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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 mate-
rial properties of the retired reactor pressure vessel, RPV, from Barsebäck unit 
2. The testing included impact and fracture mechanical testing of material, and 
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 objectives of the collaborative project on harvested Barsebäck Reactor Pressure Vessel, 
RPV, materials, BREDA, where actual service-aged material is used for evaluation of 
embrittlement of pressure vessel steels, are multi-faceted. From the perspective of the 
participating individuals, departments/institutions, institutes, regulators, and companies it is a 
unique opportunity for researchers to execute microstructural and mechanical investigations 
on, in this case, reactor pressure vessel materials which have been subjected to an extended 
period of operation in an area where the industry have great needs in order to support 
continued operation of the current nuclear reactor fleet, i.e. Long Term Operation or LTO. 
Further, it allows for knowledge retention and the creation of a living relationship between the 
young engineers in the Nordic area under the oversight and mentorship of senior staff 
members while, at the same time, relevant institutes and institutions can connect with the 
industrial and regulatory needs. It also connects the perspective 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 will extend the knowledge base on the active 
ageing mechanisms in a vital component for the owners and regulators of nuclear power 
plants. The results will allow for comparison between the data produced during execution of 
surveillance of the ageing and degradation processes, and the attenuation of radiation effects 
through the thickness of the pressure vessel wall. Finally, it also allows VTT to assess and 
optimize the infrastructure in the Centre for Nuclear Safety, CNS.  
 
In the 2023 NKS-R program, the participants of the BREDA project have continued the 
investigations of ageing effects on Reactor pressure vessel steels as outlined in the previous 
summary reports dating from 2016 to 2021 (Efsing et al. 2016, 2018, 2019, 2020, 2021, 2022 
and 2023). Since the program includes many steps as is illustrated by the number of project 
steps above, starting with extraction from the plant, via decontamination and pre-cutting, 
transport of material, sample manufacturing, mechanical and microstructural testing, and 
finally the analysis of the collected materials, the schedule has been very extensive. The 
project utilizes materials harvested from a retired RPV to provide the Nordic regulatory 
bodies and the operators of nuclear power plants, as well as the available academic support 
resources, a firm basis of understanding on how aging has influenced the mechanical 
properties of the aged component. The donor of samples in the project is the decommissioned 
Barsebäck unit 2 Boiling Water Reactor RPV rendering materials in both irradiated and 
thermally aged conditions. Further, it will give knowledge and insight into the correctness of 
the existing surveillance programs, as well as the influence of long-term thermal ageing of 
materials used for large pressure vessels in the nuclear industry such as the RPV and the 
Pressurizer, PRZ in a PWR unit.  
 
In 2016, the first steps were executed by baseline studies of unirradiated samples and 
comprehensive literature reviews of the issues in the area. Further, issues regarding the 
extraction methodology and the actual materials harvesting were outlined and initial 
qualification of the methodologies were performed. The harvesting work in 2018, and the 
collection of background information, was fully financed by the Swedish utility companies 
Ringhals AB, Forsmark Kraftgrupp AB and OKG AB as part of an umbrella project under the 
auspices of Energiforsk with Monika Adsten as the primary program manager at that time. 
That portion of the work resulted in the basis of the BRUTE activity of the Finnish state 
SAFIR umbrella, which was finished in 2022.  
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The activities in the 2018 to 2022 time period included planning and extraction of trepans 
from the RPV of Barsebäck unit 2, decontamination and preparation of the trepans at	
Ringhals, shipping of the samples to Finland and mechanical and microstructural testing in 
hot-cell laboratory. As a preparatory study, several archive materials, both identical to the 
actual RPV and other weldments produced with weld metal of the same requirements, were 
studied in order to establish an understanding of the initial microstructural and mechanical 
properties. In 2020, mechanical and microstructural tests were initiated. The first step in the 
actual testing was performed using material form the RPV head (RPVH) which was reported 
in 2021. The objective here was to establish a credible basis for the effect of thermal ageing in 
the material.  
 
The key deliverables during BREDA-RPV 2023 are the publications from KTH and VTT on 
the mechanical 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. 
 
The BREDA/BRUTE program has with the support from NKS, the Finnish national research 
program SAFIR 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 to be completed in the near future. 
 
2. Microstructural characterization of irradiated and thermally aged material used APT  
At Chalmers a new post-doc researcher (David Mayweg) re-examined some of the old 
samples from the Barsebäck RPV weld material with the new atom probe instrument that they 
have available. Previous data was reported in early 2023, (Lindgren et al 2023). The new 
results have not been openly published yet and are to be referred to as “preliminary”. 
 
As the flux and fluence of the BWR RPV welds are, relatively speaking, low, the degree of 
irradiation embrittlement is low. In the previous work, no substantial clustering was observed 
in the test samples. Further experiments have been performed using the new instrument at 
Chalmers, a LEAP 6000 XR. The analyzed volume during these experiments is now larger, 
and some clusters have been detected. Although the new instrument has a higher detection 
efficiency (52 % vs. 37 %), the main reason for not detecting clusters before is the larger 
volumes and statistical variations. Figure 1 shows Ni-Si-Mn-Cu clusters in one APT run, and 
in figure 2 the number density is compared with earlier experiments on Halden irradiated 
samples. 

	
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 Halden and surveillance samples from Ringhals. 
 
The key finding from these results is that the clusters indeed start to form early in life, i.e. that 
the theory of “Late Blooming Phases”, LBP regarding the formation of the Ni-Mn-Si-Cu 
cluster [Odette and Nanstad, 2009] can essentially be discarded. The new results will be 
published in 2024. 
 
3. Mechanical testing and microstructural characterization at VTT 
At VTT, the SAFIR2022 research program ended, finalizing the BRUTE project (Barsebäck 
RPV material used for true evaluation of embrittlement), and initiating the new project in the 
SAFER2028 research program, BRIGHT (Barsebäck RPV investigation through thickness). 
The new project continues to investigate the Barsebäck unit 2 BWR RPV material in 
irradiated and thermally aged conditions. In BRUTE, the focus was the mechanical and 
microstructural properties of the weld metal, but in BRIGHT, the focus is on the attenuation 
effect of the base material and advanced microstructural characterization of the weld metal. 
 
In late 2022, the Barsebäck unit 2 surveillance weld specimens were tested for fracture 
toughness. The surveillance specimens are non-tested specimens from the surveillance 
program. In total 12 miniature compact tension specimens from surveillance chain C (Fluence 
is 0.1∙1019 n/cm2) and 12 from chain G (Fluence is 5.9∙1019 n/cm2) were tested. In early 2023, 
the full fractography on these miniature compact tension specimens was performed. In the 
chain C, all primary initiation sites were found, and mostly Mn-rich inclusions identified at 
the initiation site. In the chain G, there were 5 specimens with intergranular crack initiation, 
but the rest of the specimens initiated from a Mn-rich inclusion (Lydman and Ferrerios, 
2023).  
 
The advanced microstructural characterization in 2023 started with method development and 
further investigation of the weld metal brittle fracture primary initiation sites. Five 
representative specimens with primary initiation sites investigated in BRUTE project were 
milled and thinned using focused ion beam to produce a lamella for transmission electron 
microscopy. The primary initiation site inclusion was investigated on TEM utilizing the 
electron dispersive X-ray detection for full chemical composition. In the typical fractography 
analysis on scanning electron microscope, the interaction volume at the elemental analysis is 
typically relatively large and has only given a semi-quantitative result of the elements of the 
inclusion. With TEM, the high resolution has revealed complex inclusions with layered 
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structures and features surrounding the inclusion. For oxide type inclusions, the main 
elements are the known Mn, Al, Si, and some S and Mo and Ti. For the Mn-rich inclusions, 
they have been revealed to be nitrides with Si and small amounts of Mo and S. Further 
analysis on identifying the crystalline structure of the inclusions and more specimens from 
different welds and from different conditions will be investigated in 2024. 
 
The mechanical testing part in 2023 included mainly machining of base material specimens 
from the RPVH trepans at 1/4T. The instrumented impact testing was done to obtain a 
transition curve with 16 tests. The T41J is –80.81°C. Further testing had been planned but due 
to maintenance issues in the hot cells, the test matrix schedule was postponed to early 2024, 
continuing with base material from the beltline region at 1/4T and near surface layers. 
Additionally, preparation of a locally shielded tensile test and fracture toughness testing 
station was started to set up to increase the capability of non-active and low-active specimens 
testing in the hot cell laboratory. 
 
 
4. Modelling of fracture properties 
AT KTH the modelling work progresses 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 outcome from this article is that the size of the heterogeneities in the weld is large enough 
to lead to large-scale heterogeneity effects, meaning that heterogeneity effects cannot be 
averaged out. Based on this notion, the experiments carried out on the aged Ringhals unit 4 
pressurizer 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. 
 
The current test series on aged weld material from the Ringhals unit 2 pressurizer aims at 
validating the modelling framework for failure probability accounting for heterogeneity, and 
thus expanding the previous modelling effort by (Boåsen et al, 2021). 
 
5. Conclusions 
Samples have been extracted from the RPV of Barsebäck Unit 2 and shipped to VTT.  Several  
milestones of the project were completed and in part reported during the period up to and 
including 2023, i.e. the mechanical testing of the beltline weld. The FE-model regarding 
failure probabilities has been extended to better handle the whole range of defects in the 
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different microstructural zones in the welds, from small-scale heterogeneity to large-scale 
heterogeneity, based on the weakest-link concept.  
 
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 
2024 with expanded collaboration between the executing partners and the 
industrial/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 B S T R A C T

The effect of heterogeneous microstructures on the macroscopic probability of failure is studied
by use of weakest-link modeling. Heterogeneity is here associated with a local variation of
toughness, where a size scale characteristic of this variation defines a length parameter. The
ratio between this length parameter and the size of the active fracture process zone, defined as
the heterogeneity ratio, is key to evaluating the impact of a heterogeneous microstructure. Two
extremes are identified; small-scale heterogeneity (SSH) and large-scale heterogeneity (LSH).
For these cases, it is possible to formulate analytical expressions based on the weakest-link
concept, and references are made to existing models in the literature. Typically, heterogeneity
along the crack front, where gradients of the mechanical fields are small, falls under the category
of SSH. On the other hand, the effect of heterogeneity in a plane perpendicular to the crack
front depends strongly on the heterogeneity ratio. Cases that can neither be identified with SSH
nor LSH must be addressed with care. How this can be done is discussed, and examples are
given for four different microstructure configurations of interest. The investigation is carried
out by numerical analysis of a modified boundary layer model. The cumulative probability of
failure by cleavage fracture is evaluated in a post-processing step, where two different statistical
models are examined; the Beremin model and the Kroon–Faleskog model. Both models render
the same conclusion about the alteration of the overall failure probability distributions caused
by heterogeneity.

1. Introduction

In brittle structural steel components, fracture toughness is often widely scattered. This is because brittle failure mechanisms
involve the initiation of cracks from microscopic imperfections. Two common mechanisms are cleavage failure [1,2], where cracks
initiate from precracked carbides or debonded oxides in welds and propagate along crystallographic planes, and intergranular
failure [3,4], where failure occurs along embrittled grain boundaries. The latter is typically observed at aged low alloy steels,
where the grain boundaries are embrittled due to phosphorous segregation [5,6]. As the distribution of the imperfections is rather
random, assessment of failure is typically addressed by probabilistic modeling based on the weakest-link concept.

In some materials, like multiphase steels or welds, the imperfections are not uniformly distributed. For example, in multilayered
welds, the reheated part of the weld beads is finely grained, and the as-welded part consists of dendritic grains. Additionally,
different types of particles are present in the as-welded and the reheated zones [7]. This leads to local variations in toughness,
i.e., heterogeneity.
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Nomenclature

𝐴̃ Non-dimensional area
𝐴FPZ Area of fracture process zone
𝐵 Thickness
𝐵0 Reference thickness
𝑐 Material constant per unit volume in Kroon–Faleskog model
𝐷 Characteristic heterogeneity length
𝐸 Young’s modulus
𝑓𝑖𝑗 Non-dimensional angular function
ℎ Hazard function
ℎ𝑖 Hazard function of phase 𝑖
𝐽 𝐽 -integral
𝐽0 Load level in 𝐽 for 𝑃𝑓 = 63.2%
𝐽𝐴
0 Load level in 𝐽 for 𝑃𝑓 = 63.2% of phase 𝐴

𝐽𝐵
0 Load level in 𝐽 for 𝑃𝑓 = 63.2% of phase 𝐵

𝐽 𝑖
0 Load level in 𝐽 for 𝑃𝑓 = 63.2% of individual curve of heterogeneous material

𝐽min Threshold value for 𝐽
𝐾I Mode I stress intensity factor
𝐿 Length parameter related to nonlocal stress
𝐿FPZ Characteristic length of the fracture process zone
𝐿0

FPZ 𝐿FPZ at 𝐽 = 𝐽𝐴
0

𝑚 Weibull modulus in Beremin model
𝑀 Number of crack tip positions for numerical evaluation
𝑁 Hardening exponent
𝑝 Level of failure probability
𝑃𝑓 Probability of failure
𝑟 Radial coordinate
𝑅 Remote boundary of modified boundary layer problem
𝑄 Constant relating to hydrostatic stress depending on 𝑇 -stress
𝑇 Non-singular stress term, i.e. 𝑇 -stress
𝑣𝑖 Volume ratio of phase 𝑖
𝑉 Total volume
𝑉0 Reference volume in Beremin model
𝑉𝑖 Volume of phase 𝑖
𝒙 Cartesian coordinates
𝒙̃ Non-dimensional coordinates
𝑉 Volume of FPZ in Beremin model
𝛿 Non-dimensional heterogeneity length 𝐷
𝛿0 Normalized heterogeneity length 𝐷 at 𝐽 = 𝐽𝐴

0
𝛿𝑖𝑗 Kronecker delta
𝜀0 Reference strain
𝜀𝑝e Effective plastic strain
𝜀sat Saturation strain in Kroon–Faleskog model
𝜂 Material constant in Kroon–Faleskog model
𝜃 Angular coordinate

Effects of heterogeneity on local toughness variations along crack fronts in purely brittle materials has been theoretically
investigated based on perturbation methods originating from [8,9] by, e.g., [10–13] and references therein. In these models, the
separation process is limited to an infinitesimally small region, and the interaction between the size of the fracture process zone and
a length characteristic of the heterogeneity is overlooked. An attempt to address this issue is taken in [14], where crack propagation
in heterogeneous materials is modeled by use of cohesive zones. They note that the fracture properties are not solely characterized
by local variations of the fracture energy but are also affected by the process zone size. The interaction between the representative
length associated with heterogeneity in relation to the length characterizing the size of the fracture process zones (FPZ) is of key
importance for understanding the fracture behavior in elastic–plastic materials, which is studied in this work.
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𝜅 Constant relating 𝑇 -stress to 𝐾I
𝜆 Non-dimensional length parameter 𝐿
𝜆0 Normalized length parameter 𝐿
𝜈 Poisson’s ratio
𝜌0 Initial notch radius in finite element analysis
𝜎0 Initial yield strength
𝜎1 Maximum principle stress
𝜎𝑖𝑗 Cauchy stress tensor components
𝜎̄𝑖𝑗 Nonlocal stress tensor components
𝜎𝑆𝑆𝑌𝑖𝑗 Stress tensor of small scale yielding solution
𝜎W Weibull-stress
𝜎th Threshold stress
𝜎𝑢 Weibull stress parameter
𝜎𝑦 Flow stress
𝛷𝑖 Non-dimensional area integral of the hazard function per unit area of phase 𝑖
CTOD Crack tip opening displacement
FE Finite element
FEM Finite element method
FPZ Fracture process zone
LSH Large-scale heterogeneity
MBL Modified boundary layer
SSH Small-scale heterogeneity
SSY Small-scale yielding

In multiphase steels, the heterogeneity length is several microns and typically much smaller than the size of the FPZ. This
phenomenon will henceforth be referred to as small-scale heterogeneity (SSH). By contrast, if the size of the FPZ is much smaller
than the heterogeneity length, the FPZ may reside in one phase only, which here will be referred to as large-scale heterogeneity
(LSH). In this case, the failure probability depends critically on the position of the crack tip. An example of this may be seen in
welds, where the size of weld beads may be several millimeters.

