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Abstract 
 

As part of the NKS-R program, VTT, Chalmers University of  
Technology and KTH have extended the assessment of micro-structural 
and mechanical property evolution during irradiation to analyze the as-
aged material properties of the retired reactor pressure vessel, RPV, from 
Barsebäck unit 2. The testing has included impact and fracture mechanical 
testing of material, as well as high and low magnification microstructural 
characterization of the weld metal from the reactor pressure vessel using 
LOM, SEM and APT. Due to the nature of the work, the NKS-project is 
connected to several adjacent activities, including support from the Finnish 
Nuclear Safety Program, the SAFIR-program, the Swedish Radiation 
Safety Authority SSM and Swedish Centre for Nuclear Technology, and 
SKC. 
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1. Introduction 

The current trend in the worldwide nuclear power business is to extend the operational life 

length of the currently existing nuclear power plant fleet. The Nordic countries show no 

difference from this perspective, where all the existing plants now are slated for operation of 

at least to 60 years1. To prepare for operation beyond the original licensing basis a procedure 

collectively summarized as Long-Term Operations Preparation, LTO preparation, need to be 

executed. Many western type reactors follow procedures developed by the IAEA collected in 

the safety guide SSG-48 (IAEA 2018). These procedures outline the general basis of which 

programs and procedures that need to exist to establish the requirements for LTO. This is 

particularly valid in countries that has no specific licence limit, as is the case in Sweden and 

Finland where the operations are accepted through a periodic safety review and is 

continuously verified and re-assessed. An important portion of an LTO-program is the 

surveillance program or the follow-up of the ageing of the reactor pressure vessel material 

with respect to is assumed and assessed neutron fluence. The surveillance programs have for 

most been in operation since the start of the reactors and are based on applicable ASTM 

standards, such as the ASTM e185. The engineering basis here is to assess the shift of the 

ductile to brittle transition temperature by means of drop-weight or Charpy impact testing. 

 

Recently a technical basis including direct fracture toughness measurements by fracture 

mechanical tools have been not only codified, ASTM E1921 and ASME Code Case N-830-1 

but also assessed for actual use in safety related plant assessments (PWROG 2021) and 

accepted by the US Nuclear Regulatory Commission. SSM in Sweden has accepted the use in 

analyses and endorsed the use of the aforementioned Code Case. The next step for the end-

users is to fully transition to using fracture mechanical data, in all analyses, also those 

conducted based on US regulations.   

 

Given the now foreseen long operating periods, there is a imminent need for knowledge 

retention and transfer. In the Nordic countries this has been clear over the last 10 years or so. 

The predecessor to RePOUSSES, the NKS, Energiforsk and SAFIR sponsored program 

“BREDA-RPV” has focussed on the initial collection and testing of the materials harvested 

from the Barsebäck Reactor Pressure Vessel, RPV (Efsing 2024). Materials harvested from 

both the core region where the neutron dose is the highest, and from the reactor pressure 

vessel head, where the dose is the lowest, have been tested and the results show that the 

thermal ageing portion of the ageing is limited, or non-existent. The objective of 

RePOUSSES is to collect and analyse the results so far, assess the influence the findings have 

on the operation of current reactors and also lay a firm basis that existing and future 

knowledge transfer programs can be based on to assure the availability of correct data and 

tools as wells a knowledgeable and well trained base of researchers and engineers with deep 

understanding of the issues connected to RPV ageing. 

 

The results allow for a connection of perspectives ranging from nano to macro sized aspects 

of the properties of low alloy steels after ageing using a range of assessment tools, from Atom 

Probe Tomography, APT, to fracture mechanical testing and assessment of the results from a 

reactor safety perspective. From an end-user perspective, i.e. both the industry and regulators, 

the data produced extends the knowledge base on the active ageing mechanisms in a vital 

component for the owners and regulators of nuclear power plants.  

 

 
1 https://www.energinyheter.se/20240531/31420/modernisering-av-lovisa-karnkraftverks-
lagtrycksturbiner-planeras  

https://www.energinyheter.se/20240531/31420/modernisering-av-lovisa-karnkraftverks-lagtrycksturbiner-planeras
https://www.energinyheter.se/20240531/31420/modernisering-av-lovisa-karnkraftverks-lagtrycksturbiner-planeras
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One foreseen result in this context is to compare the data produced during execution of 

surveillance programs of the ageing and degradation processes, and the attenuation of 

radiation effects through the thickness of the pressure vessel wall, with the actual outcome 

when assessing an actual RPV.  

 

In the 2024 NKS-R program, the participants of the RePOUSSES project have continued the 

investigations of ageing effects on Reactor pressure vessel steels from the BREDA activity 

and also started the assessment part. The most recent summary report from NKS-BREDA can 

be seen in (Efsing et al. 2024).  

 

The key deliverables during RePOUSSES 2024 are the publications from CTH and VTT on 

the mechanical and microstructural testing of the materials from both the reactor pressure 

vessel and the surveillance chains, and the study on effects of heterogeneity on fracture 

initiation in low alloy steels. A further key deliverable was an assessment meeting held at 

VTT with the stakeholders of the technical question. 
 

The RePOUSSES/BRIGHT program has with the support from NKS, the Finnish national 

research program SAFER and the Swedish Centre for Nuclear Technology, SKC, been 

instrumental in the development of a close relationship between VTT, CTH and KTH in the 

perspective of research on reactor pressure vessel materials. It has been actively pursuing the 

knowledge retention and knowledge transfer in an important area of reactor safety and has so 

far, fully or in part, resulted in three successfully completed M. Sc. theses, and 3 Ph. D. 

theses, with three more Ph. D. theses to be completed in the near future. 

 

2. Microstructural characterization of irradiated and thermally aged material used APT  

At Chalmers the post-doc researcher David Mayweg continued to re-examine some of the old 

samples from the Barsebäck RPV weld material with the new atom probe instrument (LEAP 

6000 XR) that they have available. The work in 2024 includes more analysis positions. In 

previous work CTH did not find any clusters in the low irradiated material, but in the new 

runs with a more sensitive tool, agglomerates were identified. This was somewhat surprising, 

as the number of runs performed before should have been enough to find clusters. It can be 

concluded that the local Ni and Mn concentration has a large effect on the formation of 

clusters. The observed clusters are similar to the clusters found after high fluence irradiation, 

the size is slightly smaller, and the chemistry is the same, but the number density is much 

smaller. The results suggest that clusters do form very early, more or less from the start of 

irradiation. The results are presented in a paper that was recently accepted in Scripta 

Materialia, (Mayweg 2025), see appendix. 

 

 
Figure 1. A large APT dataset from the irradiated Barsebäck weld showing clusters. 
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Figure 2. Cluster number density as a function of fluence. The Barsebäck weld is compared 

with welds irradiated in the Halden Reactor and surveillance samples from Ringhals. 

 

 

 
Figure 3. Recent data from the refined assessment of cluster density (Mayweg 2025) 

 

3. Mechanical testing and microstructural characterization at VTT 

The SAFER2028 research project BRIGHT (Barsebäck RPV investigation through thickness) 

investigates the Barsebäck 2 BWR RPV material in irradiated and thermally aged conditions, 

focusing on the attenuation effect of the base material and advanced microstructural 

characterization. The NKS project supports the project dissemination to Nordic stakeholders 

and provides possibility for additional collaboration.  

 

Focus in 2024 has been on fracture mechanical testing of the base material from the beltline 

region at ¼ thickness, see (Sirkiä et al 2024). Earlier in the year the specimens were 

machined, however, unexpected challenges in pin-hole drilling were faced which caused some 

delay in progress. Despite the delay, the planned testing could be fulfilled. Tensile testing 

included two sets of specimens at different orientations (L and T) and temperatures -100°C, 

RT, +125°C and +280°C see figure 4. The RPV head shows higher strength compared to the 

beltline plate. The data presented indicates that there is no effect from thermal ageing on the 

RPV head, which is consistent with previous findings that exposure of 270°C does not 

facilitate the necessary driving force to result in either hardening or non-hardening effects on 
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the material as opposite to the finding from material aged at 345°C where a significant effect 

is noted.  

 

 
Figure 4, tensile test data from the RPV head and beltline base material at ¼T in 
different orientations. 
 
The DBTT curve and transition temperature were obtained on Charpy impact toughness 

testing (L-S) and fracture toughness testing in two orientations (L-S and T-L). The beltline 

impact toughness resulted at transition temperature of T41J=-26°C, and the fracture toughness 

testing measured T0 at -67°C in T-L orientation and -78°C in L-S orientation, see figure 5. 

The results were compared to the representative surveillance material where the impact results 

correlate relatively well with a reasonable conservatism when comparing actual data to data 

from the surveillance programs However, further analysis is needed to fully establish a 

relationship and formalize any conservatisms.  

 
Figure 5, fracture toughness test results of beltline base material at ¼T in T-L and L-S 

orientation in accordance to ASTM E1921. The objective of the test is to establish the fracture 

mechanical DBTT, T0, which is where the average fracture toughness equals 100 MPam. 

 

Fractography was performed on all tested brittle specimens, including the impact toughness 

specimens in the lower transition region and all fracture toughness specimens. The fracture 

surfaces appeared typical for a base material and in almost all specimens, the primary initiator 

of cleavage fracture is a Mn-rich carbide. TEM analysis on the second-phase particles at the 

brittle fracture initiation site was advanced. The previous analyses of the oxide inclusions 

were further analysed, and one new lamella was produced of a carbide-type initiator. The 

microstructural characterisations have been presented in various conferences in 2024. 
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Under the NKS project RePousses, collaboration between VTT and Chalmers realized in APT 

study at the end of the year. At VTT, samples from the beltline axial weld were extracted 

using Focused Ion Beam, FIB, technique, and sent to Chalmers for APT analysis. The 

samples represent four different microstructures of the weld, i.e., acicular ferrite and grain 

boundary ferrite from the as-welded region and coarser-grained and finer-grained reheated 

regions. The objective is to find possible differences in elemental clustering based on 

microstructural features, as within the heterogeneous weld there are local differences in e.g. 

chemical composition and grain boundaries, which affect the elemental clustering and 

segregation.  

 

NKS-Repousses seminar was organised at VTT for the collaborators and stakeholders in 

February, 2024. The discussions and knowledge transfer are an important part of the project 

and meeting on-site with discussions and presentations is invaluable for the project group.   
 

4. Modelling of fracture properties 

AT KTH the modelling work continues to progress, and so do the testing that is being 

performed on thermally aged material from Ringhals. The current work is an expansion of the 

previous modelling effort by (Boåsen et al, 2021), where also a heterogeneity in fracture 

toughness is fully accounted for. For example, such heterogeneity may be found in welds 

where the fracture toughness can differ significantly. A study addressing this topic has been 

published in the open literature, (Klein and Faleskog 2023). An extended proposed 

methodology is in the process of acceptance in the open literature which is based on the fact 

that the inhomogeneity of the weld in parts is caused by the occurrence of several different 

zones of material with very different behaviors, i.e. reheated weld material with small equi-

axed grains, and elongated columnar grains stemming from the solidification process of the 

weld but where the strength of the individual grain depends if a crack is located parallel to the 

dendrites or in an angle.  

 

Based on this notion, the experiments carried out on the aged Ringhals unit 4 pressurizer 

material were revisited and an extensive fractography study using SEM imaging of the 

fracture surfaces and etching of cross-sections was done to determine in which type of weld 

zone the crack front in each specimen was located in. It was observed that a crack front in the 

as-welded zone with elongated grains parallel to the crack plane led to failure along the grain 

boundaries and low toughness. The toughness was significantly increased if the axis of grain 

elongation was sufficiently inclined compared to the crack plane. In specimens with crack 

fronts located in the reheated zone with equiaxed grains, exhibited a toughness in between the 

extremes found in the as-welded zone.  Thus, the fracture toughness in specimens that failed 

along grain boundaries were typically lower than that observed in specimens that failed by 

transgranular cleavage. This means that the bimodality observed in the cumulative probability 

of failure in some of the test series stems from heterogeneity which may be reinforced by 

intergranular failure by phosphorous segregation. For the purpose of extending the 

knowledge, extensive fracture mechanical testing has been executed. Some portions still 

remain for the activity in 2025 before reporting can be relevant. However, both students using 

the results for their planned defense of their respective Ph. D. theses during 2025. 

