of underestimation of Mn in voltage pulsing (arrows indicate
their positions ‘corrected’ by 0.25 at%). The GB was captured in one
measurement and a reconstruction of this dataset is presented in
Figure 4 (c). There appears to be a cluster denuded zone with a width of
approximately 50 nm next to the GB; the Ni, Mn and Si fractions are
nearly identical in this region compared to the volume in which clusters
are present. This observation can be rationalized by GBs acting as sinks
for point defects [50,51]. Assuming their presence is a precondition for
cluster formation [31] the absence of clusters indicates a relevant
reduction in the number of point defects. The plot in Figure 4 (b) shows
that cluster number densities are varying by a factor as large as five with
the fraction of Ni and Mn even within a single grain (Grain 1). Figure 4
(d) shows two plots of the Ni- and Mn-fraction (balance almost exclu-
sively Fe) in the clusters from measurements #6 and #8 highlighted in
Figure 4 (b) by a triangle and a diamond symbol, respectively. Cluster
size (number of atoms per cluster) and composition show similar
distributions.

This assessment is confirmed quantitatively in Table 4. The 0.5 at%
larger Ni+Mn fraction is associated with a five times higher cluster
number density, while average cluster composition and number of
atoms per cluster are similar. A possible conclusion is that cluster for-
mation is more enhanced by the larger solute fractions than the degree
of acceleration in growth of individual clusters.

From an assessment of all laser pulsing datasets (Table 5, see
respective plots in Figure S3) a significant correlation of cluster number
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Fig. 4. Clustering in the HAZ near the cladding. (a) is an SE image after etching with 5 % Nital; the positions of the individual APT specimens are marked by circles
and color-coded for grains 1, 2, and 3 (identified based on their crystallographic orientation, see insets obtained with code from [43]). (b) shows plots of cluster
number density vs. the Ni+Mn fraction (fitting the data from laser pulsing datasets yields R? = 0.74, p = 0.003). The open triangles are the voltage pulsing datasets
with (c) a reconstruction from lift-out position 4 (magenta circle segment) including a GB, showing a potentially cluster denuded zone (the composition of the

volumes separated by dashed lines ins given in the same color coding as the ions). (d) comparison of Ni and Mn fraction in the clusters of APT specimens #6 and #8
from Grain 1 (marked extreme cases in (b) by a triangle and a diamond).
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Table 4

Cluster statistics of the two APT datasets shown in Fig. 4(d) from specimens #6
and #8. Cluster analysis parameters: dpmax = 0.42 nm, Ny, = 25, L = e = 0.25
nm). The value given after the + sign is the standard deviation.

Specimen

#6 #8
No. of clusters 123 18
Cluster no. density (102 m®) 3.6 0.7
Volume (102 m%) 33.7 26.9
No. of ions per cluster incl. Fe 271 £ 177 234 + 196
No. ions per cluster excl. Fe 140 £ 91 120 + 100
Ni in clusters (at%) 29.2 + 3.9 27.0 +£ 3.9
Mn in clusters (at%) 22.5 + 3.2 22.8 + 4.2
Ni in full spectrum (at%) 1.62 1.33
Mn in full spectrum (at%) 1.50 1.31

Table 5
Results from linear regression of the composition and cluster number density
data points from all laser pulsing datasets from this work.

Ni Mn si Cu P [¢
Slope (10%* 1.08 1.13 2.73 3.21 10.79 -0.28
clusters m>/at  +0.15 +0.17 +0.93 +2.36 +6.25 +1.07
%)
R? 0.71 0.68 0.29 0.08 0.13 0.003
p 4E-7 1.2E-6 >0.01 0.19 0.10 0.80

density and solute fraction was confirmed for Ni, Mn, Si but not for Cu, P
and C.

Fig. 5 is a comparison of solute clustering in the Barseback 2 (B2)
RPV weld and a Ringhals 4 (R4) surveillance sample of nominally 58
times higher fluence [20]. The two specimens were measured with
similar APT parameters (70/50 K, 20 % pulse fraction, detection rate 0.5
%, LEAP 6000XR and LEAP 3000X HR). The overall difference in cluster
size and their different compositions are highlighted by the atom maps
in Fig. 5(a) and (b). The 6 at% (Ni+Mn+Si) ICSs in Figure 5 (a) highlight
the difference in cluster volume and number density. The clusters in the
two materials are however more similar than they visually appear as
Figure 5 (c) demonstrates (see also Figure S4). It comprises plots of
radial concentration profiles for Ni and Mn where clusters are divided in
size groups (calculated including Fe, clusters > 2000 atoms/cluster are
excluded since those are not present in the B2 specimen; they are
depicted in Figure S5). While the R4 clusters exhibit slightly higher
concentrations near the center (see also Figure S6), the profiles for the
two specimens are strikingly similar despite the significant difference in
fluence. Table 6 includes a comparison of the matrix fractions of Ni and
Mn in the specimens shown in Fig. 5. It is apparent that in both cases
clustering leads to depletion of the matrix although due to the small
volume fraction of the clusters this is not very pronounced in the B2
material. What is interesting to note is that Ni and Mn fractions are lower
in the matrix of the R4 specimen, i.e., the continued irradiation leads to
successive removal of Ni and Mn from the matrix.