Weakest-link based probabilistic models accounting for heterogeneity are proposed by, e.g., Saint-Catherine et al. [15,16] and
Andrieu et al. [17]. These authors performed experiments on planar geometries with through-thickness cracks, where embrittled
zones intercept the crack front. From a 2D perspective, these conditions can be referred to as SSH. For large-scale heterogeneity,
Wallin et al. [18] propose a mixed distribution model for the total probability of failure

𝑃𝑓 =
∑

𝑖
𝑣𝑖𝑃𝑓,𝑖, (1)

where 𝑣𝑖 is an appropriate weight (∑ 𝑣𝑖 = 1) for subpopulation 𝑖 described by a failure probability 𝑃𝑓,𝑖. This model is also discussed
in Ruggieri and Dodds [19].

The purpose of this work is to explore the full extent of heterogeneity, ranging from SSH to LSH, by use of appropriate weakest-
link modeling that can be applied to any heterogeneous microstructure. The modeling concept is examined on four distinctly different
two-phase microstructures in a planar geometry, subjected to loading under small-scale yielding (SSY) conditions. In this work, the
phases in a microstructure differ in fracture toughness but not in elastic–plastic properties. The latter is a simplification, but it
expedites the analysis largely, yet allows essential features of heterogeneity to be studied. The analysis was based on a modified
boundary layer (MBL) simulation, where also the influence of loss of constraint can be examined. This paper is organized as follows:
In Section 2, the limiting cases of SSH and LSH are derived from weakest-link modeling; the heterogeneity length is defined, and
the SSH and LSH solutions are compared. Next, in Section 3, two models employed for the pure phase description, the Beremin
model [1] and the Kroon–Faleskog model [20,21], using both a local and a nonlocal formulation, are briefly outlined. Section 4
presents the numerical procedure, followed by results and discussion in Section 5. The paper is concluded in Section 7.

2. Application of the weakest-link concept to heterogeneous bodies

2.1. General approach

Assuming that failure in brittle materials is well described by the weakest-link concept, the cumulative probability of failure can
be derived [22]. Then, the contribution to the probability of failure of a differential volume element d𝑉 is written as d𝑃𝑓 = ℎ d𝑉 ,
and the cumulative failure probability becomes

𝑃𝑓 = 1 − exp
(

−∫𝑉
ℎ d𝑉

)

. (2)
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Fig. 1. A chain made from two different types of links.

Fig. 2. A heterogeneous body, where the black and white parts indicate the different phases. The blue domains are possible choices for a representative volume
of the microstructure, with 𝐷 as the characteristic length.

Here, ℎ is a hazard function that defines the random behavior depending on the mechanical state at the position 𝒙. Note that in
this study, the dimension of ℎ is per unit volume, and two examples of ℎ will be given in Section 3.

For heterogeneous weakest-link modeling, consider a chain made from two different types of links, A and B, with different failure
properties, as illustrated in Fig. 1. Each chain link 𝑖 has its individual probability of failure 𝑝𝑖𝑓 ,𝐴 or 𝑝𝑖𝑓 ,𝐵 corresponding to the link
types 𝐴 and 𝐵, respectively. Assuming that the survival of every individual link is independent, for a chain with 𝑁 links made of
type 𝐴 and 𝑀 links made of type 𝐵 the probability of survival becomes

1 − 𝑃𝑓 =
𝑁
∏

𝑖=1

(

1 − 𝑝𝑖𝑓 ,𝐴
)

𝑀
∏

𝑖=1

(

1 − 𝑝𝑖𝑓 ,𝐵
)

. (3)

Applying the natural logarithm on Eq. (3) and assuming that 𝑝𝑖𝑓 ,𝐴 ≪ 1 and 𝑝𝑖𝑓 ,𝐵 ≪ 1, gives

ln
(

1 − 𝑃𝑓
)

≈ −
𝑁
∑

𝑖=1
𝑝𝑖𝑓 ,𝐴 −

𝑀
∑

𝑖=1
𝑝𝑖𝑓 ,𝐵 . (4)

Thus, the probability of failure of the chain becomes

𝑃𝑓 = 1 − exp

(

−
𝑁
∑

𝑖=1
𝑝𝑖𝑓 ,𝐴 −

𝑀
∑

𝑖=1
𝑝𝑖𝑓 ,𝐵

)

. (5)

In case of a continuous and heterogeneous body, the sums in Eq. (5) are then replaced by volume integrals over subvolume 𝑉𝐴
and 𝑉𝐵 , where 𝑉 = 𝑉𝐴 ∪𝑉𝐵 and 𝑉𝐴 ∩𝑉𝐵 = 0. These subvolumes are governed by different hazard functions ℎ𝐴 and ℎ𝐵 , and therefore
the cumulative probability of failure can be written as

𝑃𝑓 = 1 − exp
(

−∫𝑉𝐴
ℎ𝐴 d𝑉 − ∫𝑉𝐵

ℎ𝐵 d𝑉
)

. (6)

Note that Eq. (6) can be evaluated for one specific configuration of material A and B. If an experimental test series is considered,
every specimen will have a different configuration of the materials. In that case, Eq. (6) would have to be evaluated for every
configuration and the total failure probability curve then corresponds to the average of the individual failure probability curves.

Under certain circumstances the evaluation of Eq. (6) can be simplified, notably, under SSH and LSH conditions. To distinguish
between SSH and LSH, two length scales need to be introduced: (i) a heterogeneity length scale 𝐷, characterizing the spatial variation
between phases, and (ii) a length scale that represents the size of the fracture process zone 𝐿FPZ. An illustration of the heterogeneity
length is shown in Fig. 2, where it is noted that any volume element characterized by 𝐷 of the heterogeneous body has the volume
ratios 𝑣𝐴 = 𝑉𝐴∕𝑉 and 𝑣𝐵 = 𝑉𝐵∕𝑉 .

The ratio between 𝐷 and 𝐿FPZ determines whether failure probability is governed by SSH, LSH, or falls in between, where the
limiting cases are:

(i) Small-Scale Heterogeneity (SSH): 𝐷 ≪ 𝐿FPZ, see Fig. 3(a).
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Fig. 3. (a) A specimen under small-scale heterogeneity conditions. (b) A specimen where the FPZ is fully covered by one phase and, thus, large-scale heterogeneity
conditions apply.

(ii) Large-Scale Heterogeneity (LSH): 𝐷 ≫ 𝐿FPZ, see Fig. 3(b).

2.2. Small-scale heterogeneity

In this case, the variation of stresses and strains is small over 𝐷. Thus, for SSH, both hazard functions in Eq. (6) will be
simultaneously active in a volume element d𝑉 . Hence, the integrals in Eq. (6) simplify such that the probability of failure becomes

𝑃 SSH
𝑓 = 1 − exp

(

−𝑣𝐴 ∫𝑉
ℎ𝐴 d𝑉 − 𝑣𝐵 ∫𝑉

ℎ𝐵 d𝑉
)

. (7)

Hence, in Eq. (7) the hazard functions are smeared out (homogenized). This equation is in fact equal to Eq. (2) in which the hazard
function is replaced by ℎ = 𝑣𝐴ℎ𝐴+𝑣𝐵ℎ𝐵 . This special case falls under the category of competing risk models, see discussion in [23,24].

2.3. Large-scale heterogeneity

For large-scale heterogeneity, the fracture toughness of the specimen depends critically on the position of the crack tip. Here, it
is assumed that the crack tip is randomly positioned in the microstructure. Consider a case where the failure probability is obtained
from tests carried out on a finite number of specimens. It is assumed, that the FPZ is fully contained in phase 𝐴 for a fraction 𝑤𝐴 of
the number of tests, and for the remaining tests, the FPZ is fully contained in phase 𝐵, i.e. 𝑤𝐵 = 1 −𝑤𝐴. Applying Eq. (6) to these
two cases, gives the cumulative probability of failure,

𝑃 LSH
𝑓 = 𝑤𝐴𝑃

𝐴
𝑓 +𝑤𝐵𝑃

𝐵
𝑓 , (8)

where

𝑃𝐴
𝑓 = 1 − exp

(

−∫𝑉
ℎ𝐴 d𝑉

)

and 𝑃𝐵
𝑓 = 1 − exp

(

−∫𝑉
ℎ𝐵 d𝑉

)

. (9)

Note that ℎ𝐴 and ℎ𝐵 in Eq. (9) are the same hazard functions as in Eq. (7). If the number of experiments is infinite, and the specimens
are randomly sampled, the ratios 𝑤𝐴 and 𝑤𝐵 become equal to the volume ratios, hence

𝑤𝐴 = 𝑣𝐴 and 𝑤𝐵 = 𝑣𝐵 . (10)

Then, based on the LSH condition introduced above (𝐷 ≫ 𝐿FPZ) and by inserting (9) and (10) into (8), the probability of failure
becomes

𝑃 LSH
𝑓 = 1 − 𝑣𝐴 exp

(

−∫𝑉
ℎ𝐴 d𝑉

)

− 𝑣𝐵 exp
(

−∫𝑉
ℎ𝐵 d𝑉

)

. (11)

A formulation similar to Eq. (11) is proposed by Wallin et al. [18], and this special case falls under the category of mixed distribution
model, c.f. [23,24].
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Table 1
Two phases with different properties.
Phase A 𝐽𝐴

0 𝐽𝐴
min = 0.8 𝐽𝐴

0 𝐵∕𝐵𝐴
0 = 1 𝑣𝐴 = 80%

Phase B 𝐽𝐵
0 = 0.3 𝐽𝐴

0 𝐽𝐵
min = 0.2 𝐽𝐴

0 𝐵∕𝐵𝐵
0 = 1 𝑣𝐵 = 20%

Fig. 4. (a) Failure probability versus toughness curves for the limiting cases. (b) Failure density distribution.

2.4. SSH versus LSH — a representative example

For planar geometries, under plane strain and SSY conditions, the probability of failure equation (2) can be expressed
independently of the hazard function. Then, Eq. (2) reduces to a two-parameter Weibull distribution. In practice, a three-parameter
Weibull-distribution [2,22,25,26],

𝑃𝑓 = 1 − exp

[

− 𝐵
𝐵0

(

𝐽 − 𝐽min
𝐽0 − 𝐽min

)2
]

, (12)

is commonly used, where 𝐵 is the thickness, 𝐵0 is a reference thickness, 𝐽 is the 𝐽 -integral, 𝐽min is a threshold value, and 𝐽0 is the
𝐽 -integral at a failure probability of 63.2% for 𝐵 = 𝐵0. With this in mind, the impact of heterogeneity in toughness will now be
discussed. Consider two phases with the same elastic–plastic properties, but with different toughness properties as listed in Table 1.

Under these circumstances, Eq. (7) and Eq. (11) reduce to

𝑃 SSH
𝑓 = 1 − exp

⎡

⎢

⎢

⎣

−𝑣𝐴

(

𝐽 − 𝐽𝐴
min

𝐽𝐴
0 − 𝐽𝐴

min

)2

− 𝑣𝐵

(

𝐽 − 𝐽𝐵
min

𝐽𝐵
0 − 𝐽𝐵

min

)2
⎤

⎥

⎥

⎦

(13)

𝑃 LSH
𝑓 = 1 − 𝑣𝐴 exp

⎡

⎢

⎢

⎣

−

(

𝐽 − 𝐽𝐴
min

𝐽𝐴
0 − 𝐽𝐴

min

)2
⎤

⎥

⎥

⎦

− 𝑣𝐵 exp
⎡

⎢

⎢

⎣

−

(

𝐽 − 𝐽𝐵
min

𝐽𝐵
0 − 𝐽𝐵

min

)2
⎤

⎥

⎥

⎦

, (14)

for the limiting cases of SSH and LSH, respectively. Note that for SSH the volume fractions in Eq. (13) can either be interpreted as the
area fractions in the plane, or the thickness fractions out of the plane, cf. [15–17,27]. The derivative of the cumulative probability
of failure in Eqs. (13) and (14) gives the probability density 𝑓𝑓 = d𝑃𝑓∕ d𝐽 .

Fig. 4(a) depicts the difference between the cumulative probability of failure versus normalized 𝐽 for the SSH and the LSH case
of the heterogeneous material. The solid black curves represent the failure probability curves of the homogeneous materials of the
respective phases. The blue dashed curve corresponds to SSH and the red dot-dashed curve to LSH. It is observed for SSH, that the
low toughness phase dominates the response, which is essentially unimodal. By contrast, for LSH, the curve closely follows the SSH
solution for 𝑃𝑓 values below 𝑣𝐵 . When 𝑃𝑓 reaches 𝑣𝐵 , a plateau appears. The solution then approaches the failure probability curve
of the high toughness phase. The corresponding probability density functions, defined as 𝑓𝑓 = d𝑃𝑓∕ d𝐽 , are plotted in Fig. 4(b).
This figure underlines that the SSH case is unimodal, whereas the LSH case is bimodal. For cases that neither comply with SSH nor
LSH, the failure probability is expected to fall in between the predictions of the limiting cases as will be explored below.

3. Weakest link models without and with length scales

The choice of the hazard function ℎ is essential when evaluating Eq. (6). In this study, two functions will be employed; the
Beremin model [1] and a model by Kroon and Faleskog [20]. These will now be recapitulated.
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3.1. Beremin model

Weibull [22] states that ℎ must be a positive, non-decreasing function, vanishing at a threshold value of a critical state variable.
A simple expression satisfying this condition is the three-parameter Weibull distribution function proposed in [22]

ℎ(𝑠) =

(

𝑠 − 𝑠th
)𝑚

𝑠u
, (15)

where 𝑠 is a suitable mechanical field variable, such as a measure of stress or strain, 𝑠th is the correspondent threshold value, and
𝑠u and 𝑚 are the Weibull parameters. A widely employed framework [25,26,28–30] is based on the weakest-link model proposed
by the Beremin group [1]

𝑃𝑓 = 1 − exp
[

−
(

𝜎W
𝜎u

)𝑚]

, (16)

where 𝜎𝑢 denotes a measure for the ’fracture resistance’ of the elementary volume 𝑉0. As a critical measure for brittle failure, based
on the Griffith theory [31], the Beremin group introduced the so-called Weibull stress

𝜎W =
[

1
𝑉0 ∫𝑉

(𝜎1 − 𝜎th)𝑚 d𝑉
]1∕𝑚

. (17)

Here, 𝜎1 is the maximum principle stress, 𝑚 is a shape factor, and 𝑉 the volume of the FPZ in which the maximum principle stress
𝜎1 exceeds a threshold value 𝜎th and typically also where the onset of plastic deformation has occurred. A reasonable value for 𝑚
is 10, which will be used here.

3.2. Model based on Kroon and Faleskog

A potential limitation in the Beremin model is that the microcracks are assumed to be present at the onset of plastic yielding,
leading to a constant distribution of microcracks throughout the whole loading procedure. This approach neglects the influence of
plastic straining on the microcrack density as observed by [32–36] and discussed in [19]. Therefore, several authors [20,37,38]
view the brittle failure process as the statistically independent events of microcrack nucleation and propagation, which leads to the
separation of the hazard function

ℎ(𝜎, 𝜀p
e ) = 𝑐 ℎ1(𝜀

p
e )ℎ2(𝜎𝑖𝑗 ), (18)

where 𝑐 is a material parameter. Here, ℎ1(𝜀
p
e ) and ℎ2(𝜎𝑖𝑗 ) are plastic strain and stress-dependent hazard functions, related to

microcrack nucleation and propagation, respectively. Kroon and Faleskog [20] define the hazard functions related to crack
propagation as

ℎ2(𝜎1) = exp

(

−𝜂2
(

𝜎th
𝜎1

)2
)

− exp
(

−𝜂2
)

, 𝜎1 > 𝜎th (19)

with a material constant 𝜂, the threshold stress 𝜎th and the maximum principle stress 𝜎1. The constant 𝜂 denotes the ratio of the stress
necessary to propagate a mean-sized microcrack to the threshold stress 𝜎th. As suggested in [20], 𝜂 is here taken as 1. Several hazard
functions related to microcrack nucleation are explored in [20], where the simplest is proportional to plastic straining. Recognizing
that the amount of microcracks that can nucleate is limited, a saturation level was introduced. Therefore, this work uses the function

ℎ1(𝜀
p
e ) = tanh

(

𝜀p
e

𝜀sat

)

. (20)

A saturation level of 𝜀sat = 0.025 seems to be reasonable [20], which will be employed here.