 

 

5. Conclusions 

Samples have been extracted from the RPV of Barsebäck Unit 2 and shipped to VTT.  

Mechanical testing of the material indicates that the influence of thermal ageing on the 

measurable sizes is very small. The theory based on microstructural grain features affecting 
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the failure probability and behavior have been further extended and will be reported in full in 

2025.  

 

Results from the mechanical testing is starting to become available thus allowing for initial 

assessments of the resulting changes in the properties. This work is foreseen to be extended in 

2025 with expanded collaboration between the executing partners and the industrial and 

regulatory partners.  

 

Studies on the BWR irradiated materials have previously shown few or no signs of 

agglomerates as have been evident in the higher dose materials previously investigated. 

However, a re-examination of the data shows signs of clustering of Ni that may be the 

precursors of agglomeration. 
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A R T I C L E I N F O
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Miniature C(T) specimen
Experimental research

A B S T R A C T

This paper investigates the fracture toughness of thermally aged and irradiated weld metals extracted from head
and beltline regions of a decommissioned nuclear reactor pressure vessel. Miniature compact tension specimens
are fabricated from the thermally aged reactor pressure vessel head weld as well from the circumferential and
axial beltline welds having fluences of 2.90 × 1016n/cm2 and 7.94 × 1017n/cm2, respectively. Master curve
approach in accordance with the ASTM E1921 is applied to determine the reference temperature T0 and it is
found to be − 113.5 ◦C, − 104.4 ◦C, and − 89.3 ◦C for the reactor pressure vessel head, axial beltline, and
circumferential beltline welds, respectively. In addition, the multimodal reference temperature Tm to assess the
homogeneity of welds as well as key curve analysis for the quality assurance of testing are also provided.
Fractographic analysis identified variations in crack initiation sites and microstructural inhomogeneities,
particularly in the irradiated beltline welds. Overall, fracture mechanical testing of the materials demonstrated
that miniature compact tension specimens are effective for characterizing the fracture toughness of limited
surveillance weld materials, revealing differences due to irradiation and weld location.

1. Introduction

Long term operation (LTO) is an area of interest for many nuclear
power plants (NPPs) as the initially planned lifetimes of many NPPs are
approaching their end-of-life. In order to monitor the structural integrity
of one of the most critical components of the NPPs, reactor pressure
vessel (RPV) surveillance programs have been established. Fracture
toughness assessment in these programs is traditionally based on impact
testing on 10 × 10 × 55 mm3 Charpy V-Notch (CVN) specimens. The
tests only serve as an indirect means of assessment. Due to the extending
lifetime of the plants, the available volume of the RPV surveillance
specimens constantly decreases. Therefore, the applicability of minia-
ture specimen test techniques requires validation, specifically in the hot
cell environment with irradiated materials. Furthermore, the utilization
of contemporary fracture mechanics testing methods allows direct
fracture toughness assessment. This is a significant improvement in
understanding actual material behavior and corresponding confidence
levels for safety. However, introduction of new methodology requires
additional tests and thus miniaturized specimens.

The fabrication and fracture mechanics testing methods of miniature
compact tension (C(T)) specimens manufactured from irradiated, as well
as non-irradiated, RPV steel have been studied and found to be very
promising by means of determination of the reference temperature, T0,
in several studies. Naziris et al. [1] presented an in-cell manufacturing
method of a miniature C(T) specimen from a tested CVN sample. The
study by Cicero et al. [2] summarized a wide range of advantages and
possibilities when using miniature C(T) specimens in the RPV steel in-
vestigations. These advantages included the reuse of tested CVN speci-
mens and possibilities to measure local characteristics, like toughness to
detect heterogeneities and toughness gradients from, e.g., welds. A valid
reference temperature T0 and fracture toughness were obtained suc-
cessfully from irradiated miniature C(T) specimens by Ha et al. [3] and
Sugihara et al. [4]. Research on irradiated Japanese RPV steel showed
that the results from miniature C(T) specimens compare favorably with
the Japanese surveillance database. Fracture toughness tests with
miniature C(T) specimens on irradiated and unirradiated conditions
were conducted in the ductile–brittle transition region as well as in the
upper shelf regime by Lambrecht et al. [5]. A valid reference

* Corresponding author at: Nuclear Safety, VTT Technical Research Centre of Finland, Kivimiehentie 3, 02150 Espoo, Finland.
E-mail address: laura.sirkia@vtt.fi (L. Sirkiä).
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temperature T0 was obtained in the transition region for both unirra-
diated and irradiated materials. Three different analysis methods
(normalization model, normalization method, and unloading compli-
ance) were used in the upper shelf regime for miniature C(T) specimen
testing at two different test temperatures, +20 ◦C and + 290 ◦C. All
analysis methods yielded comparable results except at + 20 ◦C for un-
irradiated material.

The same material, weld metal from the RPV of Barsebäck 2 char-
acterized in this research, was investigated by Arffman et al. [6] through
tests with mini tensile, miniature C(T) and CVN specimens. The results
offered a standpoint of the mechanical and fracture mechanical prop-
erties. Irradiated and unirradiated JRQ and JFL materials were investi-
gated successfully with miniature C(T) specimens by Das et al. [7]. The
reference temperature T0 determined with standard size Charpy speci-
mens was successfully validated with miniature C(T) specimens.

Due to its size, the RPV contains several welds, and the fact that any
discontinuities can make the material more susceptible to degradation
and failure, drives the need to monitor the integrity of weldments. Zerbst
et al. [8] have compiled an overview of fracture and crack propagation
studies in weld metal, in which the microstructure is highly inhomo-
geneous [9], and one notable matter is that welds consist of many layers
of different microstructures. Considering this, miniaturized test speci-
mens are an excellent configuration since their size enables the crack to
propagate in a single microstructure within the weld material.

The RPV has two main orientations for welds. This was taken into
account in this study, and test specimens from both circumferentially
and axially orientated welds were prepared together with test specimens
from the RPV head (RPVH) weld. Additionally, an overview of the
fractographic characterization of the RPVH and core region welds is
presented considering the material inhomogeneities, and their potential
effect on the reference temperature T0.

2. Materials and methods

2.1. Characteristics of studied materials

The studied materials were harvested from a decommissioned NPP of
Barsebäck 2 after 28 years of operation. An RPVH weld metal and two
different welds taken from the beltline region in the axial and circum-
ferential orientation were investigated. Despite being in an NPP for 28
years, the RPVH weld is classified as thermally aged but non-irradiated
material, while the beltline welds represent irradiated material. The
neutron fluence is approximately 2.9 × 1016n/cm2 for the circum-
ferentially orientated beltline weld and 7.94× 1017n/cm2 for the axially
orientated beltline weld. The RPV was manufactured from a plate ma-
terial SA 533 Gr. B Class 1 and welded together using submerged arc
welding with a weld filler metal S3NiMo. This filler type is a high-Mn-Ni
and low-Cu weld material. The same welding procedure was used for all
welding seams. The RPV was exposed to a post weld heat treatment at
the manufacturing stage.

According to prior conducted tensile tests, yield strength (Rp0.2) and
tensile strength (UTS) were 562 MPa and 628 MPa for the RPVH weld
metal, 510 MPa and 573 MPa for the axially orientated beltline weld,
and 580 MPa and 639 MPa for the circumferentially orientated beltline
weld, respectively. The chemical composition of the studied materials is
presented in Table 1. A schematic drawing of the studied RPV, the
location of the welds and trepans, and the operating temperatures are
presented in Fig. 1. The operational pressure was 7 MPa. However, the

pressure loads and thermal stresses under plant operation have no effect
on the fracture toughness of the RPV.

2.2. Test specimens

The test specimens were manufactured from CVN halves (see Fig. 2a)
by electric discharge machine (EDM) in a Hot Cell laboratory. The
specimens were weld metal in full. The use of tested CVN halves to
manufacture miniature C(T) specimens emphasizes the re-use aspect of
surveillance specimens. Since the research project began, the standard
methodology and methods have advanced, and consequently, the
specimen geometry is slightly different between the RPVH and beltline
tests. A crack open displacement (COD) measurement from the load line
is considered advantageous in the hot cell environment in terms of
handling. In order to manage possible challenges in the load line COD
measurement, the beltline specimens were designed with seats for both
types of COD gauges (see Fig. 2b). The pre-fatigue process with the load
line COD gauge proved unreliable and the measurement was switched

Table 1
The chemical compositions (wt %) of the studied materials according to the manufacturer’s reference and the OES measurements.

Mn Ni Mo Si Cr C Cu P Co S

RPVH 1.43 1.47 0.41 0.15 0.03 0.057 0.060 0.008 0.020 0.007
Axial beltline weld 1.47 1.65 0.43 0.16 0.03 0.054 0.068 0.010 0.018 0.005
Circumferential beltline weld 1.42 1.66 0.43 0.16 0.03 0.064 0.085 0.008 0.018 0.005

Fig. 1. Schematic drawing of the Barsebäck 2 RPV, extraction locations of the
samples, including fluences and approximate temperatures.
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back to the front face COD gauge. However, the COD during the beltline
specimen tests was measured from the load line.

The RPVH material consisted of 20 specimens, using the configura-
tion (specimen A) shown in Fig. 2c, with an option for the front face COD
gauge only. The beltline weld test series, 15 specimens for both orien-
tations, were manufactured according to the configuration (specimen B)
shown in Fig. 2c. The beltline specimens had locations for both COD
gauges, load line and front face (see Fig. 2b). The main dimensions of all
specimens were height H=9.6 mm, widthW=8 mm, and thickness B=4
mm. The gauge length of the front face COD (CODFF) gauge in the RPVH
specimens was 3 mm, and in the beltline weld specimens, was 2.5 mm
(see Fig. 2c). The gauge length for the external load line COD (CODLL)
gauge was 9 mm in the beltline weld specimens. The used COD gauges
are both custom-made. The CODFF gauge has a travel range from − 1mm
to + 4 mm, the gauge length is 3 mm, and it has narrowed shafts. The
CODLL gauge has the travel range of 3 mm and 9mm of the gauge length.

The manufacturing of the specimens was planned according to the
general surveillance standard ASTM E185-16 [10] with one exception;
the standard recommends T-L as for the specimen orientation, but since
the orientation has been T-S in earlier surveillance tests, this orientation
was kept. The specimens were not side grooved. The test matrix is
presented in Table 2.

2.3. Fracture mechanics testing procedure

In the fracture mechanics testing arrangements, the ASTM standard
E1921-20 [11] was followed, which gives the basis for reference tem-
perature, T0, determination for ferritic steels. The initial procedure in-
volves pre-fatigue of the test specimens, targeting to an a/W (pre-
fatigued crack length/width) ratio of 0.45–0.55. Pre-fatigue was carried
out with a servo hydraulic material testing machine for a frequency
range between 10 Hz and 20 Hz via load control and keeping the ΔK
under 15 MPa√m as per the standard recommendations. The material
testing machine was operated in a 10 kN load region and the CODFF
gauge was used to monitor the crack length and the pre-fatigue pro-
cedure. The actual testing was also conducted using the 10 kN load re-
gion, but with an electric material testing machine and inside an
environmental chamber, which enables the use of liquid nitrogen to
achieve the desired test temperature. In the beltline specimens testing,
the CODLL was used to monitor the crack propagation and the CODFF
was used for the RPVH specimens testing. During the testing, specimens
were loaded with a loading rate of 0.3 mm/min at a quasi-static rate,
with displacement control up to at least 20 % of a load drop or until fully
fractured. As a post-test treatment, specimens that were not fully frac-
tured, were broken in half by using liquid nitrogen and fracture surfaces
were imaged with a stereo microscope. Finally, the initial crack lengths
were measured according to the standard nine-point average procedure.