According to the model in [31] nuclei (as small as two solutes
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segregated to a point defect cluster) continuously form and grow by
addition of further solute/point defect pairs; dissolution by emission of
vacancy solute pairs can also occur. Therefore, clusters are expected to
have different size as function of flux, time, temperature and (local)
composition. The assumption that irradiation-induced clustering took
place in the here presented materials is supported by the lack of com-
parable NiMnSi clusters after purely thermal annealing of similar welds
[52]. There, exclusively precipitates with Cu-rich cores and
NiMnSi-shells were found near dislocations. This finding is particularly
meaningful due to the comparatively large amount of data that was
collected from 19 electropolished wire specimens. Additional support
for this interpretation is a post irradiation annealing (PIA) study of
Nordic RPV welds by Lindgren et al. [53] that indicates low stability of
NiMnSi clusters found in these materials: while they disappeared after
24 h at 410 °C, Cu-rich clusters near dislocations similar to those in the
purely thermally annealed weld in [52] remained. Even as this line of
reasoning appears to be consistent, there remains room for debate. It is
for example not clear why the clusters shown in Fig. 4(d) have similar
(measured) compositions although the local Ni+Mn fraction varies by
0.5 at%. These differences in matrix composition should be reflected in
the cluster composition [32]. In addition, there is evidence for similar
low-Cu, high-Ni model alloys indicating a much higher stability of
NiMnSi clusters. For example, PIA studies by Almirall et al. [29,54]
showed that some large clusters persisted after up to more than one year
at 425 °C. Based on the available information in [20,29,52-54] we do
not see any obvious explanation for this discrepancy.

In conclusion we would like to summarize the findings from our APT
results obtained from a low fluence, low flux BWR RPV weld as follows.

Cluster number densities between individual APT measurements
vary by a factor of up to 36 between the smallest and the highest value.
The significant variation in cluster number density across many APT
specimens is correlated with — and likely caused by - the local Ni and Mn
concentrations as was shown to be the case even within a single grain
(Fig. 4 and Figure S3). One APT measurement capturing a GB can be
construed as showing a cluster denuded zone, which might be explained
by the GB constituting a sink for point defects.

The key finding from our work is that there appears to be no
fundamental difference between clusters in the low fluence Barseback 2
and the high fluence Ringhals surveillance weld material. We have
shown that NiMnSi clustering in Nordic RPV steel weldments takes place
already at low fluence. These clusters are similar to those in high fluence
weldments and differ from others found after thermal annealing [52,
55]. We therefore propose that their existence comes about by a
continuous process of defect-mediated cluster formation that is accom-
panied by the growth of already existing clusters.

A final note on our previous study [38]: We do not have a good
explanation why we did not find clusters in the previous APT experi-
ments. The matrix of specimens from the present work shows slightly
higher probability of Ni-Ni (Ni-Mn, Ni-Si, Ni-Cu) neighborhood in a very
similar manner as shown in [38], indicating early clustering that eludes
recognition due to limitations of the technique [48]. In conclusion we
can hence only emphasize again, that APT studies are prone to insuffi-
cient sample sizes limiting the statistical power.
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(a) Barsebick 2 Ringhals 4

(b)

Scripta Materialia 258 (2025) 116497

Ni+Mn+Si

a
Ni
Mn
Si
Cu

Atom maps (10 nm slices)

s

(c)

Ni and Mn radial concentration profiles

— R4Ni — B2Ni — R4 Mn

20 20

10 104
g 5 5
8
c 0 . . i 0 . . : :
S 2 3 1 2 3 4
gzo 201
O

10

5

Distance from center (nm)

Fig. 5. Comparison of APT data from Barsebéck 2 (B2) RPV (70 K, 20 % PF) and from Ringhals 4 surveillance material (R4) from Lindgren et al. [20] (50 K, 20 % PF).
(a) Atom maps of voltage pulsing datasets with clusters highlighted by 6 at% Ni+Mn-Si ICSs. Note that this value does not appear to be a well-suited descriptor for
the R4 specimen, but was chosen for the purpose of comparison. (b) Atom maps of 10 nm thick volumes highlighting the appearance of individual clusters. (c) Radial
concentration profiles for Ni and Mn cluster size classes (clusters > 2000 atoms were only present in the R4 specimen and are not included here; plots are available in

the supplementary material).

Table 6
Volume fraction of clusters and composition (in at%) of the matrix after removal
of the clusters from the datasets in Fig. 5.

B2 R4
Volume fraction (%) 0.15 2.11
Total Ni 1.37 1.73
Ni matrix 1.35 1.21
Total Mn 1.13 1.27
Mn matrix 1.11 1.00
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