3.3. Nonlocal considerations

Ritchie et al. [39] and Bowen et al. [40] argue that high stress levels over several grains are a necessary condition for microcrack
growth. Therefore, a nonlocal measure of the maximum principle stress, 𝜎̄1, is instead used in this work. Similar to [20], the
maximum principle stress of a nonlocal stress tensor

𝜎̄𝑖𝑗 (𝒙) =
1
𝑉𝐿 ∫𝑉𝐿

𝜎𝑖𝑗 (𝒙 − 𝒙̄) d𝑉 , (21)

is used to evaluate 𝜎̄1, cf. [41]. In Eq. (21), 𝑉𝐿 is a spherical volume with a radius defined by a length parameter 𝐿. Note that the
nonlocal measure reduces to a local measure for 𝐿 = 0.
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Fig. 5. (a) Modified boundary layer problem. (b) Near-tip mesh used in the FE analysis.

4. Modeling

The full range of heterogeneity from SSH to LSH will be investigated for a test series with a large number of specimens 𝑀 ,
where 𝑀 is large enough to mimic an infinite number of tests. In these tests, the crack tip position is unknown and assumed to
be uniformly distributed in the microstructure. Note that each crack tip position then represents a test and will result in a unique
cumulative failure probability curve. The analysis was carried out in a four-step procedure, as outlined below:

I. A numerical analysis of a crack geometry was conducted under small-scale yielding (SSY) conditions by use of the finite
element method. For this purpose, a plain strain, modified boundary layer (MBL) formulation in 2D, was used as described
in Section 4.1. Both phases were modeled by an isotropic material, with the same elastic–plastic properties, with Young’s
modulus 𝐸 and Poisson’s ratio 𝜈. The plastic response is governed by an associated 𝐽2 flow theory with isotropic nonlinear
hardening given by the hardening function

𝜎𝑦(𝜀𝑝𝑒) = 𝜎0(1 + 𝜀p
e∕𝜀0)

𝑁 , (22)

where 𝜎0 is the initial yield stress, 𝑁 is the hardening exponent, and a reference strain is defined by 𝜀0 = 𝜎0∕𝐸. Generally, both
fracture and elastic–plastic properties vary spatially in a heterogeneous material. As only a qualitative analysis of the essential
features of heterogeneity will be studied, here it suffices to only consider a variation of fracture properties. This simplification
allows for full utilization of the self-similar solution of the MBL-modeling which significantly reduces the computational time.

II. If a material point belongs to phase 𝐴 or 𝐵, is determined by the microstructure configuration, the ratio 𝐷∕𝐿FPZ, and the
location of the crack tip. The four microstructures that were considered are defined in Section 4.2. In the discretized finite
element (FE) analysis, a material point is represented by an integration point in an element.

III. The failure probability versus fracture toughness was evaluated by applying Eq. (6) to the near-crack tip field obtained in
step I and the microstructure defined in step II. Here, the phases differ by the parameters in the hazard functions, i.e., 𝑉0𝜎𝑚𝑢 in
the Beremin model and 𝑐 in the Kroon–Faleskog model. The parameters 𝑚 and 𝜎th in the Beremin model, and the parameters
𝜎th, 𝜂, and 𝐿 in the Kroon–Faleskog model, were taken to be the same in both phases. See further details in Section 4.3.

IV. A Monte-Carlo simulation was conducted by repeating steps 2 and 3 for 𝑀 randomly distributed crack tip positions based
on a uniform distribution function. Further details are given in Section 4.2. For each position and load level quantified by 𝐽 ,
a failure probability value was obtained. The average of these failure probabilities then corresponds to the median rank of
the toughness of the specimens of the test series. Also, the highest and lowest possible probability of failure were evaluated
in every load level to represent a ‘‘worst-case’’ and a ‘‘best-case’’ scenario, respectively.

4.1. Modified boundary layer analysis

A convenient tool to obtain reliable near-crack tip fields is the MBL model [42,43], see Fig. 5. Here, the MBL formulation is
based on a two-dimensional elastic–plastic FE analysis under plane strain conditions. Assuring that the plastic zone is small enough,
SSY conditions prevail such that the stress-field remote from the plastic zone is [44]

𝜎𝑖𝑗 (𝑟, 𝜃) =
𝐾I

√

2𝜋𝑟
𝑓𝑖𝑗 (𝜃) + 𝑇 𝛿1𝑖𝛿1𝑗 , (23)

where (𝑟, 𝜃) are polar coordinates with the origin at the crack tip, 𝐾I is the Mode I stress intensity factor, 𝑓𝑖𝑗 (𝜃) are the non-
dimensional angular functions, 𝑇 is the non-singular stress term, i.e., the so-called 𝑇 -stress and 𝛿𝑖𝑗 is the Kronecker delta. At the
remote boundary, 𝑟 = 𝑅, the corresponding displacement boundary conditions are expressed as

𝑢𝑥(𝑅, 𝜃) = 𝐾I
1 + 𝜈
𝐸

√

𝑅
2𝜋

[

cos
( 𝜃
2

)(

2 − 2𝜈 − cos2
( 𝜃
2

))

+ 𝜅(1 − 𝜈) cos(𝜃)
]

(24a)
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Fig. 6. Microstructure configurations, where the white and black part illustrates the high toughness phase 𝐴 and the low toughness phase 𝐵, respectively.

Fig. 7. The blue squares represent the repetitive unit cell of the microstructure configurations. The side length of a unit cell is 𝐷.

𝑢𝑦(𝑅, 𝜃) = 𝐾I
1 + 𝜈
𝐸

√

𝑅
2𝜋

[

sin
( 𝜃
2

)(

2 − 2𝜈 − cos2
( 𝜃
2

))

− 𝜅𝜈 sin(𝜃)
]

(24b)

with the constant 𝜅 = 𝑇
√

2𝜋𝑅∕𝐾I. To improve the accuracy in the FE analysis, the initial crack tip is modeled as a small notch with
an initial root radius, 𝜌0. To ensure that the influence of the initial notch can be neglected, solutions are evaluated when the crack
tip opening displacement (CTOD) is more than 5 times 𝜌0. The stress intensity factor 𝐾I is chosen, such that the plastic region is
significantly smaller than the geometry (< 𝑅∕1000). The 𝐽 -integral can then be expressed as 𝐽 = 𝐾2

I (1 − 𝜈2)∕𝐸. Due to symmetry,
only the upper half of the geometry was modeled in Abaqus. A typical mesh contains about 20,000 quadratic plane strain elements,
with a near-tip mesh depicted in Fig. 5(b).

Ahead of the crack tip, the elastic–plastic stress fields may be written as [45,46]

𝜎𝑖𝑗 = 𝜎SSY
𝑖𝑗 +𝑄𝜎0𝛿𝑖𝑗 , (25)

where 𝜎SSY
𝑖𝑗 is the stress field corresponding to 𝑇 = 0 and 𝑄 defines the hydrostatic stress depending on the applied 𝑇 -stress on the

boundary, cf. Eq. (23). Here, 𝑄 was evaluated as the mean value of 𝜎𝑦𝑦∕𝜎0 over the range of 1 ≤ 𝑟𝜎0∕𝐽 ≤ 5.

4.2. Microstuctures

Four different microstructure configurations were considered in this study, as illustrated in Fig. 6. These consist of repetitive unit
cells, with the side length 𝐷, as seen in Fig. 7. In the post-processing step, the Gauss points are assigned to one of the microstructure
configurations in Fig. 6.

The position of the unit cell impacts the failure probability. Therefore, the failure probability versus toughness curves were
evaluated for 𝑀 different positions of the unit cell around the crack-tip. This was achieved by assigning a phase to each integration
point in the elements in a manner described in Appendix A.

4.3. Evaluation of the failure probability

In the following, phase 𝐴 is the tougher phase. The toughness value at a 63.2% failure probability for a specimen made purely
from phase 𝐴 is 𝐽𝐴

0 , whereas for phase 𝐵 it is 𝐽𝐵
0 . The thickness of the MBL model is set to unity and thus d𝑉 = 1× d𝐴. Evaluation

of Eq. (6) utilizes the self-similarity of the solution and therefore it is convenient to introduce the non-dimensional coordinates and
area element

𝒙̃ = 𝒙
𝐽∕𝜎0

, d𝐴̃ = d𝐴
(𝐽∕𝜎0)2

. (26)
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Fig. 8. Non-dimensional size of the fracture process zone 𝜏, (a) at 𝐽 = 𝐽𝐴
0 for 𝑄 = 0 plotted versus 𝜎th∕𝜎0 and (b) at 𝐽 = 𝐽𝐴

0 for 𝑄 = −0.83 plotted versus 𝜎th∕𝜎0
for the nonlocal length scales 𝐿∕(𝐽𝐴

0 ∕𝜎0) ∈ {0, 1, 2, 3}.

The length parameter 𝐿 introduced in Section 3.3 is then normalized

𝜆0 =
𝐿

𝐽𝐴
0 ∕𝜎0

(27)

to express the non-dimensional length parameter in every load level

𝜆 = 𝜆0
𝐽𝐴
0
𝐽

. (28)

Further, the length

𝐿FPZ
(

𝜆, 𝜎th
)

=
√

𝐴FPZ (29)

is taken to represent the size of the FPZ, where 𝐴FPZ is the area where the nonlocal maximum principle stress 𝜎̄1 exceeds the threshold
stress 𝜎th. As the FPZ increases with increasing loading, the size of the FPZ at 𝐽 = 𝐽𝐴

0 becomes

𝐿0
FPZ = 𝐿FPZ

(

𝜆0, 𝜎th
)

. (30)

Fig. 8(a)–8(b) show how 𝐿0
FPZ evolves with the threshold stress 𝜎th, for different length parameters and constraints. The heterogeneity

ratio at 𝐽 = 𝐽𝐴
0 is then

𝛿0 =
𝐷

𝐿0
FPZ

(31)

which defines

𝛿 = 𝛿0
𝐽𝐴
0
𝐽

. (32)

Note that the choice of the normalization of the heterogeneity length 𝐷 in Eq. (31) differs from the normalization of the length
parameter in Eq. (27) in order to eliminate the influence of the FPZ size on the failure probability induced by the threshold stress
𝜎th. As discussed in Section 2, the heterogeneity length 𝐷 alone is not sufficient to make conclusions on whether SSH or LSH
conditions prevail, but rather the ratio of 𝐷 to 𝐿0

FPZ.
Inserting (26) into Eq. (6) leads to the probability of failure

𝑃𝑓 = 1 − exp

[

−
(

𝐽
𝜎0

)2
(

𝛷𝐴(𝜆, 𝛿, 𝑣𝐴) +𝛷𝐵(𝜆, 𝛿, 𝑣𝐵)
)

]

, (33)

where

𝛷𝐴(𝜆, 𝛿, 𝑣𝐴) = ∫𝐴̃𝐴(𝑣𝐴 ,𝛿)
ℎ𝐴(𝜀𝑝𝑒(𝒙̃), 𝜎̄1(𝒙̃, 𝜆)) d𝐴̃ (34)

and

𝛷𝐵(𝜆, 𝛿, 𝑣𝐵) = ∫𝐴̃𝐵 (𝑣𝐵 ,𝛿)
ℎ𝐵(𝜀𝑝𝑒(𝒙̃), 𝜎̄1(𝒙̃, 𝜆)) d𝐴̃ (35)

with the non-dimensional areas 𝐴̃𝐴(𝑣𝐴, 𝛿) and 𝐴̃𝐵(𝑣𝐵 , 𝛿), that cover phase 𝐴 and phase 𝐵, respectively. Functions 𝛷𝐴 and 𝛷𝐵 depend
further on the parameters of the hazard function, which have to fulfill the requirements stated in Appendix B.
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Fig. 9. Failure probability versus load level curves for the three individual crack tip positions 1⃝, 2⃝, and 3⃝. Every individual curve has its own characteristic
𝐽 𝑖
0 value, defined at 𝑃𝑓 = 63.2%. The dashed curve represents the average failure probability for a test series, where one third of all specimens have configuration
1⃝, one third has configuration 2⃝, and the last third configuration 3⃝.

5. Results and discussion

The failure probability versus load level for the limiting cases SSH and LSH are well described by Eqs. (7) and (11), which
simplify to Eqs. (13) and (14) under SSY conditions. In this section, the transition between the limiting cases will be discussed.
First, an example of three distinct positions of the crack-tip in a weld microstructure (see Fig. 6) is discussed, which brings out
essential features of the impact of heterogeneity. This is followed by a study of the influence of all the microstructure configurations
shown in Fig. 6. A comprehensive study of the impact of the volume ratio and the relative toughness on the 𝐽0 value of the SSH and
LSH solution then follows. Aspects of constraint are discussed. This section concludes with an analysis of the interaction between a
crack tip and a horizontal phase boundary. In all cases presented below, the Poisson’s ratio 𝜈 = 0.3, the reference strain 𝜀0 = 0.002,
and the strain hardening exponent 𝑁 = 0.1 were chosen. If not otherwise stated, 𝑇 = 0.

5.1. Heterogeneity — an introductory example

For homogeneous materials, the scatter in fracture toughness, seen in Fig. 4(a) for the pure phases, is due to a random spatial
distribution of trigger sites for brittle failure. However, for heterogeneous materials, another source of scatter arises owing to
uncertainties regarding the microstructure configuration in close vicinity of the crack tip. This heterogeneity-driven scatter depends
on the ratios 𝐷∕𝐿FPZ and 𝐽𝐵

0 ∕𝐽𝐴
0 , and the volume fractions of the phases (𝑣𝐴, 𝑣𝐵). The complex interaction of sources of scatter will

now be explored by use of the weld microstructure configuration, with 𝐽𝐵
0 = 0.2 𝐽𝐴

0 and volume fraction 𝑣𝐴 = 64% and 𝑣𝐵 = 36%
(the white and black domain in Fig. 6(d) represent phase 𝐴 and 𝐵, respectively). In the examples discussed below, the nonlocal
Kroon–Faleskog (KF) model with 𝜆0 = 2 and 𝜎th = 2.5 𝜎0 was used.

As an example, consider the three crack tip positions depicted as 1⃝, 2⃝, and 3⃝ in Fig. 9, where 𝛿0 = 1. These positions result
in the three fracture toughness distributions shown in the graph. The scatter in toughness observed in each curve is primarily due
to the trigger site distribution, whereas the difference between the curves is caused by heterogeneity. Now, consider a large series
of tests where the crack tips are evenly distributed among these three positions. Thus, the scatter in toughness observed in this
series of fracture tests will be amplified by heterogeneity. For instance, the scatter due to heterogeneity may be understood by
the distribution in 𝐽0-values at 𝑃𝑓 = 63.2%, indicated by the arrow in Fig. 9. The rank probability of the test series may now be
constructed as the average of the failure probability for any given load level 𝐽 as depicted by the dashed curve in Fig. 9.

If the number of randomly distributed crack tip positions considered in the simulation increases, the average failure probability
curve will eventually converge towards the rank probability of a test series with an infinite number of tests as discussed in Section 4.
A convergence study showed that 𝑀 = 20000 random crack tip positions suffice to obtain accurate solutions in the full range
from SSH to LSH. In Fig. 10, the average failure probability is plotted versus the load level in 𝐽 normalized by 𝐽𝐴

0 for the weld
microstructure configuration. In each graph, the failure probability curves for the pure phases are shown as a reference. Also, the SSH
and LSH solution from Eqs. (7) and (11) are included, where the integrals were evaluated numerically using the KF model. Graphs
(a) and (c) present solutions for the heterogeneity ratios 𝛿0 = 0.01 and 𝛿0 = 100, which essentially fall on top of the predictions
for SSH and LSH, respectively. Thus, for any heterogeneity ratio 𝛿0, the average failure probability curve will fall in between these.
Also, note that the SSH and the LSH solutions closely follow each other for 𝑃𝑓 ≲ 𝑣𝐵 = 36%, which is in line with the observation
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Fig. 10. Average probability of failure versus load level for the weld microstructure with volume ratios 𝑣𝐴 = 64% and 𝑣𝐵 = 36% and 𝐽𝐵
0 = 0.2 𝐽𝐴

0 . The KF model
was used with the nonlocal length 𝜆0 = 2 and the threshold stress 𝜎th = 2.5 𝜎0. The failure probability curves for all individual crack tip positions fall in the blue
domain.

Fig. 11. Histograms of the 𝐽 𝑖
0 values at 𝑃𝑓 = 63.2% of the individual curves normalized by the number of crack tip positions 𝑀 and the bin width. As a reference

the 𝐽0 value at 𝑃𝑓 = 63.2% of the average curve is given. Note that, 𝐽0 is not the average of the 𝐽 𝑖
0 values.

made in Section 2.4. In Fig. 10(b), the results for the intermediate heterogeneity ratio 𝛿0 = 1 are shown. As seen from Eq. (32), the
degree of heterogeneity depends on the size of the FPZ and, thus, on the load level. As a consequence, the average failure probability
curve shifts from LSH conditions that prevail at low loads towards SSH conditions at higher loads. This phenomenon is present in
Fig. 10(b), but not visible with the resolution at hand.