2.3.1. Homogeneity screening
In addition to the regular, homogeneous reference temperature

determination, the test series’ analyses included the homogeneity
screening as well as bimodal and multimodal inhomogeneity assessment
procedures. These procedures are included in the ASTM standard E1921.

The homogeneity screening procedure is based on the SINTAP lower-
tail analysis method [12]. The lower-tail estimate is determined by

Fig. 2. A) extraction of miniature c(t) specimens from a cvn halve, b) cod gauge attached to the load line and the front face of the specimen, c) used specimens; front
face cod on the left, and specimen with places for both cod gauges on the right (with main dimensions: H=height, B=thickness, W=width, and GL = gauge length).

Table 2
A test matrix of the studied materials.

Material Series
[pc]

Test temperature
[◦C]

Orientation

RPVH 20 − 130 – − 120 T-S
Axial beltline weld 15 − 146 – − 115 T-S
Circumferential beltline
weld

15 − 146 – − 120 T-S
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censoring the tests with fracture toughness higher than themedian curve
and calculating a new reference temperature for this dataset. This is
repeated until the reference temperature does not change. Finally, the
material is regarded as inhomogeneous, if the difference between the
standard Master Curve T0 value and the lower-tail estimate is larger than
approximately 10 %.

In multimodal and bimodal evaluations, either two discrete or a
normal distribution of Master Curves with distinct probabilities are
determined for the test series. These evaluations provide their own
confidences of correct identification, defined by measures of likelihood
and corresponding limits [13]. While the ASTM standard E1921 advises
the utilization of bimodal and multimodal assessments only for series
with at least 20 tests, Wallin [14] demonstrated that the multimodal
methodology can be used for all complete test series cases, given that an
additional margin adjustment is included. The bimodal evaluation,
however, is inconsistent for small datasets.

2.3.2. Key curve − analysis
The Key Curve – analysis is a quality assurance-based method to

observe specimen to specimen variation in a test series. The load
normalized by the limit load (P/PL) is portrayed as a function of crack
normalized by the specimen’s width (Δc/W). The test end values were
used in the analysis. Wallin [15] states that typical errors in fracture
mechanics experiments are due to the measurements of crack length,
displacement, and possible even load. Moreover, if specimen to spec-
imen variation is large, it is mainly due to the errors or uncertainties in
measurements of the crack length. These would most likely be seen as
data points falling outside the scatter bands.

2.4. Fractographical characterization

Fractographical characterization was performed to investigate the
primary initiation site of the brittle fracture for features affecting the
crack initiation, and to see whether the primary initiation region has
differences between as thermally aged RPVH weld and the irradiated
core region welds. The fracture surfaces were examined using a Zeiss
540 Cross Beam with a field emission gun-scanning electron microscope
(FEG-SEM) that has magnification range between 50 × and 15 000 ×

and uses acceleration voltage between 5 kV and 15 kV.
A more specific characterization of the brittle fracture initiation and

microstructure of the studied RPVH weld metal was done by Que et al.
[16], and together with the aid of an axially orientated beltline weld by
Hytönen et al. [17].

3. Results and Discussion

3.1. Reference temperature (T0)

Representative force-crack opening displacement curve of all the
three RPV welds having a/W ratio of 0.48 and test temperature of −
120 ◦C is shown in Fig. 3. Reference temperature, T0, multimodal
reference temperature, Tm, and the quality assurance-based Key Curve
of studied materials are presented in Table 3 and Figs. 4–6. Additionally,
for comparison, the reference temperature estimation of full-size Charpy
V-Notch (CVN) specimens is presented in Table 3. The reference tem-
perature estimation T0est. based on CVN impact toughness transition
temperature corresponding to T28J is also performed and provided in
Table 3. This concept is presented by Wallin [15] when he describes the
indirect fracture toughness estimation methods. The thermally aged
RPVH weld passed, although barely, the inhomogeneity screening of the
ASTM standard E1921 [12] and can be considered to represent macro-
scopically homogeneous material. Thus, T0 and Tm are practically the
same for the RPVH material.

There is more difference between the T0 and Tm of axially and cir-
cumferentially orientated beltline welds. The difference, however, is
quite small in the axially orientated beltline weld region, which would

indicate that there is less inhomogeneity there than in the circum-
ferentially orientated beltline weld region. Also, based on the reference
temperature, the circumferentially orientated beltline weld region
seems to be the most brittle one although its location is further from the
center of the core and despite the lower amount of irradiation than the
axially orientated beltline weld region. The miniature C(T) specimen
results show that the lowest reference temperature was in the RPVH
weld region. All results presented in Table 3 fit into the margin of error
while the trend is slightly different and opposite between the results
obtained with miniature C(T) specimens and full-size CVN specimens.
Nevertheless, the margin of error is lower in T0 values obtained with the
miniature C(T) specimens.

The study by May et al. [18] focused on Ringhals NPP unit 3 and unit
4 RPV materials. Discussion can be found whether the manufacturing
conditions have an influence for irradiation response and differences of
T0 values in an unirradiated condition. The R3 and R4 materials used in
the study by May et al. have very similar chemical compositions as the
materials investigated in this study (see Table 1), and thus it is unlikely
that the chemical composition is a variable behind the T0 value differ-
ences found in this study.

Unlike T0, which is the lowest for homogeneous thermally aged head
weld, T0est. is lowest for the inhomogeneous irradiated axial beltline
weld. It implicates that indirect fracture toughness estimation based on
empirical correlation shall be cautiously used. Even Wallin [15] has
found that arc weld metals were clear outliers to this empirical corre-
lation, and these results further corroborate this observation. One
conjecture for such behavior for irradiated weld metals can be the
insensitiveness of the Charpy impact test to local brittle zones.

While the surveillance program did not include direct experimental
fracture toughness research during the plant lifetime, the investigations
in this research illustrate the necessity of direct fracture mechanical
assessment to study the integrity of the RPV. Furthermore, the local
phenomena in the embrittlement are best observed with miniature
specimens, which also help with the limited volume of the surveillance
material, and particularly that of the welds.

3.1.1. Inhomogeneity assessment
This study applied two methods to assess the inhomogeneity of the

Fig. 3. Illustration of force – crack opening displacement curves from all three
different investigated welds for similar test temperature and a/W ratio.
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investigated weld materials: the SINTAP-based screening procedure,
and the multimodal master curve approach. While both beltline weld
materials failed the initial SINTAP screening for homogeneity, the RPVH
weld material passed narrowly. Interestingly, the RPVH material
exhibited a larger deviation in its multimodal master curve screening
compared to the beltline materials that have an MLNH of 6.83 with a
98.2 % confidence level in its identification. Based on these observa-
tions, it is recommended that multimodal evaluation be implemented for
all datasets, regardless of the SINTAP screening results, to ensure a
better-informed identification of potential inhomogeneity. Furthermore,
the analysis of the multimodal master curve deviations revealed a
significantly smaller deviation for the axially oriented beltline weld
compared to the other materials, indicating a lower level of

inhomogeneity. Also, the multimodal reference temperature was higher
in the circumferential weld compared to the axial weld. While the wide
confidence bounds associated with these values suggest that the mate-
rials potentially originate from the same distribution and may render
any conclusive rationale solely based on Tm in a position of not being
appropriate.

3.2. Initiation sites and inclusion morphology

The fractographical characterization was performed for all tested
brittle miniature C(T) specimens to investigate the features in the pri-
mary initiation site area. The primary initiation sites were identified by
following the river patterns typical for cleavage fracture; see Fig. 7a, 8a,

Table 3
T0 results of studied materials.

Material Fluence [n/cm2] T0 [◦C] Screening
criterion

Tm multimodal [◦C] MLNH CVN T0est. [◦C]

RPVH weld 0 − 113.5 ± 6.6 Homogeneous − 112.9 ± 39.3 6.83 − 103 ± 18
Axial beltline weld 7.94 × 1017 − 104.4 ± 6.7 Inhomogeneous − 99.5 ± 17.6 2.60 − 124 ± 18
Circumferential beltline weld 2.90 × 1016 − 89.3 ± 7.8 Inhomogeneous − 77.9 ± 31.9 4.09 − 95 ± 18

Fig. 4. T0 (a), multimodal Tm (b), and Key Curve (c) of the RPVH weld.

Fig. 5. T0 (a), multimodal Tm (b), and Key Curve (c) of the axially orientated beltline weld.
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and 9a. The main fracture type was cleavage fracture in all specimens,
although in some irradiated specimens, minor areas of intergranular
cracking were found near the initiation site. For most specimens, the
fracture occurred in the center of the fracture surface.

It was observed that the brittle fracture initiation site always involves
an inclusion. Two types of inclusions at the primary initiation site have
been observed. In all specimens of the RPVH weld (see Fig. 7), the in-
clusion at the initiation was a nonmetallic roundish oxide with a

diameter of approximately 0.3 µm –1.8 µm. The initiation site in the
circumferentially orientated beltline weld (see Fig. 8) was relatively
similar to the RPVH. In the axially orientated beltline weld (see Fig. 9),
almost all of the inclusions at the initiation sites were irregularly shaped
inclusions and only two of the typical oxide-type. The actual size of the
irregularly shaped inclusions was challenging to determine, but the
estimated size is approximately 1 µm –2 µm.

In Figs. 7–9, typical primary initiation sites are shown for the

Fig. 6. T0 (a), multimodal Tm (b), and Key Curve (c) of the circumferentially orientated beltline weld.

Fig. 7. A) fracture surface and b) nucleating particle of the rpvh weld miniature c(t) specimen.

Fig. 8. A) fracture surface and b) nucleating particle of the circumferentially orientated beltline weld miniature c(t) specimen.
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investigated RPV welds. An arrow points to the primary initiation site
(a) and the inclusion at the initiation site (b). In Fig. 7, the roundish
oxide inclusion is broken in half, and the other half can be found on the
mating fracture surface. It is assumed that in this type of case, the crack
has initiated within the relatively large brittle inclusion and propagated
through the weld matrix. In Fig. 8, the oxide inclusion is intact but
slightly debonded from the metal matrix, indicating that the brittle
fracture has initiated at the interface between the inclusion and the weld
matrix.

In Fig. 9, the inclusion morphology and the initiation site are
different from those in Figs. 7 and 8. The inclusion is irregularly shaped
and more difficult to distinguish from the matrix. The inclusion is most
likely at a grain boundary and cleavage fracture propagates only to one
side of the inclusion. The inclusion is also broken, but it is also debonded
from the matrix on the side opposite the cleavage fracture, hence it is
unsure whether the crack initiates primarily within the inclusion or at
the interface. Additionally, slightly more plastic deformation can be
observed in the surroundings of this type of inclusion initiation site
indicating that the oxide inclusions retain less toughness than the
irregularly shaped metallic inclusions.

Some correlations between the inclusion size and impact toughness
were observed for the RPVH weld [19], but a linear correlation for the
fracture toughness testing has not been made. This may be an indication
of the inhomogeneity of the material and result from testing inhomo-
geneous weld metal with miniature C(T) specimens. Comparing the
homogeneity of the primary initiation site and mechanical testing re-
sults, the observations depend on the perspective. Regarding the initi-
ation site’s appearance and inclusion morphology, the axially orientated
beltline weld metal in fact shows a lot of variation in the initiation
mechanism, whereas second most inhomogeneity is found in the cir-
cumferentially orientated weld and the least inhomogeneity was in the
RPVH weld. In axially orientated weld metal, most of the inclusions are
irregularly shaped and there is some intergranular cracking evident. In
the RPVH weld and circumferential beltline weld, all initiation sites are
more or less similar with an oxide inclusion. The microstructure of the
welds has been thoroughly investigated through the RPV wall thickness
and found to be of very good quality [20].

Mild correlations to irradiation effect have been made in terms of the
amount of intergranular cracking as more of it has been observed in the
beltline weld than in the RPVH weld. However, the RPVH weld and the
circumferentially orientated weld show overall more similarities in
properties compared to the axially orientated beltline weld, while the
axially orientated weld has been subjected to the highest amount of
neutron fluence. It is believed that the orientation of the weld and the
heat treatment during the welding process have caused a more pro-
nounced effect on the material’s performance [20]. Further in-
vestigations of the fractography and inclusions are reported separately.

4. Conclusions

This work studies the applicability of miniature C(T) specimens by
using thermally aged and irradiated weld materials harvested from a
decommissioned NPP after 28 years of operation. The study consists of
fracture mechanics experimental testing in a hot cell environment, ho-
mogeneous reference temperature determination, a homogeneity
screening, and an inhomogeneity assessment. Fractographical charac-
terization was also conducted to gain insights into brittle crack initiation
sites. The following conclusions are made:

• The reference temperature, T0, values were determined by means of
miniature C(T) specimens for the three investigated welds, and those
were − 113.5 ◦C for the RPVH weld, − 104.4 ◦C for the axially
orientated beltline weld, and − 89.3 ◦C for the circumferentially
orientated beltline weld, respectively. The results indicate that the
region with the highest neutron fluence was not the most brittle one,
and though the trend in miniature C(T) specimen results was slightly
different compared to CVN T0 estimation results, all defined T0
temperatures were inside the margin of error.

• The multimodal inhomogeneity assessment method, for obtaining
the multimodal reference temperature, Tm, was also used. The de-
viation of the Tm values was smallest in the axially orientated beltline
weld, and this verifies that the inhomogeneity is also smallest in the
axially orientated beltline region.

• In all three RPV welds investigated in this study, the primary fracture
mechanism was cleavage fracture. An intergranular fracture was
more prominent for irradiated beltline welds compared to the ther-
mally aged RPVH weld. While the initiating particle in all three
materials was an inclusion, the irradiated axial beltline weld
exhibited some difference in the primary initiation mechanism
compared to the irradiated circumferential weld and the thermally
aged RPVH weld. The difference in inclusion type in the axial weld
seems to correlate with the reference temperature.
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A B S T R A C T

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-
sebäck 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

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) Barsebäck 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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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 Barsebäck 2 RPV reaching a nominal fast neutron
fluence of 7.9 × 1021 n/m2 (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× 1022 n/m2 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 × 106 ions) so we additionally used laser pulsing
APT, which is less well-suited for characterizing cluster size and

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.

Fig. 1. Electron images of a sample from an axial weld of the Barsebäck 2 RPV weld close to the cladding. (a) Overview secondary electron (SE) image, (b)
backscatter electron (BSE) image highlighting the cladding and the HAZ. (c1) and (c2) 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.
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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

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 (1023 clusters/m3) from our APT
experiments.

All data
from this
work
combined

Normal weld
microstructure

Heat-
affected
zone
(HAZ)

Yuya
[39]
(HAZ)

Murakami
[49]

N (no. of
APT
datasets)

31 6 25 41 –

Mean 1.3 0.4 1.5 6.4 3.1
Standard
deviation

0.9 0.3 0.8 1.6 0.9

Median 1.2 0.2 1.3 – –
Maximum 4.2 0.8 4.2 – –
Minimum 0.2 0.2 0.6 – –

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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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 (c2) 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 µm. 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 Barsebäck 2 RPV weld are

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 µm 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 (R2 = 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

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/
m3

0.20 × 1023 1.21 × 1023

Composition (at%)
Full
dataset

6 at% Ni+Mn ICS
removed

Full
dataset

6 at% Ni+Mn ICS
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

D. Mayweg et al. Scripta Materialia 258 (2025) 116497 

4 



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 R2 = 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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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 Barsebäck 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 andMn 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

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 Barsebäck 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.

Table 4
Cluster statistics of the two APT datasets shown in Fig. 4(d) from specimens #6
and #8. Cluster analysis parameters: dmax = 0.42 nm, Nmin = 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 (1023 m-3) 3.6 0.7
Volume (10–23 m3) 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 C

Slope (1024

clusters m-3/at
%)

1.08
±0.15

1.13
±0.17

2.73
±0.93

3.21
±2.36

10.79
±6.25

− 0.28
±1.07

R2 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
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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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Microscopic characterisation of brittle fracture initiation in irradiated and
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H I G H L I G H T S

• Systematic fractography on total of 101 brittle specimens.
• Characterisation on decommissioned RPV welds and surveillance material.
• Two types of initiators identified as weakest links.
• Fracture initiation in impact toughness testing and fracture toughness testing.

A R T I C L E I N F O
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A B S T R A C T

Microstructure has a significant effect on material’s integrity and in a heterogeneous weld microstructure the
discontinuities affect the brittle fracture initiation and propagation and determine the fracture toughness. The
knowledge of brittle fracture initiation mechanisms in high-Mn/high-Ni welds is limited. The brittle fracture
initiation behaviour of the decommissioned Barsebäck Unit 2 reactor pressure vessel (RPV) welds of high-Mn/
high-Ni weld metal from three different locations, the RPV head and the beltline regions, were investigated
and compared with specimens from the surveillance program with high fluence. Systematic fractography has
been performed on impact and fracture toughness specimens and the main features of the brittle fracture
initiation in the component weld are presented and discussed. Two main types of initiators are identified as the
weakest links to initiate the cleavage fracture and the initiation mechanism is found independent from the
operation condition. The high-fluence surveillance specimens have a larger amount of intergranular cracking.
The cleavage fracture initiation appears to be independent of the operation conditions but dependent on the
welding process and metallurgical features. The findings aid in the development of improved material-property
correlations which will result in better computational tools for predicting aging of welds based on
microstructure.

1. Introduction

Multi-scale characterisation of reactor pressure vessel (RPV) micro-
structural features and mechanical properties throughout its lifetime is
important to get a comprehensive understanding of the causes and ef-
fects on embrittlement and to assist the evaluation of long-term opera-
tion. Ferritic metals and welds with body-centred cubic crystal structure
experience embrittlement through neutron irradiation and thermal

ageing during operation. The radiation-induced embrittlement increases
the ductile to brittle transition temperature (DBTT), which is monitored
in respect to the lowest possible temperature in the RPV operation to
avoid a catastrophic event due to loss of structural integrity [1]. The
material embrittlement is monitored through a surveillance programme,
in which representative RPV materials are placed in the reactor and
irradiated at a higher dose rate and tested periodically to predict the
RPV behaviour during operation. The most pronounced thermal ageing
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effect in the RPV welds are elemental segregation to grain boundaries,
precipitation and carbides coarsening, hence temper embrittlement [2,
3].

In RPV materials the radiation damages the matrix, causing va-
cancies and interstitials, increasing hardness, and inducing phosphorus
segregation to the grain boundaries [4,5]. The hardening is primarily
caused by elemental clustering of alloying elements, specifically Mn, Ni,
and Si, which pin dislocations and impede deformation [6,7]. On the
other hand, phosphorus segregation at the prior austenite grain
boundaries (PAGB) diminishes the integrity and increases the suscepti-
bility of intergranular cracking [4]. In terms of thermal ageing effect,
additional to the phosphorus segregation, carbide precipitation in-
creases the embrittling effect in low alloy steels (LAS) [8–10].

Irradiation and thermal ageing effects on the microstructure are
mainly studied on a nanoscale or in terms of mechanical properties. On
the embrittlement and brittle fracture initiation, the common under-
standing is that the cleavage fracture initiates at secondary-phase par-
ticles in LASs [11]. In bainitic base material, the weakest link is typically
a carbide or a precipitate whereas in welds it is more often a
non-metallic inclusion [12–15]. However, a systematic fractographic
investigation on tested specimens has rarely been made for a specific
material or the studies may not be conclusive. Weld metals have a het-
erogeneous microstructure with specific features from nano- to macro-
scale, which form during subsequent solidification and heat treatment
during weld passes and result in formation of microstructurally and
mechanically different zones. However, the effects of the different mi-
crostructures, the weld procedure, and the weld passes on fracture
toughness are not well understood, whether radiation and thermal
ageing affect brittle fracture initiation, and what factors affect brittle
fracture. Combining the mechanical behaviour with metallurgical fea-
tures from macroscopic scale to microscopic scale enables further un-
derstanding of the factors affecting brittle fracture initiation and crack
propagation.

The multi-pass LAS weld metal consists of multiple weld beads with
specific fan-shaped columnar microstructure and equiaxed reheated
regions. The grains include relatively large amounts of non-metallic
inclusions. In terms of structural integrity and the occurrence of weld
defects, weld metals are often considered more critical than base ma-
terials due to the higher density of inclusions and higher level of solute
elements segregation to grain boundaries [16]. All these features,
multi-pass weld microstructure and inclusions, influence the structural
integrity, but the combined micromechanical effect remains unclear. In
terms of microstructure and thermal history, component welds are
inherently heterogeneous and require a comprehensive understanding
of the material homogeneity. In the integrity assessment of material in
long-term operation, the homogeneity assessment is a significant part of
an extensive study, and a large database is needed to support the ageing
management.

In this study, different welds from the same decommissioned RPV are
investigated and compared. The Barsebäck Unit 2 (B2) RPV was in
operation for 23 effective full power years. The weldmetal in the B2 RPV
is relevant to the other Nordic operating boiling water reactor (BWR)
nuclear power plants (NPP), which are manufactured utilizing the same
materials and manufacturer. A high-Ni and high-Mn weld metal has
been studied earlier from other reactors [17,18], however, in the current
study, a unique opportunity to study both thermally aged and irradiated
component welds and surveillance material was created. An extensive
investigation has been conducted on the decommissioned B2 materials,
including experimental work from macro- to nanoscale. Lindqvist et al.
studied the mechanical properties of the decommissioned component
weld in comparison to the surveillance data [19], finding difference in
toughness properties between the axial beltline weld compared to the
RPV head and circumferential beltline welds and to the surveillance
welds. According to the study, the differences in mechanical properties
possibly originate from variations in post weld heat treatment (PWHT)
temperature and time. Additionally, the study concluded that no

thermal embrittlement is identified based on the DBTT curve. The
microstructure and fractography of the RPV head weld have been re-
ported in relation to the impact toughness properties and fracture
toughness properties, concluding the primary initiation occurs from a
non-metallic inclusion [20,21]. Additionally, the brittle fracture initia-
tion was assessed using crystal plasticity modelling. Preliminary char-
acterisation and mechanical properties of the B2 non-aged baseline
surveillance material have also been investigated and reported by Sirkiä
et al. [22]. Lindgren et al. conducted study for the same weld metal by
atom probe tomography (APT) to analyse the MnNiSi clustering [23].
Tendencies as early-stage clustering was observed of Ni, Mn, Si, and Cu,
and further investigation on the clusters is ongoing. Additionally,
weakest link modelling has been developed in conjunction with the
brittle fracture studies [24,25]. This paper aims to summarize the
microstructural characterisation and systematic fracture surface anal-
ysis of all studied welds for concluding the effect of microstructure and
the effect of operation conditions to the brittle fracture initiation in a
RPV weld.