The blue domains in Fig. 10 represent the full span between the lowest and the highest failure probability curve for all 𝑀 crack
tip positions. For a given failure probability, the resulting 𝐽 -values are not uniformly distributed. To illustrate this, consider the
load level 𝐽 at 𝑃𝑓 = 63.2% for each of the 𝑀 crack tip positions, here denoted as 𝐽 𝑖

0. In Fig. 11 a histogram of these values 𝐽 𝑖
0 is

presented for 𝛿0 = {0.01, 1, 100} on a lin-log scale. The range in 𝐽 covered in each histogram corresponds to the width of the blue
domain at 𝑃𝑓 = 63.2% in Fig. 10. Under the SSH conditions shown in Fig. 11(a), the result is independent of the crack tip position
and the failure distribution is unimodal. By contrast, under the LSH conditions shown in Fig. 11(c), the relative number of tests
with 𝐽 𝑖

0 = 𝐽𝐴
0 or 𝐽 𝑖

0 = 𝐽𝐵
0 is approximately 𝑣𝐴 or 𝑣𝐵 , respectively, and the failure distribution becomes bimodal. For the intermediate

heterogeneity ratio (𝛿0 = 1) the histogram is dominated by SSH, but extends towards LSH, as seen in Fig. 10(b).

5.2. Influence of microstructure configuration

For small and large heterogeneity ratios the predictions are essentially captured by the SSH and the LSH solution as observed
above, which was here confirmed for all microstructure configurations. For such cases, the microstructure configuration plays a
minor role. To bring out the effects of the microstructure configuration, the focus will here be on an intermediate heterogeneity
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Fig. 12. Average failure probability versus load level curves for different microstructure configurations with the same volume ratios 𝑣𝐴 = 64% and 𝑣𝐵 = 36%,
and the heterogeneity ratio 𝛿0 = 1. As a reference the pure phase solutions are depicted by the solid curves and the SSH and LSH solutions frame the yellow
domain, marking the bounds of the average failure probability curves.

ratio (𝛿0 = 1). The four microstructures shown in Fig. 6 will now be examined. Again, a ratio 𝐽𝐵
0 ∕𝐽𝐴

0 = 0.2 was chosen, with volume
fraction 𝑣𝐴 = 64% and 𝑣𝐵 = 36%, and the nonlocal KF model with 𝜆0 = 2 and 𝜎th = 2.5 𝜎0 was used.

In Fig. 12 the average failure probability is plotted versus the load level normalized by 𝐽𝐴
0 for the microstructures. It is clear

from this figure, that the microstructure configuration matters. The relative difference in load between the maximum (vertical lines)
and the minimum (weld) at 𝑃𝑓 = 63.2% is approximately 50%. Note that all curves fall in between the SSH and LSH solutions, the
area marked yellow in the figure. It may also be noted that the individual order may shift as the loading increases. The reason for
this is the complex interaction between the mechanical fields and the fracture properties of the two phases; the hazard field spreads
differently in the 𝑥 and 𝑦 directions. As noticed above for the weld microstructure in Fig. 10(b), all microstructure configurations
predict a shift from LSH to SSH as the load increases.

5.3. Influence of the heterogeneity ratio — limits of the averaged curves

The influence of the heterogeneity length scale 𝛿0 was investigated by computing the failure probability curves for 20,000
randomly distributed crack tip positions for the weld microstructure for a range of values for 𝛿0 = [0.01, 10000]. The 𝐽 𝑖

0 value
of the curves with the highest and the lowest failure probability and the 𝐽0 of the averaged curves are plotted versus 𝛿0 in Fig. 13(a)
for the KF model with 𝜆0 = 2 and 𝜎th = 2.5 𝜎0. As the heterogeneity length scale 𝛿0 increases, 𝐽0 transitions from 𝐽 SSH

0 to 𝐽 LSH
0 .

The span between the minimum and maximum 𝐽0-value, marked as the blue domain, indicate how drastically the results can be
impacted by a non-random choice of the crack tip location in the material. For a fully random distribution of the crack tip positions,
a distribution of 𝐽 𝑖

0 as seen in Fig. 11 is to be expected.
If the initial crack tip is located within the low toughness phase the propagating crack might be arrested in the high toughness

phase. A simple approach to include this phenomenon to the analysis would be to exclude all simulations where the crack tip is
in the low toughness phase. In case of the analysis done in Fig. 13(a) that would reduce the number of crack tip positions from
20,000 to 12,699 (approximately 63.5% of crack tip positions remain) which corresponds roughly to the volume ratio of the high
toughness phase 𝑣𝐴 = 64%. The dashed line in Fig. 13(a) is the 𝐽0-value of the average curve for the analysis including crack arrest
(denoted as 𝐽 ∗

0 ). For low values of 𝛿0 it does not differ from the analysis without crack arrest, whereas for increasing values of 𝛿0
it shifts towards the high toughness solution. Note that the scatter bounds in Fig. 13(a) only refer to the case without crack arrest.

The same analysis was repeated for the nonlocal Beremin model with 𝑚𝐴 = 𝑚𝐵 = 10, 𝜆0 = 2 and 𝜎th = 2.5 𝜎0 and the corresponding
results are shown in Fig. 13(b). As noticed, the outcome is very similar to what was obtained by using the KF model. A short comment
on the shape parameter 𝑚𝐴 and 𝑚𝐵 in the Beremin model. In this analysis the parameter was chosen to be identical in both phases,
as it does not crucially influence the heterogeneity-related observations made in this work, as seen in Appendix C. This is partially
due to the requirements for the parameters of the hazard function in Appendix B and due to the introduction of the nonlocal lengths
𝐿 to the Beremin model, which mitigates the effect of 𝑚.

The influence of loss of constraint on failure probability for the scale microstructure configuration can be ascertained in Fig. 13(c).
For this case the self-similar FE solution was generated with a 𝑇 -stress equal to −0.7 𝜎0 resulting in 𝑄 = −0.83. The load at 𝑃𝑓 = 63.2%
is denoted as 𝐽𝐴

𝑄 and 𝐽𝐵
𝑄 for phases 𝐴 and 𝐵, respectively, where 𝐽𝐴

𝑄∕𝐽𝐴
0 = 4.3 and 𝐽𝐵

𝑄∕𝐽𝐵
0 = 5.5. The solution is shifted towards

SSH.
All graphs in Fig. 13 show three distinct regions for 𝛿0, i.e. a region where SSH prevails, a region where LSH prevails and a

transitions region in between. In the SSH region, the scatter of the 𝐽 𝑖
0 values vanishes and the failure probability is essentially

unimodal, meaning that the exact crack tip positions are immaterial. For LSH, the scatter of 𝐽 𝑖
0 fills the whole space set by 𝐽𝐵

0 and
𝐽𝐴
0 , and the failure distribution is bimodal. In practice this means that, without the knowledge of the exact positions of the crack
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Fig. 13. The 𝐽0-value at 𝑃𝑓 = 63.2% of the averaged failure probability curve of the weld microstructure configuration versus the heterogeneity ratio 𝛿0. The
blue domain marks the interval between the lowest and highest possible 𝐽 𝑖

0-value of the individual failure probability curves.

tips in the microstructure, the analytical solution for LSH in Eq. (11) should be used with care. However, if the positions of the
crack tips are known, it is straight forward to use Eq. (6) to compute a well-defined failure probability versus load level curve.
This corresponds to the example shown in Fig. 9. Another example will be discussed in Section 5.5. The transition region should be
treated as LSH.

5.4. Influence of volume ratio and relative toughness

The influence of the volume ratio 𝑣𝐵 and the relative toughness of the weak phase 𝐽𝐵
0 ∕𝐽𝐴

0 is investigated under the condition
that 𝜆0 = 0. In this case, Eqs. (13) and (14) with 𝐽𝐴

min = 𝐽𝐵
min = 0 are valid. Then, to find the value of the 𝐽 -integral at different

levels of failure probability, the equations

𝑃 SSH
𝑓 = 1 − exp

⎡

⎢

⎢

⎣

−𝑣𝐴

(

𝐽
𝐽𝐴
0

)2

− 𝑣𝐵

(

𝐽
𝐽𝐵
0

)2
⎤

⎥

⎥

⎦

= 𝑝 (36a)

𝑃 LSH
𝑓 = 1 − 𝑣𝐴 exp

⎡

⎢

⎢

⎣

−

(

𝐽
𝐽𝐴
0

)2
⎤

⎥

⎥

⎦

− 𝑣𝐵 exp
⎡

⎢

⎢

⎣

−

(

𝐽
𝐽𝐵
0

)2
⎤

⎥

⎥

⎦

= 𝑝 (36b)

are solved for 𝐽 , with 𝑝 = {10%, 63.2%, 90%}. The results can be found as isocontour plots in Fig. 14, where Fig. 14(a)–14(b) show
the SSH and the LSH solution normalized by 𝐽𝐴

0 and where Fig. 14(c)–14(e) show the difference between the SSH and the LSH
solutions normalized by the SSH solution.

It can be concluded that the SSH solution is mainly affected by the relative toughness ratio 𝐽𝐵
0 ∕𝐽𝐴

0 , whereas the LSH solution
is also influenced by the volume ratio of the weak phase 𝑣𝐵 . This is due to the ‘‘knee’’ in the LSH curve occurring at 𝑃𝑓 ≈ 𝑣𝐵 , as
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Fig. 14. Contour plots of the 𝐽0 value depending on 𝑣𝐵 and 𝐽𝐵
0 ∕𝐽𝐴

0 for (a) SSH and (b) LSH. Contour plot of the relative difference of the 𝐽 -value between
SSH and LSH (𝐽 LSH − 𝐽 SSH)∕𝐽 SSH at (c) 𝑃𝑓 = 10%, (d) 𝑃𝑓 = 63.2%, and (e) 𝑃𝑓 = 90%.

discussed in Section 2. Further, the SSH and the LSH solution diverge with increasing loading. For similar toughnesses in phase 𝐴
and 𝐵, i.e. 𝐽𝐵

0 > 0.9 𝐽𝐴
0 , the SSH and the LSH solution differ by maximum 1%.

5.5. A fixed choice of the crack tip position under LSH conditions

When conducting experiments, the specimens are typically not extracted randomly from the material, but rather in a pattern,
e.g. side-by-side. In this case, Eq. (11) cannot be used for the LSH case. Instead Eq. (6) must be evaluated for the exact microstructure
configuration. As an illustrative example the microstructure configuration in Fig. 15(a) is used, where the boundary between phase
𝐴 and phase 𝐵 is parallel to the crack plane at a fixed distance 𝑒 (not random) as indicated in the figure. If the phase boundary is
far away below the crack plane (𝑒 < 0), the FPZ is completely covered by the low toughness phase which then governs the failure
probability. For a crack plane coinciding with the phase boundary (𝑒 = 0), failure probability coincides with the SSH solution with
𝑣𝐴 = 𝑣𝐵 = 0.5. As the crack tip position is not random, an average LSH solution does not exist and Eq. (11) is not valid. Note that,
the existence of an average LSH solution requires that 𝑒 is randomly and uniformly distributed, cf. Fig. 10(c). For sufficiently large
positive values of 𝑒, the failure probability is solely governed by the tough phase.

To investigate the failure probability for a fixed value of 𝑒, where the phase boundary is close to the crack tip, the KF and the
Beremin models with 𝜆0 = 2, 𝜎th = 2.5 𝜎0, and 𝐽𝐵

0 = 0.2 𝐽𝐴
0 were used. These values correspond to a FPZ size 𝐿0

FPZ = 17.4 𝐽𝐴
0 ∕𝜎0, see

Fig. 8(a). In Fig. 15(b) the probability of failure curve for 𝑒 = 0.4𝐿0
FPZ is shown, where the failure probability for the pure phases

are included as a reference. At low load levels (𝐽 < 0.55 𝐽𝐴
0 ), the failure probability follows the curve of the pure phase 𝐴. At higher

load levels, the FPZ grows into the low toughness phase 𝐵, which then dominates the evolution of the failure probability. The SSH
solution shown in Fig. 15(b) represents the case for 𝑒 = 0, whereas the curve corresponding to Eq. (11) would be valid if 𝑒 was
randomly distributed.

In Fig. 15(c), the value 𝐽0, evaluated at 𝑃𝑓 = 63.2%, is plotted versus 𝑒 for a range of interest. Here, 𝑒 is normalized by the size
of the FPZ at 𝐽 = 𝐽𝐴

0 . It can be observed that 𝐽0 shifts from 𝐽𝐵
0 to 𝐽𝐴

0 almost linearly. The most probable location of the trigger
site for initiation of brittle failure may be estimated from where the ℎ-field attains maximum. The 𝑦-coordinate of this position is
plotted in Fig. 15(d). For 𝑒 < 0, the expected trigger site is in the low toughness phase 𝐵 close to the crack plane. When 𝑒 increases,
the most probable trigger site follows the phase boundary. This trend is abruptly interrupted at 𝑒 ≈ 0.7𝐿0

FPZ, where the expected
trigger site again is located close to the crack plane, but now in the high toughness phase 𝐴. Note that these observations are valid
for both models employed.
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Fig. 15. (a) Microstructure configuration investigated in Section 5.5. (b) Failure probability versus load level curve for 𝑒 = 0.4𝐿0
FPZ for the KF model using

𝜆0 = 2, 𝜎th = 2.5 𝜎0, and 𝐽𝐵
0 = 0.2 𝐽𝐴

0 . (c) The 𝐽0-value versus 𝑒. (d) The 𝑦-coordinate of the Gauss point with the highest probability of failure versus 𝑒.

6. Application of the concept to experimental results

In this section, the modeling concept is applied to a series of fracture tests carried out by Knott and co-workers [47–49]. These
experiments are interesting in the context of the current study as they involve heterogeneous materials that cover the whole range
from SSH to LSH.

6.1. Small scale to intermediate heterogeneity

Zhang and Knott [47,48] investigate the fracture properties in three different microstructures of the pressure vessel steel A533B:
single bainite, single auto-tempered martensite, and a mixture of bainite-plus-martensite. The microstructures were produced at
austenization temperatures 1250 ◦C and 950 ◦C, resulting in grain sizes of ∼200 μm and ∼14 μm, respectively. The tests were
conducted at temperature −80◦C on SEN(B) specimens with deep prefatigued cracks where all failed by cleavage fracture under
small-scale-yielding conditions. Thus, fracture toughness distributions were obtained for two sets of specimens (grain sizes) with
the three types of microstructure. Based on the RKR model [39], Zhang and Knott estimate the size of the fracture process zone to
be in the range of 70 to 100 microns, which is slightly less but comparable to the size of 𝐿FPZ, that would be obtained from the
analysis in Section 4.3. Since the packet size of bainite and martensite is directly related to the grain size, we assume that the grain
size is a reasonable estimate of the heterogeneity length scale, 𝐷. Thus, in the light of Fig. 13(a) in the present study, it is expected
that the fracture toughness distribution pertaining to the bainite-plus-martensite microstructure of grain size ∼ 14 μm (austenized
at 950 ◦C) would be one of SSH, as 𝐷 ≲ 0.1𝐿FPZ. For the corresponding microstructure with grain size ∼ 200 μm (austenized at
1250 ◦C), 𝐷 ≈ 𝐿FPZ and is thus supposed to fall in the category of intermediate heterogeneity.
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Table 2
Two phases with different properties from [47].
Grain size Microstructure 𝐾0 [MPa

√

m] 𝐾min [MPa
√

m]

∼1 μm Bainite 46.5 35.0
Martensite 92.6 79.5

∼200 μm Bainite 33.3 23.0
Martensite 91.4 66.3

Fig. 16. Experimental data from [47–49] and their fits. One set of single bainite, single auto-tempered martensite, and a mixture of bainite-plus-martensite
where the heterogeneity length relates to the grain size of (a) ∼14 μm and (b) ∼200 μm. (c) Two sets of experiments for an as-received material and the same
material, albeit degraded, ranked and fitted separately and mixed.