Specimens from three different RPV weld seams of the decom-
missioned B2 reactor, one from the RPV head and two from the beltline
region, were extracted and investigated for structural integrity, and
compared to two surveillance chain materials. The RPV head weld is
considered non-irradiated but thermally aged and the two beltline
welds, axial and circumferential, are considered both irradiated and
thermally aged, where the axial weld has been subjected to a higher
dose, being closer to the maximum fluence area from the core, than the
circumferential weld. The two surveillance chains are from the dedi-
cated and representative surveillance program. The first surveillance
chain represents a dose close to the axial beltline weld at the time of the
shut-down of the reactor, and the second chain represents an accelerated
irradiated state of at least 60 years of operation. Unirradiated and non-
aged baseline material has been characterised earlier as well [22]. All
welds are post-weld heat treated and the documentations were
reviewed. In this paper, the main microscopic features of the brittle
fracture initiation properties in decommissioned component weld are
presented, discussed, and compared to the surveillance specimens.

2. Experimental methods and materials

2.1. Materials

The investigated material is from the decommissioned B2 NPP. The
base material is plate SA533 Gr. B Cl. 1, and the LAS welds are manu-
factured using submerged arc welding with weld wire containing high
Mn and Ni and low Cu alloying. The RPV welds are double U-groove
welds with root weld removed, and in the RPV head only the ~16 mm of
the outermost build-up was welded using manual metal arc welding
technique due to the component geometry. The welds have been sub-
jected to a PWHT; after welding a direct treatment at 575 ◦C for mini-
mum of 15 min, and a final PWHT at 620 ± 15 ◦C for 5.5 h. The B2
specific surveillance material is submerged arc welded using the same
weld wire as the RPV welds and manufactured at the same time, how-
ever, the weld PWHT at approximately 610 ◦C is as long as ~10 h.

Material from three weld locations was obtained in the form of
trepan cuts and the inner wall side cladding was removed. The speci-
mens for mechanical testing and fractography were extracted from¼T of
the wall thickness and the metallographic microstructure was studied
through wall thickness. The locations are an RPV head weld (RPVHW),
an axial beltline weld (ABLW), and a circumferential beltline weld
(CBLW). The chemical composition of the welds was measured using
optical emission spectroscopy technique, shown in Table 1.

The conditions of the different investigated weld metals and the
number of analysed fracture specimens are specified in Table 2. The
RPVHW is considered as thermally aged (TA), being subjected to tem-
perature of ~288 ◦C. The two welds at the beltline region studied are
irradiated (IR) at slightly below ~270 ◦C, where the ABLW is located at
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the level of the reactor core centre line and was subjected to the
maximum fluence, which is approximately 8 × 1017 n/cm2. The
laboratory-measured activity of the ABLW is 40.8 MBq. The CBLW is
located a little higher from the reactor core and was subjected to lower
fluence of 2.9 × 1016 n/cm2.

Weld specimens from two different surveillance chains have been
studied in comparison to the component welds. The surveillance chain C
weld (SCW) was subjected to average neutron fluence (E > 1 MeV) of
1.02×1018 n/cm2 and the surveillance chain G weld (SGW) represents
an accelerated irradiation state at average neutron fluence of 5.87×1019

n/cm2. The subjected fluences can be estimated that 7 × 1020 n/cm2 is
approximately 1 dpa, therefore, the component welds are in the scale of
1 mdpa, and the surveillance welds in the scale of 0.01 dpa and 0.1 dpa
[26].

2.2. Experimental methods

The metallography specimens were polished and etched with 3 %
Nital solution and the microstructure analysed using Zeiss Axio Observer
7 inverted light optical microscope (LOM). For more detailed weld so-
lidification microstructure analysis, the specimen was repolished using
the Buehler MiniMet 1000 and MasterMet 2 colloidal silica suspension.
The microstructural analysis was done using Zeiss Crossbeam 540
scanning electron microscope (SEM) equipped with EDAX Hikari Plus
electron backscatter detector (EBSD) to obtain the inverse polar figure
(IPF) map with TSL OIM Analysis 8 software. The fracture surfaces were
imaged using the SEM and the local elemental composition analysed
using EDAX Octane Plus energy dispersive X-ray spectroscopy (EDS).
The hardness measurements HV10 and HV1 were measured using a
Struers DuraScan-80 device. The general inclusion analysis was done on
the SEM-EDS using Genesis software, and the further investigation was
done using FEI Talos F200x transmission electron microscope (TEM)
with Super-X EDS system.

The fractography was performed on fracture mechanical specimens
that were tested for impact toughness and fracture toughness. The
impact toughness properties were tested using Charpy V-notch (CVN)

specimens according to EN ISO 148 [27] and ISO 14,556 [28] standards.
The fracture toughness properties were examined using theMaster curve
method on miniature compact tension (mini-C(T)) specimens of 0.16T
according to ASTM 1921 [29]. The testing is done according to the
effective version of the standard and previous analyses are updated
accordingly. The studied CVN specimens were from the lower transition
region of the DBTT curve below 41 J in temperature range of –120 ◦C to
–75 ◦C, which is a total of 9 specimens per tested component weld, i.e.,
the three conditions totalling 27 CVN specimens. Of all five conditions,
the mini-C(T) specimens were tested in the brittle region, which is total
of 12–20 specimens per tested weld, hence a total of 74 mini-C(T)
studied specimens. The fracture toughness testing for the component
welds was performed in a temperature range from –146 ◦C to –114 ◦C,
for SCW in a range of –100 ◦C to –130 ◦C, and for SGW of 27 ◦C to 120 ◦C.
The reference T41J temperatures and T0 for the investigated materials
are presented in Table 2, while further details about the testing have
been reported by Lindqvist et al. [19].

3. Results

3.1. Microstructural characterisation

The microstructure of the multi-pass weld metal can be divided into
at least four major macrostructures, i.e., as-welded and reheated re-
gions, multiple times reheated regions, and remelted regions. The most
evident regions are the as-welded and the reheated regions. The as-
welded region has columnar dendritic microstructure growing in the
direction of the weld pass solidification forming the fan shape. The
columnar grains consist of acicular ferrite and intercolumnar grain
boundary ferrite. When subsequent weld passes solidify, the remelting
and reheating cause part of the previous weld bead microstructure to
recrystallise forming equiaxed grains of polygonal ferrite. In Fig. 1, the
microstructure of the ABLW close to the inner wall side is shown. Fig. 1
(a) shows multiple weld passes, and one as-welded and reheated zone is
shown in Fig. 1(b). One weld bead is in a size of ~2.3–4 mm. In Fig. 1(c,
d), the as-welded microstructure with a small sub-grain structure of
acicular ferrite and larger empty grains of grain boundary ferrite are
indicated, and in Fig. 1(e, f), the reheated microstructure with polygonal
ferrite and acicular ferrite are indicated. In Fig. 2, the EBSD map rep-
resents the as-welded microstructure separating the different columnar
grains by colour codes based on grain orientation. The fine complex
structure of acicular ferrite appears evidently among the long empty
grains adjacent to the columns which are grain boundary or polygonal
ferrite. The dominating microstructure is acicular ferrite and is desired
due to its high toughness properties.

The macrohardness profiles were measured for the RPV component
welds through the wall thickness from the inner wall side to the outer
wall side. As shown in Fig. 3, the hardness trends appear relatively ho-
mogeneous and only a mild increase in the trend can be seen at the
intersection of weld deposition directions. The level of hardness remains
within the accepted range for the LAS weld metal, but it is considerable
how the hardness differs between the three investigated welds. The
average hardness values with standard deviation are given in Table 3.
The effect of weld bead structure was investigated, dividing the in-
dentations based on as-welded and reheated regions, however, the
microstructural features showed no significant effect on hardness. The
microhardness was measured using HV1 for all welds, including the
surveillance mini-C(T) specimens side surfaces. The microhardness

Table 1
Chemical composition of the three component welds in wt.-%.

Weld C Mn Ni Si Mo Cr S P Cu Al Ti Co

RPVHW 0.057 1.43 1.48 0.15 0.41 0.03 0.007 0.008 0.060 0.024 0.003 0.020
CBLW 0.083 1.45 1.54 0.17 0.45 0.04 0.006 0.008 0.087 0.086 0.002 0.018
ABLW 0.075 1.43 1.63 0.17 0.44 0.03 0.007 0.010 0.091 0.025 0.001 0.018

Table 2
List of studied welds and their conditions, reference transition temperatures, and
number of investigated brittle fracture test specimens for fractography per weld.

RPVHW CBLW ABLW SCW SGW

Condition TA IR IR IR IR (accel.)
Neutron fluence
[n/cm2]

– 2.9 ×

1016
7.9 ×

1017
1.02×1018 5.87×1019

Reference
temperature
T41J [◦C]

− 75 − 70 − 95 – –

Reference
temperature T0
[◦C]

− 115 − 92 − 102 − 113 81

Number of tested
specimens

9 CVN
20 mini-
C(T)

9 CVN
15
mini-C
(T)

9 CVN
12
mini-C
(T)

-
12 mini-C
(T)

-
12 mini-C
(T)

Number of tested
specimens

9 CVN 9 CVN 9 CVN - -
20 mini-
C(T)

15
mini-C
(T)

12
mini-C
(T)

12 mini-C
(T)

12 mini-C
(T)
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levels follow the trend of the macrohardness and expectedly the SGW
gives the highest hardness of 297 ± 5 HV1 while the SCW hardness is
lower at 217 ± 5 HV1 and more comparable to the component welds.

3.2. Fractography

The fracture surfaces of all brittle specimens were investigated sys-
tematically, as both mating surfaces of each broken specimen were
analysed. The amount of analysed fracture surfaces in this complete
investigation gives a relatively quantitative perspective of the brittle
fracture initiation in the heterogeneous welds. As shown in Table 2, from
each three RPV component welds there are sets of brittle CVN and mini-
C(T) specimens and two sets of surveillance weld mini-C(T) specimens,
totalling 101 brittle fracture specimens that have been analysed.

The primary initiation site can be found by following the river pat-
terns typical for cleavage fracture. In general, the macro patterns lead to

the primary initiation area, and on closer imaging, the micro patterns
can be used to track the primary initiation site. In LAS weld metal,
typically an inclusion is found at the primary cleavage fracture initiation
site. Once the primary initiation site is identified and imaged, the local
chemical composition is analysed using EDS point analysis and mapping
to obtain further information on the inclusion and the features in the
fracture initiation area. In most cases, the interaction volume is slightly
larger than the inclusions, which affects mainly the point analysis per-
formed on the inclusion. Mapping the initiation area, other adjacent
inclusions and features could be observed with improved clarity. The
summary of the number of specimens and primary initiation site inclu-
sion analysis results are given in Table 4. The table includes a descrip-
tion of specimen type and number of brittle specimens in fractography.
The inclusion types are indicated based on the main chemical elements
of the inclusion, and the occurrence is the number of all analysed
specimens per inclusion type. The inclusion size is an approximate

Fig. 1. Metallographic microstructure of the multi-pass weld of ABLW, showing the as-welded and reheated regions and the ferrite structure.
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diameter, and the integrity of the initiation site or the inclusion is
described as broken or debonded. For nearly all specimens the domi-
nating fracture mode was an inclusion-initiating cleavage fracture
except in the high-fluence SGW five specimens, which had intergranular
(IG) cracking as dominating fracture mode and no primary initiators
were identified.

In the investigated weld fracture surfaces, two types of particles are
found at the initiation sites. In most of the specimens, the initiators are

roundish multiphase oxide inclusions with a chemical composition
including mainly Al, Si and Mn and sometimes with small amounts of Ti,
S, or Mo. The inclusion itself can be either broken, when the primary
crack has initiated within the inclusion, or intact and debonded from the
metal matrix, where the primary crack has initiated from breaking the
inclusion-matrix interface. On the intact debonded oxide inclusions,
some surface pattern is observed, and the inclusion remains on one half
of the specimen while the mating surface only has a dent at the location
of the inclusion. On the broken oxide inclusions, layered and/or internal
structure can be observed, and the inclusion halves are on both mating
surfaces of the specimen. In the irradiated material, some of the oxide
inclusions appeared to be somewhat deformed and elongated as well.