As SSY conditions prevail in the experiments by Zhang and Knott, the probability of failure in tests carried out on specimens
with a microstructure of single bainite or single auto-tempered martensite will be described by Eq. (12), but in terms of 𝐾I instead
of 𝐽 , hence

𝑃𝑓 = 1 − exp

[

−
(

𝐾𝐼 −𝐾min
𝐾0 −𝐾min

)4
]

(37)

Fitting Eq. (37) to the 𝐾Ic listed in Table 5 in [48], the parameters 𝐾0 and 𝐾min presented in Table 2 were obtained.
The failure probability versus 𝐾I is plotted in Fig. 16(a) for the SSH case (grain size ∼ 14 μm). The solid lines in the graph

pertain to the single phase microstructures. The failure probability for the mixed bainite-plus-martensite microstructure may then
be predicted by us of Eq. (13), where phase A is identified as single auto-tempered martensite and phase B with single bainite.
In [47,48], 𝑣𝐴 is reported as 55%, and thus 𝑣𝐵 = 1 − 𝑣𝐴 ≈ 45%. These volume fractions result in the dot-dashed curve in Fig. 16(a),
which is in fair agreement with the ranked probability of the experiments, whereas decreasing 𝑣𝐴 to 21% gives an almost perfect
match.

Turning to the intermediate heterogeneity case (grain size ∼ 200 μm), the solid lines in Fig. 16(b) represents the failure probability
versus 𝐾I for the single phases. Evaluation of the failure probability of the mixed bainite-plus-martensite microstructure requires
some considerations. Zhang and Knott argue that it is necessary to examine the scale over which ‘‘randomness’’ or ‘‘non-randomness’’
exists and divided the experimental outcome in six representative groups with average toughness values in unit MPa

√

m with number
of specimens per group in parenthesis as follows: 35.1 (1), 43.6 (3), 52.6 (1), 67.6 (2), 75.2 (1), 90.4 (2). The data in Table 2 suggests
that 𝐾min ≈ 2𝐾0∕3. Thus, a failure probability versus 𝐾I may then be constructed for each group by use of Eq. (37). These curves
are plotted in Fig. 16(b) as dot-dashed lines. Following the procedure outlined in Section 5.1 in connection with Fig. 9, an average
failure probability versus 𝐾I curve may now be created, which is plotted as the dashed line in Fig. 16(b). Although the agreement
with the ranked probability curve from the experiments is compelling, it should be noted that had Zhang and Knott repeated the
tests using ten other specimens, the experimental outcome had most likely been different. This, in turn, would have affected the
grouping of specimens within the current modeling concept and, thus, the distribution of fracture toughness somewhat.

6.2. Large-scale heterogeneity

In the study by Wu and Knott [49], the fracture stress 𝜎F of a pressure-vessel weld metal was determined using blunt-notch
four-point-bend specimens. The experiments were conducted using 16 specimens from the as-received material and 18 specimens
from the same material that was degraded by a thermal treatment. First, the fracture stress was ranked for both materials individually
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(two separate distributions), and then the same data was ranked together (one mixed distribution) as seen in Fig. 16(c). These three
distributions can be fitted to a two-parameter Weibull distribution

𝑃𝑓 = 1 − exp
[

−
(

𝜎F
𝜎u

)𝑚]

, (38)

where 𝜎u and 𝑚 are the fitting parameters as indicated by the solid line for the separate ranks and the dot-dashed line for the mixed
rank in Fig. 16(c). The figure shows that the unimodal fit to the mixed material is not satisfactory. This procedure is criticized by Wu
and Knott [49], who write, ‘‘The intelligent observer [...] might decide [...] that there would be merit in examining and re-analyzing
the data-points, but modern trends are such that raw data are fed into a post-processor, which automatically generates values of 𝑚
(the Weibull modulus) and 𝜎u (the 63% probability characterizing parameter)’’ (p. 920).

The mixed curve can then accurately be described by a bimodal LSH approach

𝑃mixed
𝑓 = 𝑤a𝑃

as-received
𝑓 +𝑤d𝑃

degraded
𝑓 (39)

where 𝑃 as-recieved
𝑓 and 𝑃 degraded

𝑓 are the unimodal fits (see Eq. (38)) to the individually ranked materials and 𝑤a = 18∕34 and
𝑤d = 16∕34 are the ratios of the number of specimens tested for the as-received and the degraded material to the total number of
specimens, respectively. Eq. (39) corresponds to the analytical LSH description introduced by Eq. (8) in Section 2.3 and is plotted
as a dashed line in Fig. 16(c).

This example clearly shows the parallels between large-scale heterogeneity and mixing toughness distributions from two different
materials. Thus, Eq. (8) must be used with care as it is severely dependent on the fraction of specimens belonging to each phase.

7. Concluding remarks

The effects of spatial heterogeneity in toughness properties on weakest-link modeling were investigated for microstructures,
where the elastic–plastic properties are the same in the different phases. A heterogeneity length, defined by a size scale describing the
variation of toughness, was introduced. The analysis showed that heterogeneity can be characterized by the ratio of the heterogeneity
length to the size of the fracture process zone, the heterogeneity ratio. In case of small-scale heterogeneity (SSH), the heterogeneity
ratio is small, and the failure probability is independent of the crack tip position. Failure probability plotted versus load level, e.g., 𝐽
or 𝐾I, is then expected to be essentially unimodal and can be evaluated analytically by the use of Eq. (7).

On the contrary, for large-scale heterogeneity (LSH), the heterogeneity length scale is very large compared to the size of the
fracture process zone, and failure probability depends strongly on the crack tip position. In this case, only if it can be assumed that
the crack tips are randomly and uniformly distributed and that an infinite number of tests are carried out, an analytical solution
for the failure probability (Eq. (11)) exists. For a finite amount of test specimens, the microstructure configuration in the fracture
process zone must be known for every specimen to draw conclusions on the failure probability.

In a material with an inhomogeneous microstructure in the close vicinity ahead of a crack tip, the material should be regarded
as heterogeneous in the initial loading stage. As the load increases, the highly stressed region ahead of the crack tip grows and
successively involves more and more of the inhomogeneous microstructure. Therefore, if the heterogeneity ratio can be viewed
as intermediate, the response would shift from LSH to SSH as the load increases, and an average failure probability versus load
response cannot be evaluated by existing analytical frameworks. Accurate predictions would then require detailed knowledge of the
crack front location in the microstructure.

Parameters defining the heterogeneity are the volume ratios of the phases and the ratio of the lower toughness to the higher
toughness of the phases. Those were examined for the analytical small-scale heterogeneity and the analytical average large-scale
heterogeneity solutions. The study demonstrates that for similar toughness ratios, the difference between the failure probability
under small-scale heterogeneity and large-scale heterogeneity becomes insignificant. The small-scale heterogeneity solutions are
dominated by the low toughness phase, and hence, it is rather independent of the exact values of the volume ratios. However, the
large-scale heterogeneity solution depends on both parameters.

The analysis was carried out using two different hazard functions, the Beremin model and the Kroon–Faleskog model. The models’
parameters were chosen so that the homogeneous response is essentially the same for both models. It can be concluded that the
choice of the hazard function does not influence the trends observed due to heterogeneity. Additionally, an analysis was conducted
where the loss of constraint was considered. Similar to the homogeneous cases, negative 𝑇 -stresses shift the probability of failure
curves to higher values of 𝐽 . For higher loads, the fracture process zone grows larger; thus, larger values of the heterogeneity length
are necessary to reach large-scale conditions.

Finally, a comment on the possible influence of a difference in plastic properties between the phases, which was not explicitly
investigated in this work. In case of SSH, the heterogeneity length is expected to be small enough to justify a homogenization of
plastic properties. In case of LSH, where the exact microstructure configuration ahead of the crack tip must be known regardless,
a possible difference in plastic properties should be included in the finite element analysis to draw conclusions on the failure
probability.
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Appendix A. Mathematical description of microstructure configuration

To assign a material point with the coordinates (𝑥, 𝑦) to either phase 𝐴 or phase 𝐵, a phase field

𝑍(𝑥, 𝑦) =
{

1 → phase A
0 → phase B (A.1)

is introduced. For the squared microstructure configuration, the Z-field becomes

𝑍squares(𝑥, 𝑦) =𝐻

(

cos

(

2𝜋
(

𝑥 − 𝑥0
)

𝐷

)

− cos
(

𝜋
√

𝑣𝐴
)

)

×

𝐻

(

cos

(

2𝜋
(

𝑦 − 𝑦0
)

𝐷

)

− cos
(

𝜋
√

𝑣𝐴
)

)

(A.2)

where 𝑣𝐴 is the volume ratio of phase 𝐴, 𝐻(⋅) is the Heaviside step-function, 𝐷 is the side length of the repetitive unit cell, and
(𝑥0, 𝑦0) defines the position of the center of the repetitive unit cell as shown in Fig. 7. If 𝑍squares(𝑥, 𝑦) = 1, the material point at (𝑥, 𝑦)
belongs to phase 𝐴, otherwise to phase 𝐵. In the same manner, a phase field for the other microstructures is obtained.

The phase field for the vertical microstructure is

𝑍vertical(𝑥) = 𝐻

(

cos

(

2𝜋
(

𝑥 − 𝑥0
)

𝐷

)

− cos
(

𝜋𝑣𝐴
)

)

(A.3)

and for the horizontal microstructure

𝑍horizontal(𝑦) = 𝐻

(

cos

(

2𝜋
(

𝑦 − 𝑦0
)

𝐷

)

− cos
(

𝜋𝑣𝐴
)

)

. (A.4)

The phase field for the scaled microstructure depends on the twice transformed coordinates

𝑥rot(𝑥, 𝑦) = cos
(𝜋
4

)

(𝑥 − 𝑥0) − sin
(𝜋
4

)

(𝑦 − 𝑦0) (A.5a)

𝑦rot(𝑥, 𝑦) = sin
(𝜋
4

)

(𝑥 − 𝑥0) + cos
(𝜋
4

)

(𝑦 − 𝑦0) (A.5b)

and

𝑥trans(𝑥rot, 𝑦rot) =
2
√

2
𝐷

𝑥rot −
|

|

|

|

|

|

sin

(
√

2𝜋
𝐷

𝑦rot

)

|

|

|

|

|

|

(2 −
√

2) (A.6a)

𝑦trans(𝑥rot, 𝑦rot) =
2
√

2
𝐷

𝑦rot −
|

|

|

|

|

|

sin

(
√

2𝜋
𝐷

𝑥rot

)

|

|

|

|

|

|

(2 −
√

2) (A.6b)

which finally gives the phase field for the scaled microstructure configuration

𝑍scales(𝑥trans, 𝑦trans) =𝐻
(

cos
(

𝜋
(

𝑥trans + 1
))

− cos
(

𝜋𝑣0.556𝐴
))

×

𝐻
(

cos
(

𝜋
(

𝑦trans + 1
))

− cos
(

𝜋𝑣0.556𝐴
))

. (A.7)
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Fig. 17. Failure probability versus loading curves for 𝛿0 = 1 by use of the nonlocal Beremin-model with 𝜆0 = 2, 𝜎th = 2.5 𝜎0, 𝐽𝐵
0 = 0.2 𝐽𝐴

0 and 𝑣𝐵 = 36% and
𝑣𝐴 = 64%.

Appendix B. Requirements for the parameters of the hazard function

The values 𝐽𝐴
0 and 𝐽𝐵

0 define the failure probability of 1 − exp(−1) ≈ 63.2% for the pure phases. To guarantee consistency, the
relations

𝐽𝐴
0 =

𝜎0
√

𝛷𝐴(𝜆0, 𝛿, 𝑣𝐴 = 1)
and 𝐽𝐵

0 =
𝜎0

√

𝛷𝐵(𝜆0, 𝛿, 𝑣𝐵 = 1)
(B.1)

must be fulfilled. Note that in Eq. (B.1), 𝛿 will not influence the functions 𝛷𝐴 and 𝛷𝐵 because they are evaluated for pure phases.
Based on Eq. (B.1), the parameters in the hazard functions can now be determined. For the Beremin model

𝜎𝑚𝐴
𝑢,𝐴𝑉0 =

(

𝐽𝐴
0
𝜎0

)2

∫𝐴̃
(𝜎̄1 − 𝜎th)𝑚𝐴 d𝐴̃ and 𝜎𝑚𝐵

𝑢,𝐵𝑉0 =

(

𝐽𝐵
0
𝜎0

)2

∫𝐴̃
(𝜎̄1 − 𝜎th)𝑚𝐵 d𝐴̃ (B.2)

and for the Kroon–Faleskog model

𝑐𝐴 =

(

𝜎0
𝐽𝐴
0

)2
1

∫𝐴̃ ℎ1(𝜀
𝑝
𝑒)ℎ2(𝜎̄1) d𝐴̃

and 𝑐𝐵 =

(

𝜎0
𝐽𝐵
0

)2
1

∫𝐴̃ ℎ1(𝜀
𝑝
𝑒)ℎ2(𝜎̄1) d𝐴̃

. (B.3)

Note that if 𝐿 = 0, the following holds

𝜎𝑚𝐵
𝑢,𝐵𝑉0 = 𝜉2𝜎𝑚𝐴

𝑢,𝐴𝑉0 and 𝑐𝐵 =
𝑐𝐴
𝜉2

. (B.4)

Appendix C. Effect of shape factor m

In Fig. 17, the failure probability versus load level is plotted for three different combinations of the exponent in the Beremin
model. As can be seen, the average failure probability curve (dashed line) depends mostly on the effects due to heterogeneity and
are only slightly influenced by the exponent 𝑚, as discussed in Section 5.3.
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A B S T R A C T   

In this paper, weld metal from unique material of a decommissioned boiling water reactor pressure vessel is 
investigated. The reactor was in operation for 23 effective full power years. The elemental distribution of Ni, Mn, 
Si and Cu in the material is analysed using atom probe tomography. There are no well-defined clusters of these 
elements in the weld metal. However, some clustering tendencies of Ni was found, and these are interpreted as a 
high number density of small features. Cu atoms were found to statistically be closer to Ni atoms than in a fully 
random solid solution. The impact of the non-random elemental distribution on mechanical properties is judged 
to be limited.   

1. Introduction 

The integrity of the reactor pressure vessel (RPV) is of great impor
tance for the safety of a nuclear power plant [1–3]. During operation, 
neutrons from the reactor core interact with the material and affect the 
mechanical properties. During the lifetime of the power plant, the RPV is 
embrittled and the ductile-to-brittle-transition-temperature (DBTT) is 
increased [3,4]. This change in properties is due to several phenomena 
taking place in the material. The neutrons interact with the steel, and the 
result of this is formation of matrix defects (such as clusters of vacancies 
and interstitials). Furthermore, P segregates to grain boundaries, and 
nanometre sized clusters containing Ni, Mn, Si, and Cu are formed in the 
material. This has been studied for a wide range of RPV materials and 
conditions [5–15]. 

In order to experimentally study the RPV, surveillance material is 
often used. This material has been placed inside the reactor during 
operation, and can thus be removed at different times, to study the effect 
of irradiation at certain neutron fluences. The surveillance samples are 
placed closer to the core and are thus exposed to a higher neutron flu
ence and flux than the RPV itself. This makes it possible to predict what 
occurs in the actual RPV in advance, although there might be some ef
fects of the higher flux [16–21]. There are few studies of the RPV other 
than surveillance material, as the RPV is not possible to replace [1], and 

thus a decommissioned RPV is a unique asset [22,23]. Atom probe to
mography (APT) enables to study the Ni, Mn, Si, and Cu clustering, as 
the chemical composition can be studied with near-atomic resolution 
using this technique [24]. 

Earlier studies of Uddcomb manufactured Swedish high Ni and Mn, 
low Cu surveillance weld metal has shown that the composition results 
in excellent properties at the beginning of life, but a significantly higher 
than expected embrittlement compared to many other active nuclear 
reactors in pressurized water reactors (PWRs) during neutron irradiation 
[25,26]. This is attributed to the high Ni and Mn content of the material. 
APT analysis reveals nanometre clusters that are mainly rich in Ni, Mn 
and Si, and only contain small amounts of Cu [27–29]. Positron anni
hilation spectroscopy (PAS) of surveillance material during annealing 
show dissolution of vacancy clusters at 650 K and dissolution of sol
ute–vacancy clusters at 750 K [30]. Furthermore, the effect of neutron 
flux relevant for PWRs has been studied for these materials by 
comparing surveillance material with high flux materials research 
reactor irradiated material. It was found that although a higher flux 
resulted in smaller clusters with a higher number density and more 
matrix damage, the resulting mechanical properties were similar for the 
same neutron fluence [28,31,32]. The effects of thermal ageing at higher 
temperatures have been studied for the same materials, by studying a 
pressurizer that had been in operation for 28 years at 345 ◦C. This 
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material was embrittled and also, it contained precipitates that con
tained more Cu than the precipitates in irradiated weld metal [33,34]. 
Furthermore, studies of the RPV head of Barsebäck Unit 2 show that for 
that component, that was thermally aged at 288 ◦C, there is no signifi
cant effect on fracture toughness from the ageing [35,36]. 