The second particle type found are Mn-rich particles with small
amounts of S and Mo based on SEM-EDS analysis with mild peak of C in
the spectrum and relatively significant amount of Fe. The SEM-EDS
spectrum indicates that the composition of the Mn-rich particle could
be a Mn-Mo-containing carbide, where the Mn replaces the Fe. Further
analyses are required to fully study these particles, also due to their
relatively large size. A preliminary TEM-EDS analysis showed in-
dications of nitride and no carbon, and only nanoparticles of S and Mo
are found, however, further confirmation is required using TEM. Due to
the uncertainty, these particles are referred to as Mn-rich particles. The
morphology of these particles differs from the oxide type, as the Mn-rich
particles have an irregular shape and are always broken, and they can be
found on both mating surfaces. The crack plane is smooth, and no in-
ternal structure is observed. In all primary initiation sites with a Mn-rich
particle, the main fracture type is cleavage fracture, however, a small
amount of IG fracture surface adjacent to the initiation site is observed.

In the case of the Mn-rich particles EDS spectra, there is a strong peak
at 2.3–2.5 keV where the Mo and S overlap. The overlap is also in the
EDS map which needs to be considered, as there may be an error in the
intensity of one of the elements. The Mo-content was confirmed using
high acceleration voltage on EDS to acquire the K-line at ~17.4 keV, but
the presence of S was more challenging to determine. Wavelength
dispersive X-ray spectroscopy (WDS) was used, and an indication of S
was found, although the concentration is relatively low. The low con-
centration of S indicates, however, that the Mn-rich particles is not a
sulphide. The EDS chemical composition result is semi-quantitative, and
the interaction volume is larger than the inclusion giving some back-
ground error to the result. The EDS analysis still gives a good indication
of the elements present in the inclusion and initiation site. Further
investigation using TEM will be made to determine the full composition
and complexity of these particles.

Fig. 2. EBSD analysis of the as-welded microstructure of the ABLW, demonstrating the complex grain structure in the weld. Areas with acicular ferrite and grain
boundary (GB) ferrite are indicated in the figures.

Fig. 3. Macrohardness HV10 through the wall thickness of the three compo-
nent welds, where the 0-mm is the inner wall side.

Table 3
Measured hardness HV10 and HV1 averages and standard deviations of the
welds.

Weld HV10 HV1

RPVHW 211 ± 5 227 ± 5
CBLW 218 ± 9 234 ± 8
ABLW 190 ± 4 199 ± 5
SCW ​ 217 ± 5
SGW ​ 297 ± 5
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For the RPVHW and CBLW, on both CVN and mini-C(T) specimens,
the only primary initiation site inclusion type is the AlSiMn-oxide in-
clusions. In Fig. 4, a fracture surface and a typical non-metallic oxide
inclusion at an RPVHW mini-C(T) specimen initiation site are shown.
The inclusion is debonded from the metal matrix and the inclusion

appears intact. Near the initiation area, some interdendritic (ID) -like
fracture surface is observed in addition to the dominating cleavage
fracture. The ID-like fracture surface presumably correlates with the as-
welded dendritic microstructure.

For the ABLW, in seven out of nine CVN specimens, the fracture

Table 4
Summary of brittle fracture initiation types for the studied 101 specimens of the different welds.

Weld Specimen type Number of specimens Initiator type and occurrence Size range (µm) Initiation site integrity and occurrence

RPVHW

CVN 9 AlSiMnO 9/9 0.5–2.2 Debonded 7/9
Broken 2/9

mini-C(T) 20 AlSiMnO 20/20 0.3–1.8
Debonded 13/20
Broken 7/20

CBLW

CVN 9 AlSiMnO 9/9 0.7–2.5
Debonded 3/9
Broken 6/9

mini-C(T) 15 AlSiMnO 15/15 0.8–2.2
Debonded 4/15
Broken 10/15

ABLW

CVN 9
AlSiMnO 7/9 1.0–2.3 Debonded 3/9
Mn-rich 2/9 ~1–2 Broken 4/9

mini-C(T) 15
AlSiMnO 3/15 0.2–1.0 Debonded 3/15
Mn-rich 11/15 ~0.5–2 Broken 10/15

SCW mini-C(T) 12
AlSiMnO 2/12 1.2 Debonded 2/12
Mn-rich 10/12 ~0.5–2 Broken 10/12

SGW mini-C(T) 12 Mn-rich 7/12 ~0.5–2 Debonded 0
5 IG Broken 7/12

Fig. 4. Fracture surface analysis and a typical primary initiation site of a mini-C(T) specimen which is seen in RPVHW and CBLW with a non-metallic oxide inclusion
with main elements of Mn, Si, Al, and O.
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initiated from an oxide inclusion and additionally two from Mn-rich
particles, and in mini-C(T) specimens eleven out of fifteen initiated
from Mn-rich particles and only three from an oxide inclusion. For one
mini-C(T) specimen, an inclusion at the primary initiation site could not
be conclusively identified but it is suspected to also be a Mn-rich par-
ticle, however, it remains uncertain. In Fig. 5, a typical Mn-rich irreg-
ular-shaped particle at an ABLW specimen is indicated and the broken
inclusion is outlined in yellow to highlight the inclusion from thematrix.
The inclusion crack surface appears very smooth, and part of the in-
clusion grows into the matrix. In the EDS maps, the Mo and S appear in a
large area, however, at the 15 kV acceleration voltage their signals
overlap, and the amount of both elements need to be critically
considered.

Comparing the brittle fracture initiation in the component welds to
the surveillance specimens, the surveillance specimens show similar
primary initiation sites but with more complexity and variety. On the
surveillance weld mini-C(T) specimens, only two of twelve SCW speci-
mens initiated from an oxide and ten from a Mn-rich particle, and the
seven SGW specimens with cleavage fracture initiated from a Mn-rich
particle. In the SCW, most of the primary initiation sites have a Mn-
rich particle as an initiator and only two debonded oxide-inclusions
are found. In the SGW, all specimens with a cleavage fracture initia-
tion have a Mn-rich particle, but for five specimens the main fracture
mechanism is IG cracking, and no primary initiation site could be
determined. In total from the surveillance specimens, there are seven
specimens, where there are both Mn-rich particles and AlSiMn-oxide

inclusions adjacent to each other at the initiation site. However, the
cleavage fracture river patterns lead to the Mn-rich particle, indicating it
got fractured prior to the oxide. Fig. 6 shows an example of such an
initiation site with both types of particles at the initiation site adjacent to
each other. In the figure, the irregular-shaped Mn-rich particle is out-
lined in yellow and the round oxide inclusion is in orange. There are also
smaller inclusions of both types very close to the initiation site, which
are also highlighted, and they appear in the EDS maps, yet their influ-
ence on the brittle fracture initiation is not confirmed. The EDS spectra
in Fig. 6(e) shows the elemental peaks at the indicated locations, i.e., the
spot 1 is for the oxide and the spot 2 is for the Mn-rich particle.

In Fig. 7(a), the overall fracture surface of one of the high-fluence
SGW specimen is shown. The red arrow indicates the primary cleav-
age fracture initiation area, and the white arrows indicate the ID crack
propagation which presumably aligns with the as-welded dendritic
microstructure. The primary initiation area is shown in Fig. 7(b–d),
where a transgranular (TG) cleavage fracture initiates from a yellow-
outlined Mn-rich -type particle but adjacent to it open large IG areas,
which are outlined in yellow.

A typical size of the inclusion at a primary initiation varies between
the specimen type and tested weld. In CVN specimens in all welds, the
most common oxide inclusions have a diameter of ~1 µm, whereas those
in the mini-C(T) specimens the most common inclusion size is ~0.8 µm.
Hence, the oxide inclusions at the primary initiation sites in CVN spec-
imens are larger than those in the mini-C(T) specimens. Due to the
irregular shape of the Mn-rich particles, their true size is difficult to

Fig. 5. Fracture surface analysis and a typical primary initiation site of a mini-C(T) specimen in ABLW with a Mn-rich particle. On SEM-EDS, also indications of Mo
and S were detected.
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Fig. 6. Fracture surface and a typical primary initiation site of a mini-C(T) specimen in SCW with both oxide and Mn-rich particles with an EDS spectrum of both
initiators. The cleavage fracture initiates from the Mn-rich inclusion. Another small oxide inclusion appears on the left of the EDS map.
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determine and therefore the comparison to the oxide inclusions is only
indicative. However, the approximate size of the irregular-shaped par-
ticles is determined in this paper by taking the width and height of the
visible part and calculating the average. The visible size of the Mn-rich
particles is in the range of ~0.5–2 µm.

3.3. Inclusion analysis

Since the inclusions appear to have a major influence on the
microstructure and the brittle fracture initiation, a further inclusion
analysis was performed to improve understanding of the size and dis-
tribution of the inclusions in the weld. An analysis was performed for the
ABLW polished specimen using an SEM-EDS -based image analysis
software. An area of 4 104 µm2 on the magnification of 1 500× was
analysed separately for the as-welded region, identifying 2 879 in-
clusions, and for the reheated region, identifying 1 709 inclusions. The
result for the ABLW metal showed that the most probable non-metallic
oxide inclusion is 0.15–0.20 µm in diameter and the identified compo-
sition is AlSiMn(S)O. The result is very similar to the analysis done for
the RPVHW, for which the most probable size of an oxide inclusion was
reported to be ~0.20–0.30 µm [20]. The method for the inclusion
analysis is based on image contrast by secondary electrons. However,
the analysis does not detect for example nitride inclusions due to the
limitations of EDS technique, and therefore the inclusion size distribu-
tion result indicates only the density of oxide and sulphide inclusions. In
the preliminary advanced analysis using TEM, a typical ~0.2-µm
layered oxide inclusion in the weld metal was observed, shown in Fig. 8.
Similar type of oxides are presumably found as brittle fracture initiators
but in larger size. The detected inclusion has a MnS core with

Si-Al-Ti-oxide layers on top. Nano-sized Mo-precipitates appear on the
outer layer and a small Mn-N precipitate near the core is detected as
well.

4. Discussion

4.1. Brittle fracture initiation

The multi-pass weld has a complex microstructure consisting of
several different regions and features from macroscale to nanoscale. The
few-millimetre sized fan-shaped weld beads consist of as-welded regions
and reheated regions. The main microstructure in the as-welded region
consists of columnar (dendritic) grains with acicular ferrite substructure
with minor amounts of grain boundary ferrite, and in the reheated re-
gions the polygonal ferrite dominates with some acicular ferrite, as seen
in Fig. 1. In LAS, when the austenite cools down, ferrite nucleates at the
grain boundaries and grows inward [30]. At a lower temperature in the
cooling, in the interior of the prior-austenite, acicular ferrite nucleates at
the non-metallic inclusion particles and the growth of the short needle
structure is competitive to the grain boundary ferrite. Acicular ferrite
has good toughness properties and is the eligible microstructure for the
weld [31,32]. The complex microstructure gives a high resistance to
crack propagation while large areas of grain boundary ferrite may
provide an easy crack propagation path. To obtain acicular ferrite
microstructure, non-metallic inclusions are required for the acicular
ferrite nucleation during weld solidification [33,34]. These oxide in-
clusions are typically multi-phase layered inclusions containing mainly
elements Mn, Si, Al, and Ti, which all form oxides, hence act as deoxi-
dants in the weld [35,30]. Additionally, Mn reacts readily with S

Fig. 7. Fracture surface and initiation site of a high-fluence SGW mini-C(T) specimen. (a) Primary initiation is indicated and further the as-welded columnar
structure can be observed from the fracture appearance. (b, c) A large area of IG cracking is surrounded by TG cracking. (d) The cleavage fracture has initiated from a
Mn-rich particle outlined in the figure.
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forming MnS acting as desulfurant in the weld. These inclusions, espe-
cially the oxides, are of utmost importance in nucleating acicular ferrite
[31].