In this paper, RPV weld metal from the beltline of a decommissioned 
RPV from a power plant (Barsebäck unit 2) is analysed using APT. This 
RPV has high Ni and Mn, and low Cu, like the rest of the Swedish 
Uddcomb RPVs [37]. Barsebäck Unit 2 was a boiling water reactor 
(BWR), and thus the RPV has a larger radius than the RPV of a PWR. The 
result of this is a relatively low neutron fluence and a low neutron flux. 
The reactor was in operation between 1977 and 2005. The mechanical 
properties were studied by Lindqvist et al., showing that the Barsebäck 
Unit 2 weld metal follow ASTM E900 embrittlement trend curve pre
dictions, i. e. the low neutron fluence resulted in low embrittlent [38]. 
The objective of the project presented here was to study the elemental 
distribution within the weld metal on the nanometre scale, to investigate 
whether there is any ongoing clustering of elements as a result of the 
years of operation with very low neutron flux exposure in a BWR. The 
investigation is relevant to the operating fleet as there are a number of 
RPV beltline welds with similar composition still in operation. 

2. Material and methods 

The material investigated origins from the beltline of the decom
missioned Barsebäck Unit 2 BWR. The plant was in operation for 23 
effective full power years at a temperature of 270–280 ◦C. In this time, 
the material was exposed to a neutron fluence of 7.94 1021n/m2 at a flux 
of 1.1 1013n/m2s (E greater than 1 MeV). The RPV was manufactured by 
Uddcomb and post weld heat treatment (PWHT) at 620 ± 15 ◦C was 
performed after welding. As reference material, unirradiated surveil
lance material was used. 

Due to the material being slightly active, specimen preparation was 
done by focused ion beam/scanning electron microscope (FIB/SEM) lift- 
out rather than by electropolishing, to reduce the manual handling of 
the material. The FIB/SEM used was an FEI Versa 3D. Reference material 
was electropolished by a standard two-step method. 

APT analysis was mainly performed in an IMAGO LEAP 3000X HR 
with a detection efficiency of 37%. Voltage pulsing was used, with a 
temperature of 70 K, frequency of 200 kHz, and a voltage pulse fraction 
of 20%. For the data presented in supplementary material, an additional 
instrument (LEAP 5000 XS) was used, see supplementary material sec
tion 1.2. Reconstruction and analysis were done in IVAS 3.6 (Cameca). 
For the composition, the overlapping peaks were carefully deconvo
luted. For the radial distribution functions (RDFs), the peak at 29 Da was 
assigned as Ni, although it is overlapping with a minor isotope of Fe. 
Both Ni and Fe ions are evaporated mostly as 2 + ions, as can be seen in 
the mass spectrum in supplementary material. Thus, 80 % of the 29 peak 
is Ni, taking into account the composition of the material and the natural 
abundances of Ni and Fe isotopes. 

The RDF was used as a tool to evaluate the distribution of elements 
within the reconstructions. The RDF is a versatile and parameter free 
method to understand if elements are randomly distributed or not, and 
can be used for instance for clustering/precipitation and evaluation of 
spinodal decomposition [39–42]. The RDF is the average of the nor
malised composition of a specific element, around another specific 
element. For instance, the normalised Ni-Cu RDF is the average of radial 
Cu concentration profiles measured from each Ni atom. Unity indicates 
an average composition, that means random distribution. Larger values 
than unity for small distances indicate some kind of clustering or 
precipitation. 

In the supplementary material, there is an extensive discussion on 
analysis conditions, with an example of laser pulsed analysis, and of a 
straight flight path instrument. 

3. Results 

The composition from APT measurements can be seen in Table 1. In 
total, five analyses were performed, two of the reference material and 
three of the actual Barsebäck RPV material. As expected, there was no 
significant compositional difference between the reference and the 
irradiated material, and thus they are presented together. Due to the 
inhomogeneous nature of the weld metal, the composition varies be
tween the analyses. This can be seen in the standard deviations given in 
the table. Some of the values are smaller than the bulk value, as larger 
particles such as carbides and MnS, and segregation of some elements 
(for instance Mn, Mo, C, and P) to grain boundaries and dislocations is 
not taken into account in the values from APT, where only metal matrix 
is considered. Furthermore, small amounts of some elements (Sn, S) are 
hard to determine by APT due to overlaps with other elements in the 
mass spectrum. 

The APT data showed no pronounced clustering in the irradiated 
material. Examples of the Ni, Mn, Si and Cu distributions for both 
reference and the decommissioned RPV material can be seen in the 10 
nm thick slices in Fig. 1. Using isoconcentration surfaces, no clustering 
could be discerned. Frequency distribution analysis did not show any 
difference from random for the aged material considering Ni, Mn, Si and 
Cu atoms, but this is not a well-suited method for the potentially very 
small clusters due to the division into relatively large blocks. The 
maximum separation method (MSM) that is commonly used for cluster 
identification in APT data did not give any indication of significant 
clustering. The RDF is based on concentration variations, contrary to 
MSM that is density based. This makes RDF less influenced by density 
variations, which can induce noise into the MSM. Thus, RDFs were used 
to characterise the atomic distribution of elements. 

The Ni-Ni RDFs for the three irradiated and the two reference ma
terial analyses can be seen in Fig. 2 a). The Ni-Ni RDF values for small 
distances (below about 1 nm) are higher for the aged material than for 
the reference material. In b), c) and d), the Ni-Cu, Ni-Mn, and Ni-Si RDFs 
are shown (here Ni is the centre atom, and the normalized concentra
tions of the other elements are shown relative to the distance to the Ni 
atoms). The Ni-Cu RDFs indicate that there is a tendency for Cu atoms to 
be closer to Ni atoms than random for the aged material. In the reference 
material, there is no such trend. For Mn, the same trend can be seen in 
two of the analyses of aged materials, whereas the third analysis shows a 
similar tendency as the reference material. The Ni-Si RDF is higher than 
reference for one of the aged materials, making the interpretation of the 
result more challenging. The scatter in the RDF data for small distances 
is larger for Ni-Cu and Ni-Si than for Ni-Ni and Ni-Mn, as the Cu and Si 
contents are considerably lower than the Ni and Mn contents, resulting 
in fewer counts per data point. 

Table 1 
Compositions, as measured by APT, and average values (measured by optical 
emission spectroscopy). The error given is the standard deviation between the 
five analyses (both reference and RPV weld metal) used for the average value.  

Element APT, measured matrix (at.%) Average bulk value (at.%) 

Fe Balance Balance 
Ni 1.60 ± 0.15 1.39 
Mn 1.25 ± 0.06 1.55 
Si 0.31 ± 0.09 0.44 
Mo 0.18 ± 0.03 0.26 
C 0.09 ± 0.08 0.39 
Cu 0.05 ± 0.01 0.06 
Cr 0.07 ± 0.05 0.14 
Co 0.02 ± 0.01 0.01 
N 0.04 ± 0.02 – 
P 0.02 ± 0.01 0.02 
V 0.003 ± 0.001 – 
Al – 0.01 
Sn – 0.003 
S – 0.007  
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Fig. 1. 20x20x10 nm3 boxes cut out from APT reconstructions of one reference and one decommissioned RPV weld metal. Ni, Mn, Si, and Cu atoms are shown 
separately. All detected atoms of these elements are shown. 
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Fig. 2. Normalised a) Ni-Ni RDFs, b) Ni-Cu RDFs, c) Ni-Mn, and d) Ni-Si for voltage pulsed APT reconstructions. The lines are smoothed trend lines to help guide the 
eye. Solid lines and filled symbols are representing the decommissioned RPV data, and dotted lines and open symbols the reference data. Note the different ranges of 
the y-axes in the graphs. 
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4. Discussion 

4.1. General remarks 

In this paper, it was found that the RPV weld metal of a decom
missioned BWR did not show any significant clustering. However, there 
are some indications of irradiation damage in the Ni distribution, as Ni 
atoms appear to be clustered when comparing the RDF of the aged 
material with the reference. This tendency is small and could not be 
easily observed directly in the data or by isoconcentration surfaces. 
There is also a tendency of Cu atoms to be closer to Ni atoms than for a 
random distribution. 

The results can be compared with other BWRs. Murakami analysed a 
surveillance material irradiated to a fluence of 9.4 1021n/m2 during 22 
effective full power years [43], very close to the fluence of the samples of 
the present study. The material, containing 0.13 at.% Cu in the bulk 
measured by APT (nominal value 0.24 wt%), contained clusters with a 
number density of 3.1 1023 /m3. The clusters contained Ni, Mn, Si and 
Cu. In the heat affected zone from the cladding in an RPV of a decom
missioned BWR power plant, Yuya et al. found Ni, Mn, Si and Cu 
enriched clusters [44]. The A533B steel with 0.09 wt% Cu was exposed 
to 1.5 1022n/m2, and the resulting cluster number density was 2 1022 

/m3. There are also BWR RPVs in the Japanese database of APT data 
used for embrittlement trend curves containing clusters [45]. Using 
atom probe field ion microscopy (APFIM), Burke et al. analysed type 
A533B plate and weld, irradiated to 2 1021n/m2, with Cu contents of 
0.13 and 0.27 at.% [46]. These did not show any signs of clustering of 
the same elements (although the analysis volume is small due to the 
older instrumentation). In another material, exposed to 2.7 1022n/m2 

and containing 0.14 at.% Cu, the same authors did observe one Cu-rich 
feature. 

The effect of composition is complex, and all of the above-mentioned 
materials are lower in Ni (and most of them in Mn) than the material 
investigated in this paper. For RPV material irradiated to higher flu
ences, these compositional effects are well-known. For instance, the low 
Cu content of similar materials often results in clusters with low or 
almost no Cu content, whereas a higher Cu content gives Cu-rich clusters 
[47,48]. It is not unlikely to hypothesise that potential clusters in this 
low Cu, high Ni and Mn material would contain mostly Ni, Mn, and Si, as 
the Uddcomb manufactured PWR RPV weld metals do [27–29,31]. 
Clusters found in Swedish RPV weld metal neutron irradiated to PWR 
relevant fluences contain mostly Ni (around 50 %), and significant 
amounts of Mn (around 40 %). The Si and Cu contents found was 
significantly lower, less than 10% Si and 2 % Cu [28,31]. Thus, the 
expectation, if the clustering tendencies of the Barsebäck material is in 
line with the clusters in the PWR irradiated material, is that the Ni-Ni 
RDF would be the highest, as is the case here. The Ni-Cu RDF also re
veals a Cu contribution to the clusters. Mn and Si trends in the data are 
less distinct but might imply a tendency for Mn and Si atoms to be close 
to Ni atoms as well. 

The neutron fluence is, however, not the only parameter that is 
different from most analyses that are performed on PWR RPVs. Also, the 
neutron flux is significantly lower. For PWR relevant fluences and fluxes 
and low lead factors, the embrittlement is similar [16,17,20,49]. The 
cluster characteristics might vary slightly. For the Swedish PWRs, it was 
found that a higher flux (lead factor of up to 75) resulted in smaller 
clusters with a higher number density than the surveillance material 
(lead factor of around 3) [28]. For very high neutron fluxes, the 
embrittlement might be lower for the same fluence at lower flux, as is 
the case for a BWR surveillance material with a lead factor of more than 
150 [37]. The low fluence in combination with the low flux in BWR 
compared to PWR has, in the Barsebäck RPV weld metal, not resulted in 
any significant clustering of Ni, Mn, Si and Cu. The tendencies are 
interpreted as many small rather than few larger clusters (that would be 
visible in the APT data sets). 

Small angle neutron scattering (SANS) studies of the 

decommissioned nuclear power plant in Greifswald reveal that the 
extent of clustering in surveillance and actual RPV is similar for this 
VVER440 (230) type RPV. However, there is a difference in the ratio of 
magnetic and nuclear scattering of the clusters, implying a difference in 
composition between the irradiation conditions [23]. 

The temperature in a BWR is slightly lower than that in a PWR. A 
lower temperature generally results in a larger effect from radiation as 
the damage is not annealed out as quickly. On the other hand, the 
thermal diffusion is lower at lower temperatures. The temperature is 
estimated to be between 270 ◦C and 280 ◦C between the RPV and the 
core barrel in the beltline region of the BWR studied here. The difference 
to the Ringhals surveillance material (PWR) that was irradiated at 
290 ◦C is considered a small factor in the context. 

The temperature itself is also considered too low for significant 
diffusion to take place. As a comparison, the PWR RPV head of Ringhals 
Unit 3, that had been thermally aged at 310–315 ◦C for 176,000 h 
(between 1981 and 2005), contains occasional clusters containing Ni, 
Mn and Cu, but with a very low number density (<1022 /m3), and 
mainly found on dislocations and boundaries [33]. Thermal diffusion at 
the relevant temperatures is estimated to be low. The diffusion of Ni in 
α-Fe during 23 years at 270–280 ◦C is 0.5–––0.8 nm, but at 310–315 ◦C 
3.0–––3.8 nm when estimated with diffusion constants from [50]. Thus, 
the effect of thermal ageing only, is estimated to be negligible on the Ni 
distribution. 

The neutron spectrum is different between PWRs and BWRs. The 
effects of this could be a factor but is not further discussed here. 

4.2. Interpretation of the RDF data 

In the weld metal from the decommissioned BWR RPV, the Ni-Ni RDF 
shows a tendency for clustering. This tendency is larger than in the 
reference material, that has not been irradiated. However, there is a 
small tendency in the reference material as well, as there is a very small 
increase for small distances in the RDF, see Fig. 2. This is likely an 
artefact in the APT data that stems from the field evaporation process. 
During field evaporation, the crystallography of the material makes the 
Ni atoms evaporate slightly unevenly across the surface, resulting in 
some diffuse features throughout the reconstruction. These are easily 
distinguishable as they follow the Z direction of the analysis. When the 
datasets are randomised, this effect disappears, and the RDFs are unity 
all the way to zero distance, with the exception for noise due to the 
limited volume. 

The increase in the Ni-Ni RDF data could be a sign of early clustering. 
By the use of the parameter free method by Zhao et al, the RDF could be 
translated into cluster characteristics [39]. Assumptions made are that 
all clusters have the same size, and that there is no significant depletion 
around the clusters. As input for this method, the RDF as well as the Ni 
content and Ni matrix content are needed. To get a matrix Ni content is 
not straightforward in this case, as the matrix could not be easily dis
cerned from the clusters. Thus, a range of Ni matrix contents is used, to 
obtain a range of reasonable clusters characteristics. The resulting 
number density, cluster Ni content, and number of Ni atoms detected per 
cluster can be seen in Fig. 3. The number of Ni atoms is calculated from 
the size and cluster Ni content, assuming an even density throughout the 
reconstruction. It is probable that the Ni matrix content is close to the 
total Ni content (that is 2.17 at.% for this specific analysis). The 29 peak 
is ranged as Ni although there is also a contribution from Fe. By 
deconvoluting the peak, the Ni content becomes 1.74 at.%, which is a 
better measurement of the real Ni content, but for this RDF method the 
matrix concentration corresponding to the ranging used for the RDF has 
to be used. This would give number densities in the order of 1023 – 1024 

/m3. This is in accordance with the number densities of similar RPV weld 
metal neutron irradiated to higher fluences at higher neutron flux 
[28,31]. If there is clustering in the data, the clusters would be too small 
to easily be seen in the APT data, thus the number of Ni atoms per cluster 
should be reasonably small. As an example, a matrix content of 2.14 at.% 
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Ni gives a number density of 5.2 1023 /m3, 19 Ni atoms per cluster, and 
41 at.% Ni in the clusters. This is possibly a slight overestimation, as 
some of the contribution in the RDF stems from effects from the field 
evaporation during analysis (compare with the reference material 
RDFs). 

5. Conclusions 

In this paper, the nanoscale structure of the unique weld metal of a 
decommissioned BWR RPV was investigated using APT. It was found 
that:  

• There are no well-defined clusters of Ni, Mn, Si, and Cu in the 
material.  

• However, statistical techniques identified a larger tendency of Ni 
atoms to be closer to each other than other atoms in the Barsebäck 
RPV material than in reference material that has not been exposed to 
neutron irradiation.  

• Cu atoms also tend to be closer to Ni in the irradiated material. The 
trend for Mn and Si is less clear, but they are closer to Ni atoms in 
some analyses. 

• The tendencies revealed using RDF statistical analysis can be inter
preted as early stage clustering. 
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Mechanical behavior of high-Ni/high-Mn Barsebäck 2 reactor pressure 
vessel welds after 28 years of operation 
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A B S T R A C T   

To assess long-term operation of the reactor pressure vessel (RPV), surveillance programs are applied for periodic 
monitoring and prediction of the aging of the mechanical properties due to irradiation and thermal embrittle
ment. In literature, there are limited data sets to compare the results from the surveillance program to the aging 
of the RPV. In this work, the tensile and impact toughness properties of the high-Ni, high-Mn welds from 
decommissioned Barsebäck 2 RPV are characterized. The results indicate that the surveillance program describes 
sufficiently the aging of the RPV welds. Differences in mechanical properties of the welds from various regions 
are explained by variations in post-weld heat treatment. The synergetic effect of Ni and Mn on embrittlement 
appears not to result at low fluences in a significant difference in the embrittlement rate when compared to ASTM 
E900 embrittlement trend curve prediction.   

1. Introduction 

The reactor pressure vessel (RPV) is a life-limiting component in 
nuclear power plants (NPP). The RPV operates in an environment 
making it susceptible to irradiation and thermal embrittlement. As a 
consequence, hardness and strength increase, and the fracture toughness 
decreases. The effect of embrittlement on fracture properties and 
strength of the reactor pressure vessel (RPV) are monitored in surveil
lance programs where samples are placed in the RPV. The samples are 
extracted and tested at constant intervals to ensure that the material 
properties sustain a sufficient margin for stable operation. In the irra
diation positions, the materials are typically subjected to a higher flu
ence compared to the RPV wall. The aim is to form a predictive 
embrittlement trend curve to assess long-term operability [1–3]. 

The surveillance program includes the limiting RPV materials [4]. 
The surveillance base metals are extracted from the actual forgings or 
plates by cutting a section before the RPV is assembled. The surveillance 
weld samples are extracted from a separate weld manufactured using the 
same welding parameters and materials. The base metal specimens tend 
to be extracted at ¼ thickness location to minimize material variability, 
but for welds, due to less variance in properties in the through-thickness 
direction, the samples are extracted from different depth locations. 

Noticeably, the properties of the weld root and the region close to the 
cladding tend to differ from the bulk properties and are thus excluded 
[4]. Though, from a structural integrity point of view, these regions are 
favorable as toughness can be higher and realistic flaws can be located in 
these regions. 

The results from the surveillance program are compared to the 
embrittlement trend curves (ETC) that are derived from large experi
mental data bases, and the ETCs are usually analytical solutions 
dependent on chemistry and fluence. These analytical ETC perform 
relatively well as long as the chemical content of the material and flu
ence is in the spectrum of the applied method [3]. However, high-Ni/Mn 
welds common in many Nordic NPPs (Ni ≈1.5 % and Mn >0.8 %) and in 
the VVER-1000 designs can be outside the applicability limit of inter
nationally recognized ETCs. The synergetic effect of Ni and Mn on 
embrittlement tends not to be accounted for, which can lead to biased 
prediction of the embrittlement behavior [5]. For this reason, data 
driven ETC are also accepted, where the results from the surveillance 
program have provided a firm enough basis for a case specific trend 
curve. The cost to obtain such a curve is higher. 

The increased Ni content gives better hardenability and lower DBT 
temperature, but increases the sensitivity of the material to radiation 
embrittlement [6]. The increase in embrittlement rate is linked to the 
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synergetic effect of Ni and Mn, and also sometimes to Si [7]. In [5], they 
observe that the synergetic effect of Ni and Mn is activated after the 
combined content exceeds 2.9 %. The synergetic effect can also become 
more significant after Mn content exceeds 0.8 % [7], and Ni content 
exceeds 1.3 %, indicating that already at a combined content of 2.1 % 
the synergetic effect can be activated [8]. A relatively high temperature 
can also have a significant effect on the embrittlement rate for high 
Ni/Mn welds [9]. To further develop analytical ETCs for high-Ni/Mn 
welds, additional data is required. The significance of the synergetic 
effect is also related to the relative content of impurity elements such as 
Cu and P. 

Studies on the through-thickness properties of beltline welds have 
been conducted for decommissioned Novovoronezh unit 1, Midland unit 
1, and Greifswald units 1, 4 and 8 [10–15]. The results confirm that 
embrittlement curves based on chemical composition provide sufficient 
safety margins. However, in these programs, the results from the sur
veillance program are not compared to the mechanical behavior of the 
RPV, as these reactors never included an individual surveillance pro
gram. Compared to the surveillance capsules, the RPV wall is stressed 
due to the internal pressure and the RPV is subjected to a lower irradi
ation flux which can alter the aging response. 

In this study, high-Ni/Mn welds from the decommissioned Barsebäck 
2 RPV are investigated. The material is extracted from the RPV head, 
and the circumferential and axial beltline welds, enabling comparison 
between the RPV head (RPVH) material subjected to a high temperature 
(280◦C) and the beltline region subjected to irradiation and a similar 
temperature. To minimize variability, the mechanical properties are 
characterized at ¼ thickness using instrumented Charpy-V testing done 
according to ISO 148-1 [16] and tensile testing done according to ISO 
6892-1 [10]. The results are compared to the results from the surveil
lance program essential for long-term operation. 

2. Methods and materials 

This section introduces the characteristics of the investigated weld 
and the cutting plan for the impact toughness and tensile specimens. 
Also, the testing program is described in detail. 

2.1. Materials 

The Barsebäck 2 reactor was operated for 210 600 h at its peak 
operational pressure and temperature, equivalent to 22.7 efpy (effective 
full power years). The reactor vessel head temperature was close to 
288◦C and in the core region closer to 270◦C. The head and beltline 
regions of the RPV are subjected to different degradation mechanisms, 
the head region is primarily subjected to thermal aging whereas the 
beltline region is subject to thermal aging and to neutron irradiation. 

The Barsebäck 2 welds are double U-groove welds with the root 
removed. The investigated welds are primarily submerged arc welded 
(SAW) and manufactured using the same welding procedure. The RPVH 
welds were finished on the outer surface with manual metal arc (MMA) 
welding. The SAW region was welded using Phoenix-Union S3NiMo and 
MMA region with Oerlicon Tenacito 65. The investigations in this work 
focus on the SAW regions. Both materials are characterized by high-Mn/ 
high-Ni content. Post weld heat-treatment (PWHT) was performed at 
620 ± 15◦C for approximately 5.5 h. Welding temperature was 175 ±
50◦C. A short heat treatment was done after the welding 575 ± 25◦C for 
minimum of 15 min and thereafter soaked at 250◦C for minimum 16 h, 
before the PWHT. 

For the experimental characterization program, weld trepans were 
cut from the Barsebäck RPV head (RPVH) and from the axial and 
circumferential beltline welds, see Fig. 1. The diameter of the trepan is 
200 mm. The cladding was removed afterwards. The trepans were cut 
into slices at the ¼ thickness location from where the test specimens 
were cut, see Fig. 2. The fluence after operation for the extracted axial 
beltline weld trepan is 7.9⋅1017 n/cm2 (E > 1 MeV) at the surface and 

Fig. 1. Trepan extraction locations from Barsebäck 2 RPV. Red regions illustrate the weld seam in the trepan.  
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2.9⋅1016 n/cm2 (E > 1 MeV) for the circumferential beltline weld trepan. 
The RPV thickness is 126 mm in the beltline region and 70 mm in the 
RPVH. The thickness of the cladding is 10 mm increasing the total 
thickness to 136 mm. 

Fig. 3 shows the embrittlement trend curve determined using the 
surveillance weld. The surveillance weld is also based on Phoenix-Union 
S3NiMo and manufactured using the same procedure as the RPV welds. 
Table 1 gives the chemical composition of the surveillance weld and the 
RPV welds. The chemical content of the RPV and the surveillance welds 
was measured using optical emission spectroscopy (OES) [17]. The 
median ETC of the surveillance weld follows Eq. (1). 

ΔTCv 41J = 57
(

Φ
1019

)0.287

(E> 1MeV) (1)  

where ΔTCV41J is the impact toughness-based transition temperature 
determined at 41 J and Φ (n/cm2) is the fluence. 

The surveillance specimens were cut at different locations in the 
through thickness direction of the manufactured surveillance weld. The 
specimens were cut in T-S orientation—the crack grows in the thickness 
direction of the weld and the length of the specimen is transversal to the 
weld. The surveillance material was tested according to the standards 
specified in Table 2. The fluence was determined based on a two- 
dimensional transportation code, DORT. 

The microstructure of the weld is characteristic for a multi-layer 
weld (Fig. 4). Majority of the weld consists of as-welded regions with 
a dendritic microstructure and between these regions there are the re- 
heated and twice re-heated regions with equiaxed microstructure. The 
dendritic microstructure contains mainly acicular ferrite with inter
dendritic grain boundary ferrite, and the equiaxed microstructure con
tains mainly polygonal ferrite with minor fraction of acicular ferrite. The 
average axial beltline weld hardness (≈188 HV10) is smaller compared 
to the RPVH (≈210 HV10) and the circumferential beltline weld (≈214 
HV10) [18,19]. 

2.2. Specimen setup 

The orientation of a specimen is determined by the LTS (Longitudi
nal, Transverse, and short transverse) coordinate system, where the 
longitudinal coordinate direction is the welding deposit direction [20]. 
The impact toughness specimens were extracted in T-S orientation cor
responding with the Barsebäck 2 surveillance program. On the other 
hand, the orientation of the tensile specimens was transversal, thus 
corresponding the loading direction with surveillance program. Speci
mens were machined using EDM and tested as manufactured. For the 
circumferential base line weld, the notch of the impact toughness 
specimens was 8.6 mm from the fusion line. For the axial belt line weld, 
the distance was 10 mm from the fusion line. For the RPVH weld, the 
notch was placed at the center of the weld. 

2.2.1. Tensile testing 
The objective of the tensile testing was to determine the change of 

strength in trepans to the available data from the surveillance program. 
The tensile testing procedure was conducted using flat specimens with a 
rectangular cross-section manufactured and tested in accordance with 
ISO-6892-1 [21] and 6892-2 [22]. Fig. 5 shows the dimensions of the 
manufactured specimens. While the specimen size is smaller than 
defined in the standard, the gauge length and cross-sectional area are 
proportional to the standards. Prior to the experiment the specimens 
were measured and validated to be within tolerances with optical 
dimensional measurement system (OGP CNC Flash 200 MS). 

An environmental chamber with nitrogen gas cooling was installed 
to the test frame. Specimens were tested at temperatures between 
-120◦C and +300◦C. The chamber was allowed to settle for at least 30 
minutes after the target temperature was initially reached. 

The experiments were conducted on a tensile testing machine (Zwick 
Z250) fitted with a laser extensometer and a 10 kilonewton force 
transducer (Zwick Xforce K) mounted on the moving crosshead above 
the specimen. All tests were performed in position control, with a con
stant speed of 0.12 mm/min throughout the test. This corresponds with 
the suggested testing rate (method A2, ISO 6892-1) 0.025 % per s of the 
original parallel length of the specimen. The yield strength is defined as 
the upper yield strength if it could be identified, or otherwise 0.2 % 
offset yield strength. Tensile strength corresponds with the maximum 
force recorded. 

2.2.2. Impact toughness testing 
The objective of the impact toughness testing was to establish a 

ductile-to-brittle transition curve, to compare the RPV weld results to 
the results from the surveillance program. Furthermore, lower transition 

Fig. 2. Demonstrates the location of the impact toughness specimens cut form 
the sliced trepan. 

Fig. 3. Shift in impact toughness, TCV41J, due to neutron irradiation. The curve 
is based on surveillance weld data for Barsebäck 2. 
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region was emphasized in the testing to establish a crack arrest transi
tion curve from the instrumented impact data. Test temperatures were 
chosen based on the results for the unirradiated reference data. The 
Charpy V-notched impact toughness specimens were manufactured as 
instructed according to ISO 148-1 [16]. Fig. 6 shows the dimensions. 

Testing was done in accordance with EN ISO 148 [16,23] and ISO 
14556 [24] standards. Impact toughness testing was performed using an 
instrumented impact machine (Zwick RKP450) with automatic tem
perature control and feeding system. The employed test setup has a 
maximum impact capacity of 300 J. The gas-filled temperature control 
chamber is cooled by circulating liquid nitrogen. Testing was conducted 
at a temperature range from -180◦C to 300◦C. Temperature monitoring 
during conditioning was conducted at both the chamber level and 
specimen surface. Once the target temperature was reached, the spec
imen was rapidly moved to the anvil and tested. The instrumentation 
yields a force-displacement curve from where the unstable crack initi
ation (Fiu), crack arrest (Fa), and the maximum forces (Fm) are 
determined. 

3. Results 

3.1. Tensile strength 

Fig. 7 illustrates two models for estimating yield strength as a 
function of temperature: the Zerilli-Armstrong model [25] as imple
mented by Kirk and the model given in ASTM standard E1921 [26,27]. 
Both models depend on the yield strength at room temperature. The 
room temperature yield strength is extrapolated from the mean of the 
room temperature test results. The Zerilli-Armstrong model results in a 
less conservative estimate of the temperature behavior at high temper
atures. The axial beltline weld is softer compared to the other locations. 
The base line results represent the reference non-irradiated condition of 
the surveillance weld. 

In contrast, the tensile strength does not continuously decrease with 
increasing temperature, see Fig. 8. The tensile strength decreases be
tween -100◦C and 120◦C, but after that there is an increase in strength. 
The tensile strength of the axial beltline weld is smaller compared to the 
other locations, similarly to the yield strength. The average standard 
deviation for yield and tensile strength is 3 MPa. 

3.2. Impact toughness 

Fig. 9 shows the temperature dependence of the USE. The USE 
behavior is determined based on the specimens with 100 % ductile 
tearing. The USE increases between 0◦C to 100◦C. One outlier is 
observed at 280◦C. The quality of the test is acceptable, the pendulum 
impact energy and the energy based on the instrumentation are close to 
each other and the hammer hits the targeted location. Additional tests 
would be required to understand the behavior at higher temperatures. 
At temperatures between 0◦C to 75◦C, the USE for the RPVH weld ap
pears to be lower compared to the other welds, but the difference in 
mean is insignificant. The average USE for other welds between 0◦C and 
25◦C is 173 J. The standard error of the mean is 14 J, also encompassing 
the mean for the RPVH. 

Fig. 10 shows the impact toughness transition curves, in addition to 
the un-irradiated reference results from the surveillance program (noted 
as baseline weld). In the transition region, the axial beltline weld has 
higher toughness compared to the other welds. Fitting of the transition 

Table 1 
Chemical composition (wt.%) of Barsebäck 2 RPV, surveillance weld, the RPV head, axial and circumferential beltline weld (BLW) at ¼ thickness.  

Material C Si Mn P S Cr Mo Ni Cu Co Al 

Surveillance 0.084 0.22 1.53 0.011 0.004 0.13 0.44 1.47 0.06 0.008 0.005 
RPVH 0.058 0.15 1.40 0.008 0.007 0.04 0.41 1.48 0.06 0.02 0.023 
Axial BLW 0.054 0.16 1.43 0.010 0.005 0.03 0.44 1.66 0.07 0.02 0.022 
Circ. BLW 0.064 0.16 1.43 0.008 0.005 0.03 0.44 1.66 0.09 0.02 0.078  

Table 2 
Fluence of the surveillance capsules and applied testing standard. The NPP was 
operated for 22.7 efpy. In the core region, the temperature is ~275◦C.  

Applied testing standard Fluence [n/cm2] 
(E > 1 MeV) 

Irradiation 
period 

Impact Tensile   
EN ISO 148-1 

and EN ISO 
14556 

EN ISO 6892-1 method B 
and EN ISO 6892-2 
method B 

5.87⋅1019 1977-2005 

EN ISO 148-1 
and EN ISO 
14556 

EN ISO 6892-1 method B 
and EN ISO 6892-2 
method B 

0.102⋅1019 1977-2005 

EN ISO 148-1 
and EN ISO 
14556 

EN ISO 6892-1 method B 
and EN ISO 6892-2 
method B 

0.102⋅1019 1977-2005 

ASTM E23 ASTM E21 0.378⋅1019 1977-2005 
ASTM E23 ASTM E21 0.0575⋅1019 1977-1990 
ASTM E23 ASTM E21 0   

Fig. 4. Through-thickness cut of the Barsebäck RPV multilayer weld.  
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curve with respect to the test temperature was done following the 
methodology described in [28]. The lower shelf energy was fixed at 2 J, 
and the upper shelf was set at the mean of USE values close to room 
temperature where fracture appearance was optically determined to be 
completely ductile. Based on the fitted curves, Table 3 shows the esti
mated impact toughness transition temperatures at 41 J and 28 J. 