The general inclusion size-distribution analysis has been done for the
RPVHW [20] and for the ABLW, where for the most probable size of an
oxide inclusion is ~0.2 µm in diameter. The relatively large quantity of
the oxide inclusions promotes the nucleation of acicular ferrite andMn is
metallurgically relevant improving the metals toughness properties.
However, the large-sized (~0.5–2.5 µm) inclusions appear to act as
weakest links for brittle crack initiation, as shown in Figs. 4 and 5. Two
main types of inclusions have been identified at the primary initiation
site and they are divided as i) a roundish multiphase oxide inclusion and
ii) an irregular-shaped Mn-rich particle.

In the literature, brittle oxide inclusions are typically considered as
weakest links in welds [11,13], and this is the case for all investigated
specimens of the RPVHW and the CBLW. However, in the ABLW, SCW,
and SGW, the Mn-rich particles are more frequently found at the initi-
ation site. At both types of initiation locations, the main crack propa-
gation type is cleavage fracture, although in the second case with a
Mn-rich particles some grain boundary cracking is observed adjacent
to the initiation site, and in the SGW relatively large amount of IG
cracking is observed. However, since the oxide inclusions are typically
related to the acicular ferrite nucleation, they are most probably found
inside the prior austenite grains and do not readily involve IG cracks
[36]. The Mn-rich particles on the other hand, might be located at the
PAGBs, involving IG cracking on a higher probability, however, is yet to
be confirmed. The PAGBs are known to be weak in terms of structural
integrity and ageing increases the susceptibility [4,17].

In the SCW, in several specimens both an intact AlSiMn-oxide in-
clusions and Mn-rich particles were adjacent to the primary initiation
site with small amount of IG fracture surface. The cleavage fracture river

patterns lead to the Mn-rich particle. Therefore, at such a primary
initiation location, the cleavage fracture is considered as the main crack
propagation type and the Mn-rich particle is the primary initiator,
because the IG area is relatively small, and the IG crack propagation area
is outlined by ductile deformation. The small IG area adjacent to the
inclusion is also observed to be on a different level from the main
cleavage fracture plane. At these initiation sites, the two relatively large
inclusions combined with the adjacent grain boundary is a weak loca-
tion and promotes the brittle fracture initiation.

In almost all CVN specimens (only component welds), an oxide in-
clusion was identified as the primary initiator. The oxide inclusion is of a
larger size than what has been determined as the average size of an
inclusion. The oxide inclusion size distribution has been studied for the
RPVHW in [20] and the ABLW, giving approximately 0.2 µm as the most
probable inclusion size, while most of the oxide initiators are approxi-
mately ~1–2 µm in diameter. A mild difference in the initiator size is
observed when the CVN specimens are compared to the mini-C(T)
specimens, as the initiating particles in the mini-C(T)s are typically
smaller. Comparing the ABLW and CBLW, which have a similar ageing
history, the same test methods, and the same number of tested speci-
mens, for the CVN specimens, all primary initiators are oxides except
two in the ABLW, which are of Mn-rich type. However, for the mini-C(T)
specimens in the CBLW all initiators are oxides but in the ABLWmajority
(11/15) are Mn-rich type of initiators and only three are oxides. In the
ABLW mini-C(T) specimens, one primary initiator could not be identi-
fied due to very brittle fracture surface and a complex primary initiation
area. Nevertheless, the common mechanism found in all specimens is
that the brittle fracture initiation occurs at a location of a relatively large
inclusion.

The variations between the specimen types could originate from the
different stress states ahead of the crack and resulting differences in the

Fig. 8. TEM-EDS analysis of a typical non-metallic inclusion with layered structure of MnS-AlSiTi-O. The inclusion size is typical ~0.2 µm in diameter.
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fracture mechanisms. A fracture toughness specimen has a sharp crack,
and the loading is quasi-static whereas an impact toughness specimen
has a blunt notch, and the loading is dynamic. Consequently, for fracture
toughness specimens, the resulting stress profile ahead of the crack is
steep with a high peak value [37]. At relatively low loads the peak stress
exceeds the critical stress for brittle fracture nucleation enabled through
decohesion and cracking of particles, but since the peak value is local,
there is not enough energy to grow the microcrack and cause final
initiation of brittle fracture. The load needs to be increased to exceed the
critical stress over a large enough distance so that the microcrack has
enough with energy to cross several grain boundaries and other
discontinuities.

In contrary to fracture toughness specimens, the peak stress in
impact toughness specimens is flatter and encompasses a larger distance
but at low loads the stress does not exceed the critical stress for micro-
crack nucleation. Once the critical stress is reached, final failure occurs.
The larger particles (for example particles of >1.5 µm) appear to be
energetically more favourable for microcrack nucleation and for causing
final initiation of brittle fracture in impact toughness specimens, but in
fracture toughness specimens the larger particles could be deactivated
due to high stresses at low loads. Future work using numerical modelling

could be applied to quantify the effect of particle size on brittle fracture
initiation for blunt notches and sharp cracks.

In Fig. 9, the fracture initiation is compared in terms of the two
testing methods. Correlation between the impact toughness energy and
the distance of the initiation site from the V-notch and the oxide inclu-
sion size was evident in CVN specimens and, according to the expecta-
tion, larger inclusions required less impact energy and were closer to the
V-notch per testing temperature [20]. Similarly, the distance of the
cleavage crack initiation from the pre-fatigue crack increases with
fracture toughness. The oxide inclusion size was plotted with the frac-
ture toughness and there appears a limit at oxide inclusions >1 µm. For
the fracture toughness plots the curves are incomplete and do not
consider the large amount of the specimens which have a Mn-rich par-
ticle as a primary initiator as their size could not be objectively
measured. This may explain the L-shaped distribution of the data and
that the data population of higher fracture toughness with >1 µm in-
clusion are those with a Mn-rich primary initiator, meaning at that size
the Mn-rich inclusions become critical.

Another note made of the initiation site integrity is whether the in-
clusion is debonded or broken. In Table 4, the occurrence of the in-
clusions’ integrity is listed. As described in the Chapter 3.2, a debonded

Fig. 9. Correlations of brittle fracture initiation and toughness properties for the impact and fracture toughness. The distance of fracture initiation increases with (a)
impact toughness and (b) fracture toughness. (c) Small oxide inclusions require more impact energy to initiate a fracture. (d) Large oxide inclusions are more
probably broken inclusions.

N. Hytönen et al. Journal of Nuclear Materials 603 (2025) 155423 

11 



inclusion is intact and leaves a dent on the mating fracture surface,
therefore the primary crack is assumed to initiate from the breakage of
the inclusion-matrix interface. This sets a requirement that the inclusion
would be relatively ductile compared to the interface. In some of the
broken oxide inclusions, the crack plane could be imaged, and some
internal structure was observed. Although in the SEM-EDS analysis the
main elemental composition is similar for all oxide inclusions with at
least Al, Si, Mn, and O, there might be some differences in the internal
structure between the debonded and broken oxide inclusions. The
typical layered inclusion in Fig. 8 shows a MnS core, which should be
relatively ductile, however, in case the core consists of Al2O3 [31], this
would make the oxide inclusion brittle and therefore cracking before the
interface. The division in Fig. 9 shows that the broken inclusions are
larger than the debonded inclusions, supporting the assumption that the
debonded and broken inclusions may have different internal structures.
However, further analysis of the structure of the inclusions would
require high-resolution TEM analysis and is outside the scope of this
paper.

In terms of the weld bead microstructure, the primary initiation site
was correlated with as-welded and reheated regions for the component
weld specimens. Que et al. concluded for the RPVHW that the crack
initiation in the as-welded columnar-grained region often showed
higher fracture toughness than in the reheated region [21]. For the
RPVHW and some of the CBLW specimens, cross-sections of tested and
analysed specimens were machined, mounted, and polished for micro-
structural analysis. The investigated brittle fracture specimens were cut
as close to the initiation site as possible to determine the weld micro-
structure and see whether the fracture initiated in the as-welded or the
reheated region. Fig. 10 shows a cross-section of the mating surface of
the specimen as shown in Fig. 5, and the as-welded and the reheated
regions are outlined and indicated. As pointed in Fig. 10, the primary
initiation site is in the as-welded microstructure, however, most of the
brittle fracture surface is in the reheated region. It is assumed that the
orientation of the weld bead and the growth direction of the grains may
affect the crack propagation, especially when the columnar grains are
aligned with the crack propagation plane [25]. In the Fig. 10, the crack
appears to propagate in the direction aligning the columnar grain until
reaching a reheated region.

In some specimens, on the overall fracture appearance, larger regions
of ID and IG could be observed, as mentioned in Chapter 3.2, which can
be linked to the as-welded and reheated regions of the weld, respec-
tively. The appearance can be relatively evident, especially in the CVN
specimen below 41 J, and indicated in the mini-C(T) fracture surfaces in
Figs. 4 and 7. When studying the fracture initiation within the weld

metal, the crack location in terms of the microstructure is important to
consider [25]. One weld bead size is similar to the size of the fracture
surface, and most of the specimens, especially mini-C(T), were
measuring fracture initiation in the as-welded microstructure, mainly
due to the specimen preparation and the probability as there is more
as-welded regions than reheated regions. However, since the grain size
and phase morphology are different between as-welded and reheated
regions, it can be assumed that there are differences in the integrity and
the susceptibility for the fracture to propagate. For example, in the
as-welded microstructure, the long dendritic grains and the grain
boundary ferrite provide a relatively easy passage for a crack to prop-
agate, while the acicular ferrite is considered the toughest microstruc-
ture of the present phases. On the other hand, the ratio of polygonal
ferrite and acicular ferrite in the reheated region determines the
toughness properties of that region. Additionally, the inclusion density
may differ between the as-welded and the reheated microstructures.

4.2. Thermal ageing and neutron irradiation effect

The brittle fracture initiation in a multi-pass weld is a complex
function of chemical composition, thermal history, and microstructural
properties, and is significantly affected by thermal cycles and irradiation
[35]. The ageing effect and embrittlement are typically realized as an
increase in the hardness. The hardness profiles seen in Fig. 3 for the
three component welds do not correlate with the subjected level of
neutron fluence. The ABLW has been subjected to the highest dose but
shows the lowest hardness, whereas the RPVHW is not considered
irradiated, but the hardness is higher than that of the ABLW. The CBLW
is also considered both irradiated and thermally aged and has higher
hardness than the RPVHW, as expected. A similar trend has been seen in
the mechanical test results [19]. The level of dose through the lifetime
has been at such low doses (<0.01 dpa), the neutron irradiation effect on
hardness is negligible. However, the trend between the component
welds emphasises differences in the intrinsic properties of the welds. The
increase in hardness appears in the surveillance welds and the com-
parison to the component welds can be made. As indicated in the
Table 3, the ABLW shows the lowest HV1 microhardness, the SCW,
RPVHW and CBLW show slightly higher microhardness in increasing
order, respectively. A significantly higher microhardness is seen for the
accelerated irradiated SGW, which proves the hardness increase due to
the neutron irradiation.

This difference was further investigated, and there is a possibility
that the PWHT and thermal history were different to ABLW compared to
RPVHW and CBLW, as reported by Lindqvist et al. [19] where the

Fig. 10. Cross-section of a mini-C(T) specimen, which mating fracture surface shown in Fig. 5. The cross-section is cut as close to the initiation site which is indicated
by the red arrow. The crack propagation direction is from right to left in the figure. The fracture initiated in the as-welded microstructure.
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irradiation and ageing effect in mechanical behaviour were studied. A
30 ◦C difference in PWHT temperature can cause a change in hardness
equal to the difference observed between the ABLW and the CBLW.
Since the axial weld is welded before the circumferential weld, a
possible local double heat treatment may be a reason for lower hardness,
as the axial weld could have been subjected to a second PWHT while the
adjacent circumferential weld was heat treated. The longer PWHT could
cause certain post-weld reactions such as formation of precipitates and
carbides as well as coarsening. A small extension in heat treatment and
thermal loading compared to the hardness and embrittlement was also
observed by Joly et al. [17]. The PWHT would explain the difference in
hardness between ABLW to the RPVHW and CBLW, however, the frac-
ture toughness and fracture initiation behaviour of the ABLW correlates
with the SCW and, to some extent, with the SGW, which have reportedly
longer PWHT.

Embrittlement is typically monitored and observed with a DBTT
curve produced by impact toughness testing. According to the reported
mechanical properties, the impact toughness between the component
welds and non-irradiated baseline showed comparable results [22,19],
indicating negligible thermal ageing or irradiation effect during the 23
years of operation, as the reference T41J temperature for the baseline
was similar to the RPVHW and CBLW at –75 ◦C. Therefore, the avail-
ability of the surveillance material and their higher state of irradiation
are significantly important information to observe more of the long-term
operation effect. The welding procedure of all compared welds is the
same, however, the PWHT holding time of the surveillance material is
almost two times longer than that of the component welds. In terms of
brittle fracture initiation, comparing the RPV component welds to the
surveillance material, the SCW is comparable to the ABLW as well as the
SGW, although it also shows the high fluence irradiation and ageing
effect in the vast amount of IG fracture. The SCW provides information
on the comparability between the surveillance material and the
component weld, and the SGW represents an extended life-time irradi-
ation effect.

One of the main objectives of the study was to compare the behav-
iour of the welds after subjection to different conditions. The harvested
component welds at thermally aged state and at irradiated state, and two
irradiated surveillance welds, were to be compared by the operation
effect on the weld microstructure, and its effect on the brittle fracture
initiation. Overall, there are systematic heterogeneities between the
brittle fracture initiation in the different weld metals. In all specimens
with cleavage fracture initiation, a particle is observed at the primary
initiation site, however, the type of the particle can be linked to certain
investigated welds, but the evidence of the thermal and irradiation
history is debatable, and the initiation type appears to be unaffected by
the aged condition. The indications of thermal ageing and irradiation in
the fractography are mainly observed in the amount of IG and ID
cracking. However, the other differences seen between the welds, such
as the different inclusions, might be more related to welding metallurgy
and processing parameters and not related to the operation conditions.
This could be for example process purity, PWHT, and overall homoge-
neity of the welds. The independency of the inclusion type from the
irradiation state correlates with a study by Chekhonin et al. [38] where a
systematic investigation of microstructure effect on brittle fracture
initiation was done on SA508 base material, where carbides and grain
boundaries are the main initiators of a brittle fracture, however, no
correlation between the cleavage fracture initiation type and neutron
irradiation exposure was made.

The ageing effects in an RPV can be divided into hardening effects, i.
e., precipitation and cluster formation, and non-hardening effects, i.e., P
segregation, which might result in different fracture mechanical
behaviour and therefore in different fracture surface appearance [4,9,
39]. The elemental segregation decreases resistivity to brittle fracture
initiation and induces IG cracking. In the study of similar thermally aged
pressurizer LAS components, IG cracking was observed as one main
fracture mechanism after thermal ageing [40]. The IG cracking has been

observed to occur typically at the PAGBs. In literature this is discussed
typically as reversible temper embrittlement. In the study by Hsu et al.,
not only P segregated into PAGBs but also Mo, Mn, and Ni [41].
Comparing the different grain boundaries in a bainitic base material,
most elemental segregation was observed to occur in the PAGBs. In the
current study, the investigated weld metal has high contents of Mn and
Ni, easing the brittle fracture propagation in the PAGBs after ageing.
However, in the component welds, due to the relatively low fluence,
negligible operation-induced embrittlement is seen, but the large
Mn-rich particles located at or adjacent to the grain boundaries
appeared to induce a minor amount of IG. The main microstructure of
acicular ferrite nucleates from non-metallic inclusions inside the PAGBs,
and although acicular ferrite itself has high toughness properties, the
brittle oxide inclusions are weak links. Comparing the ageing conditions
and the brittle fracture initiation investigated in this study, there is no
evidence that the operational thermal ageing or irradiation would have
affected the mechanism to initiate a cleavage fracture, except in the
SGW where the higher fluence had sensitised the PAGBs inducing IG
cracking.

5. Conclusions

The microstructure and fracture surfaces of the decommissioned
Barsebäck Unit 2 RPV weld metal were studied extensively for thermally
aged and irradiated weld metals and compared to the surveillance ma-
terial. The investigation concluded a systematic brittle fracture analysis
of total of 101 brittle CVN and mini-C(T) specimens. The study focuses
on three RPV component welds, one from the RPV head and two from
the beltline region, and two surveillance welds. All welds are manu-
factured using the same wire material, using submerged arc welding
with high Mn and Ni and low Cu alloying contents. The RPV welds are
double-U groove welds, and the surveillance welds are fully represen-
tative of the component welds. The main conclusions are drawn from the
investigation.

- The multi-pass welds have a complex microstructure consisting of as-
welded and reheated regions, with local differences in chemical
composition, phase structure, and grain sizes, and thermal history,
which affect the mechanical properties. The as-welded regions have
high toughness with acicular ferrite, however, if the columnar weld
bead is aligned with the crack propagation plane, it can provide
easier fracture propagation.

- The weld includes a large number of non-metallic inclusions and
second-phase particles. The inclusions are required in the weld so-
lidification process to nucleate acicular ferrite microstructure. The
average size of an oxide inclusion is ~0.2 µm in diameter.

- The brittle cleavage fracture initiates in all investigated specimens
from a relatively large particle, which is defined as the weakest link.
Two main types of inclusions at primary cleavage fracture initiation
sites have been identified:
i) Roundish non-metallic oxide inclusions, which are layered multi-

phase particles consisting of Mn, Al, Si, Ti, O, and S. The size of
such inclusion at a primary initiation site is ~0.5–2.5 µm. This
type of inclusion is found as a primary initiator in all RPVHW and
CBLW CVN and mini-C(T) specimens and in most of the ABLW
CVN specimens and only few mini-C(T) specimens. The inclusion
is either debonded from the matrix or broken in half, i.e., either
the crack initiates from the inclusion-matrix interface or within
the inclusion, respectively.

ii) Irregular-shaped Mn-rich particles, which are likely carbides and
of size approximately ~0.5–2 µm. The Mn-rich particles are
assumed to locate closer to grain boundaries and the initiation
site has a minor area of IG cracking adjacent to the cleavage
fracture plane. This type of particle is found as a primary initiator
in almost all ABLW, SCW, and SGWmini-C(T) specimens. All Mn-
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rich inclusions are broken and can be found on both mating
surfaces.

- The larger the oxide inclusion, the lower the impact energy is
required to initiate a brittle fracture. The distance of the primary
initiation site from the V-notch or from the pre-fatigue crack in-
creases with impact and fracture toughness. Of all brittle initiation
sites, the smaller range of the oxide inclusions are typically debonded
and the larger range are typically broken.

- The cleavage fracture initiation appears to be unaffected by the
operation induced aging condition. The main deviations in the
cleavage fracture initiation derive from the complex weld micro-
structure and processing parameters instead of strong effect from
thermal ageing or neutron irradiation damage. The two different
initiator types are more dependent on the specimen type, i.e., testing
method, PWHT, and the location of the pre-crack in the weld bead.
However, the higher fluence causes larger IG fraction on the fracture
surface.
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Figure 3. Miniature-C(T)

specimens from the CVN specimen. 

Materials

circumferential

axial

RPVH weld

Beltline weld

Samples ¼ thickness inner wall
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C

Figure 2. The positions of the 

surveillance chains in the RPV. 

Figure 1. Barsebäck-2 RPV. 

Material

Fluence 

(E>1 MeV) 

n/cm2

Chain C 1.0x1018

Chain G 5.9x1019

ABLW 8.0x1017

CBLW 2.9x1016

Trepan samples 

200x 165 mm 40 kg

RPV Head → thermal loading, non-irradiated

RPV Beltline → thermal loading & irradiated

Dose equivalent: 

Axial beltline RPV

60 years operation

The orange ends of the CVN specimen are base material 

and the miniature C(T) specimens are manufactured from 

weld metal in the middle of the CVN specimen. 

Trepan

200x 75 mm, 20 kg

• Decommissioned Barsebäck Unit 2, 600-MW boiling water reactor (1977-2005), Sweden

• 23 effective full power years at 288 °C.

• Specimens from RPV welds. Low-alloy steel with high Ni- and Mn-content, low Cu-content
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Fracture of mini-C(T) RPVH specimen: 3B28-3B
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RPVH specimen: 3B28-3B
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1 2

DF [311] DF [3 -1  1]BF

1

2 1 2

3

INDEXATION: Structure type Spinel#MgAl2O4

TEM

Element

Atomic 

Fraction 

(%)

Atomic 

Error (%)

O 53.3 3.3

Mg 1.9 0.4

Al 28.1 4.1

Mn 16.7 2.4

Element

Atomic 

Fraction 

(%)

Atomic 

Error (%)

O 49.2 3.3

Mg 2.0 0.4

Al 30.8 4.3

Mn 18.1 2.6

Galaxita MnAl2O4

Mn-Oxide Spinel (MnMg)Al2O4

14% 29% 57%

Mn3Al2Si3O12 

(spessartine / spessartite)

Element

Atomic 

Fraction 

(%)

Atomic 

Error (%)

O 55.8 2.6

Al 9.6 1.8

Si 16.8 2.7

Mn 17.8 2.4

15% 10% 15% 60% 

1100–1200 ° C cooling at: 

400 °C /h amorphous

5 °C/h Crystalline

[1] G. C. Lau  et al. Phys Rev B 80, 214414 (2009)

Amorphous

phase

1 2
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Phase diagram SiO2-MnO-Al2O3
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Brittle behaviour

Inclusions with 

low plasticity

High melting 

points inclusions 

(Al2O3)

Low melting point 

high plasticity 

inclusions
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Fracture of mini C(T) Belt line specimen: Trepan #6, B6C12.3-B
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STEM
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Belt line specimen: Trepan #6, B6C12.3-B
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EDS Mix
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EDS (at)

Element

Atomic 

Fraction 

(%)

Mass 

Fraction 

(%)

O 57.9 34.7

Al 10.5 10.6

Si 10.2 10.8

Mn 21.4 43.9

1

Element

Atomic 

Fraction 

(%)

Mass 

Fraction 

(%)

O 12.2 4.7

S 37.7 29.1

Mn 50.1 66.3

Mn3Al2Si3O12 

(spessartine / spessartite)

15% 10% 15% 60% 

1
2

3

1MnO-3MnS (50Mn-37.5S-12.5O)

Element

Atomic 

Fraction 

(%)

Mass 

Fraction 

(%)

O 56.1 33.6

Al 22.9 23.2

Mn 21.0 43.2

2MnO-1Al2O3 (22Mn-22Al-56O)

2 3

Belt line specimen: Trepan #6, B6C12.3-B

1 3
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Summary

Two FIB liftouts were extracted from the fracture initiation sites of mini-C(T) specimens, and the TEM 

characterization showed the following:

a) From the RPV head weld: 

• A spherical non-metallic inclusion of 1.5 µm diameter, acting as initiation fracture, was broken in half.

• The inclusion is formed by some cuboidal galaxite (MnMg)Al2O4 (600 nm of length) embedded in an 

amorphous spessartine Mn3Al2Si3O12. The external periphery contained a MnS (200x500 nm) and 

small particles (<80 nm) of Mo-rich and nitrides. 

b) From the axial beltline weld: 

• A spherical non-metallic inclusion of 500 nm diameter was characterized. This was found next to the 

Mn-rich inclusion acting as fracture initiator.

• The inclusion is formed by an amorphous spessartine Mn3Al2Si3O12 and two crystalline 1MnO-3MnS & 

2MnO-1Al2O3 oxides. The external periphery contained small Mo-rich particles (<90 nm).
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