3.3. Crack arrest toughness estimation 

Materials crack arrest toughness can be estimated from the crack 
arrest force Fa obtained from an instrumented Charpy V-notch test [28]. 
The crack arrest forms a transition curve similar to the fracture tough
ness. The temperature at a crack arrest force of 4 kN (TFa4kN) correlates 
well to the crack arrest reference temperature TKla in steels. The crack 
arrest force of 4 kN is approximate to a crack jump halfway through the 
component and is assumed to be large enough to rule out pop-ins from 
local brittle zones, while small enough to not have the material prop
erties affected by surface effects. 

Fig. 11 shows the crack arrest data for the welds. An exponential 
equation was fitted using the least-squares fitting method: 

Fa = 4⋅exp
(

T − TFa4kN

A

)

(2)  

where A describes the shape of the curve and T is temperature. Speci
mens with significant crack growth were excluded by applying Fiu/Fm 
(initiation force/maximum force) > 0.7 criterion, otherwise the 
measured crack arrest force can be lower than the true crack arrest force 
[30]. 

For Fa values above 3 kN there are no significant differences between 
the welds. Closer to the lower shelf the axial beltline weld appears to 

have marginally higher arrest force, though in that region, the values are 
not directly comparable since there are less of results for the RPVH and 
circumferential beltline welds. 

The reference crack arrest toughness temperature is estimated using 

Fig. 5. Tensile specimens. Distance is in millimeters.  

Fig. 6. Illustration of the impact toughness specimens. The dimensions are in mm.  

Fig. 7. Yield strength-temperature dependence for baseline, RPVH, and belt
line welds. 

Fig. 8. Temperature dependence of the tensile strength.  
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Eq. (3), 

TKla = TFa4kN + 11.4 ∘C (3)  

with σTKla = 12.0 ∘C [28]. In Table 4, the TFa4kN crack arrest force for 
each weld is presented along with its corresponding TKla temperature. 

4. Discussion 

4.1. Factors affecting the variations in mechanical properties 

The axial beltline weld is softer and the impact toughness is higher in 
the transition region compared to the other locations. Based on the 
chemical composition, the axial and circumferential beltline welds are 
similar, see Table 1. The circumferential beltline weld has possibly 
marginally higher carbon content, 0.064 % compared to 0.054 % in the 
axial beltline weld. All welds were manufactured according to the same 
guidance and hence similar welding parameters. The nominal post-weld 
heat-treatment temperature and time are the same for the circumfer
ential and axial beltline weld. 

However, the welding guidance allows variations of ±15◦C in the 
post-weld heat treatment. Variations in the PWHT temperature and time 
can explain the differences in mechanical properties. The combined ef
fects of time and temperature during PWHT is investigated using 
Hollomon-Jaffe relationship: 

TP =
T

1000
⋅(C+ log(t)) (4)  

where TP is the Hollomon-Jaffe parameter, T is temperature in kelvin, t 
is soaking time in hours, and C is a constant which is typically 20 for 
steels with a carbon content of 0.06 %. The TP parameter describing the 
effects of the heat treatment on the material correlates with changes in 
mechanical properties. [29] In [29], a cast nodular iron alloy was 
investigated. They observed that for TP-values between 16 and 20 for 
different initial hardness levels, the Vickers hardness (HV) decreases 
linearly with increasing TP according to Eq. (5), 

ΔHV = − 38.5 ⋅ΔTP (5)  

In [30], they investigated the PWHT soaking time for a multi-pass 
shielded, metal arc welded Cr-Mo high strength low alloy steel, ASTM 

Fig. 9. USE behavior, specimens with 100 % of ductile tearing.  

Fig. 10. Impact test energies and transition curves for RPVH and belt
line welds. 

Table 3 
Impact toughness transition temperatures for RPVH, beltline and baseline welds. 
The standard deviation is determined for transition region, data points between 
0.1USE-0.85USE.   

Circumferential beltline Axial beltline RPVH Baseline 

T50% US [◦C] -49 -63 -53 -47 
T41J [◦C] -70 -95 -75 -75 
T28J [◦C] -77 -106 -85 -85 
σ [◦C] 2.8 10.1 9.7 7.6 
95 CI%* ± 3.4 ± 7.6 ± 7.4 ± 5.9 

*For transition temperature estimates 

Fig. 11. Crack arrest force-temperature curves.  

Table 4 
Crack arrest force corresponding to 4 kN and the estimated crack arrest 
toughness.  

[◦C] Circumferential Axial RPVH 

TFa4kN -71 ± 2 -74 ± 3 -70 ± 9 
TKla -60 ± 14 -63 ± 15 -59 ± 21  
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A 213. The PWHT soaking temperature was 725◦C and the time varied. 
The results show that for soaking times between 2 h – 10 h the strength 
reduces and impact toughness increases. The hardness reduction follows 
Eq. (5). 

Thus, a possible reason for the difference in the impact toughness and 
in hardness between the axial and circumferential beltline weld is the 
heat treatment. It is possible that the axial beltline weld actually had a 
higher temperature during PWHT than the circumferential weld (case 
1). Another possibility is that, as the investigated axial weld is relatively 
close to the circumferential beltline weld, the axial weld was subjected 
to a PWHT twice the time of the circumferential weld (case 2). The axial 
weld was manufactured first and after that welded together with the 
other pieces of the RPV. 

Table 5 shows the extremities of the heat treatments of the axial and 
circumferential weld. The TP parameter is estimated based on possible 
upper/lower limits for temperature and time given in Table 5. Assuming 
that PHWT temperature is actually 605◦C (= 620◦C -15◦C) for the 
circumferential and 635◦C for the axial beltline weld, the predicted and 
measured hardness differences between the welds are then close to each 
other, see Table 5. If the PWHT time of the axial beltline weld would be 
two times longer, the hardness difference would increase with an 
additional 11 HV. The prediction is based on the assumption that Eq. (5) 
derived from data in [29] can be applied to the investigated material. At 
least, the TP-HV values from this study overlap with the results from 
[29] between TP values of 16 and 20. 

Generally, the permitted variations in the heat treatment parameters 
give a likely explanation to the differences in the material properties 
between the circumferential and axial beltline weld. Future work will 
focus on microstructural characterization of the results to understand 
even better the differences. In addition, the effect of residual stresses of 
the axial and circumferential welds could be a factor to be accounted for. 

4.2. The embrittlement behavior 

Fig. 12 shows the shifts in T41J for the beltline welds at ¼ thickness, i. 
e., at the extraction location. The Fig. contains also a through-thickness 
prediction of the shift in T41J based on the surveillance data, Eqs. (1), 
and (6) for estimation of fluence attenuation [31]. 

ϕ = ϕsurface⋅e− 0.24⋅(x/25.4) (6)  

where ϕsurface is the fluence at the surface and x is the distance from the 
inner surface in mm. Table 6 gives the measured fluence at the surface of 
the belt line weld trepans before removal of the cladding. 

For the circumferential beltline weld, the experimental data does not 
differ significantly from the prediction. At ¼ thickness for the axial 
beltline weld, the prediction indicates a ≈5◦C shift in T41J. However, the 
axial beltline weld is tougher compared to the prediction based on the 
surveillance data. The surveillance data describes the aging behavior of 
the circumferential beltline weld and gives a conservative prediction for 
the axial beltline weld. This result underlines that knowledge of the 
manufacturing parameters is important for assessing the mechanical 
properties. 

The high-Ni/Mn materials can be sensitive to thermal aging and the 
effect can be significant [9,32]. At low fluence levels, the effect of 
thermal embrittlement can be larger than the effect of irradiation 
embrittlement. The existing predictions for thermal embrittlement of 

high-Ni/Mn welds are based on VVER-1000 materials. In [32], the 
prediction for transition temperature shifts due to thermal aging (ΔTT) is 
dependent on Ni, TK0 (= the impact toughness-based transition tem
perature defined as described in [33]) and time, t: 

ΔTT = 1.3Ni4exp(− 0.02TK0)
(
1 − exp

(
− 1.1⋅10− 5⋅t

))0.6
, (±18∘C) (7) 

Eq. (7) is based on VVER-1000 welds with 1.1 % < Ni < 1.89 %, 0.7 
% < Mn < 1.00 %, 0.006 % < P < 0.009 %, the material was subjected to 
a temperature of 310◦C–320◦C for 200 000 h [32]. 

For the investigated material, Fig. 13 shows that the effect of thermal 
aging on T41J shift is insignificant. The assessment is based on a com
parison between the unirradiated reference data from the surveillance 
program and the RPVH results. The prediction based on Eq. (7) results in 
a conservative estimate (a higher shift) of the embrittlement. One sig
nificant difference compared to Eq. (7) is the aging temperature, which 
is 288◦C for the investigated material. The aging mechanisms related to 
thermal aging are not necessarily activated or are slower at lower tem
peratures [34], thus Eq. (7) based on aging at 310◦C–320◦C is not 
directly applicable for the investigated material. 

The existing ETCs are less suitable for high-Ni/Mn welds. They do 
not tend to account for the synergetic effect of Ni and Mn which can have 
a significant impact on the trend curve. The ETC developed based on the 
French data, the FFI correlation [3,35], is valid for Ni < 1.4 % and Mn 

Table 5 
The effect of PWHT time and temperature on hardness. Beltline weld (BLW).  

Weld PWHT t [h] PWHT T 
[◦C] 

TP Prediction ΔHV compared to circumferential beltline 
weld 

Measured ΔHV compared to circumferential beltline 
weld 

Circumferential 
BLW 

5.5 605 18.2 0 0 

Axial BLW 5.5 635 18.8 -24 -26 
Axial BLW 11 635 19.1 -35 -26  

Fig. 12. Shift in T41J due to irradiation embrittlement for the circumferential 
and the axial beltline welds at ¼ thickness. 

Table 6 
The fluence of the beltline trepans.  

Weld location Fluence at surface [n/cm2] (E > 1 
MeV) 

Fluence at ¼ T [n/ 
cm2] 

Axial 7.9⋅1017 3.8⋅1017 

Circumferential 2.9⋅1016 1.4⋅1016  
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between 1.2 %–1.9 %. The trend curve is dependent on Ni but not on 
Mn. The FFI ETC is based on surveillance data (900 MWe reactors) and it 
is complemented with test reactor data. The E900 ETC is valid for Ni 
contents < 1.7 % and Mn contents between 0.55 %–2 %. The prediction 
is dependent on Ni and Mn. In Table 7, the validity ranges for the ETC 
are given in more detail, and a comparison is made to the investigated 
weld. 

Based on VVER-1000 weld metal data, consisting of high-Ni/Mn 
welds, a synergetic dependence between Ni and Mn has been devel
oped, [37]: 

ΔTK = 1.68CNiCMnF0.8, (σ = 13.5 ∘C) (8)  

where F is the fluence (⋅1/1022 n/m2). The Fluence is based on neutrons 
with an energy of E > 0.5 MeV. To convert it to E > 1 MeV, so that a 
comparison can be made to the Barsebäck 2 surveillance data, Eq. (1), 
the following dependence is used [8]: 

F(E > 0.5 MeV)
F(E > 1 MeV)

∝1.78 (9) 

Fig. 14 compares the ETC predictions to the Barsebäck 2 surveillance 
data. For the FFI and VVER-1000 models within the investigated fluence 
range, the upper bound of the prediction encompasses the mean of the 
Barsebäck 2 surveillance curve. The Barsebäck surveillance curve is 
steeper in the beginning compared to the VVER-1000 and FFI prediction. 
Both of those predictions are based on data from PWR reactors where the 
neutron flux can differ from a BWR reactor. The Barsebäck 2 weld metal 
has higher Ni content than allowed by the FFI prediction and higher Mn 
content than allowed by the VVER-1000 prediction. The ASTM E900 
prediction has better agreement with the Barsebäck data, the chemistry 
is within the limits, and the E900 prediction is based on both BWR and 
PWR data. In addition, the E900 prediction accounts better for time 
dependent effects of the embrittlement behavior. 

In [5], the results indicate the presence of the synergetic effect of Ni 
and Mn on embrittlement after the combined Ni and Mn content exceeds 
2.9 %. After the limit is exceeded, the existing ETCs are less applicable. 
[5] For the investigated weld, the combined effect of Ni and Mn in
creases above that limit. The applied ETCs underpredict the embrittle
ment behavior, but the difference to the mean behavior is smaller than 
the uncertainty, though for the FFI and the VVER predictions the upper 
part of the uncertainty band just encompasses the Barsebäck surveil
lance curve. However, due to a relatively good prediction of the 
embrittlement behavior, especially using the E900 prediction, the 
possible synergetic effect of Ni and Mn appears to be less significant at 
lower fluences. 

5. Conclusions 

High-Ni/high-Mn welds from decommissioned Barsebäck 2 RPV 
were investigated. The welds were extracted from the RPVH, the 
circumferential and axial beltline welds, enabling comparison between 
the RPVH material subjected to a relatively high temperature, and the 
beltline region subjected to neutron irradiation and high temperature. 
The mechanical properties were characterized at ¼ thickness, including 
instrumented Charpy-V testing according to ISO-148-1 and tensile 
testing according to ISO 6892-1. The results are compared to the sur
veillance program. 

Fig. 13. The effect of thermal aging at 288◦C for 240 000 h on the T41J shift.  

Table 7 
Validity ranges for common predictions and comparison to the Barsebäck welds. 
The bold texts in the cells indicate that the Barsebäck parameters are within the 
limits of the prediction. The predictions are valid up to significantly higher 
fluences compared to the Barsebäck surveillance data.   

E900-21  
[36] 

FFI [3,35] VVER-1000 
weld 

Barsebäck 2 
surveillance 
weld  

Validity 
range %    

Ni < 1.7 0.07 – 1.4 1.2–1.9 1.47 
Cu < 0.4 0.02 – 0.13 0.05–0.08 0.06 
P < 0.03 0.003 – 

0.021 
< 0.025 0.011 

Mn 0.55 – 2 1.2 – 1.9 0.5–1.1 1.53 
Ni and Mn 

effect 
Separate 
effect, 
CNi+CMn 

Only CNi 

accounted 
for 

Combined 
effect, CNiCMn  

Dependence 
dependent 
on 

Tirr, fluence 
(E > 1 MeV), 
Cu, Ni, P, 
Mn 

Fluence (E >
1 MeV), Cu, 
Ni, P 

Ni, Mn, 
Fluence (E >
0.5 MeV)  

Tirradiation 255 – 300◦C Mostly 
above 288◦C 

290–320◦C 288◦C 

Reactor type BWR and 
PWR 

PWR PWR BWR  

S. Lindqvist et al.                                                                                                                                                                                                                               



Journal of Nuclear Materials 581 (2023) 154447

9

• The embrittlement trend curve based on the impact toughness results 
from the surveillance program describes the embrittlement behavior 
of the RPV welds subjected during operation to a temperature close 
to 270◦C, irradiation (maximum fluence being 7.9⋅1017 n/cm2) and 
pressure. The surveillance data describes the aging behavior of the 
circumferential beltline weld and gives a conservative prediction of 
the axial beltline weld.  

• Compared to the surveillance, RPVH and circumferential beltline 
welds, the axial beltline weld is softer and impact toughness is 
higher. The yield strength of the non-irradiated surveillance, RPV 
head and circumferential welds is close to 565 MPa at room tem
perature, and T41J is close to -73◦C. For the axial beltline weld yield 
strength is 510 MPa at room temperature and T41J is -95◦C. The 
chemistry of the axial and the circumferential weld is similar.  

• The differences in mechanical properties possibly originate from 
variations in the PWHT temperature and time. A PWHT temperature 
difference of 30◦C, allowed by the welding guidance, can cause a 
change in hardness equal to the difference observed between the 
axial and circumferential beltline weld.  

• The RPVH weld impact toughness results are comparable to the 
reference condition even after 23 effective full power years operation 
at 288◦C, and thus no conclusive thermal embrittlement is identified 
based on impact toughness testing. 

• The ASTM E900, FFI and VVER embrittlement trend curve pre
dictions encompass the average embrittlement behavior of the 
investigated high-Ni/Mn (Ni > 1.5 %, Mn = 1.5 %) weld in the low 
fluence region (< 0.5⋅1019 n/cm2, E > 1 MeV). In this perspective, 
the synergetic effect of Ni and Mn appears to be less significant at 
lower fluences. ASTM E900 prediction describes better the investi
gated weld compared to the VVER and FFI predictions. 
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