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Kurzfassung

Ein wesentlicher Faktor fiir den erfolgreichen Ubergang zu einer kohlenstoffneutralen Wirtschaft ist der
sichere Langzeitbetrieb von Kernreaktoren. Der Reaktordruckbehdlter ist ein sicherheitskritischer Teil
der meisten derzeit aktiven Reaktoren der zweiten Generation, da er einer kontinuierlichen Neutronen-
bestrahlung ausgesetzt ist. Daher ist es von entscheidender Bedeutung, die Entwicklung des bruchme-
chanischen Verhaltens der Strukturstahle unter diesen Bedingungen zu tiberwachen. Da die Verfugbar-
keit von bestrahltem Material stark begrenzt ist, ist es notwendig, Prifverfahren an kleinen Proben fur
die bruchmechanische Charakterisierung im Ubergangsbereich zu entwickeln. In den vergangenen
Jahrzehnten hat sich die miniaturisierte Kompaktzugprobe (MCT) als vielversprechende Geometrie fur
zukiinftige Uberwachungsprogramme erwiesen. Allerdings muss die Verwendbarkeit dieser Geometrie
noch weiter unter Beweis gestellt werden, da wéhrend der Priifung ein Verlust der Dehnungsbehinde-
rung beobachtet wird. Des Weiteren sind zusatzliche Anstrengungen erforderlich, um die benétigte
Materialmenge flr die bruchmechanische Charakterisierung zu reduzieren.

Ziel dieser Arbeit ist die Weiterentwicklung eines bestehenden Ansatzes zur Ermittlung der Parameter
eines Kohdsivzonenmodells, das in Verbindung mit Finite-Elemente-Modellen der MCT-Probe ver-
wendet werden kann. Mit dem Kalibrierten Kohésivzonenmodell werden Simulationen durchgeftihrt,
um das bruchmechanische Verhalten von ferritischen Stahlen im Ubergangsbereich vorherzusagen.
Statistisch verteilte numerische Bruchzahigkeitswerte werden durch eine zuféllige raumliche Verteilung
von Kohasivzonenelementen mit entweder sproden oder duktilen Eigenschaften in der kohdsiven Zone
bestimmt. Dabei wird eine numerische Referenztemperatur auf der Grundlage der Norm ASTM E1921
vorhergesagt.

Der experimentell-numerische Ansatz zur Kalibrierung der Modellparameter umfasst die Priifung von
gekerbten Zugproben zur Ermittlung der Kohé&sivspannung in Abhangigkeit der Spannungstriaxialitét
und die Anpassung der Kohisionsenergie mittels MCT-Versuchen im Ubergangsbereich und bei Raum-
temperatur. Dariiber hinaus werden die MCT-Versuche im Ubergangsbereich zur experimentellen
Bestimmung der Referenztemperatur genutzt. Umfangreiche fraktografische Analysen werden in Ver-
bindung mit numerischen Simulationen durchgefiihrt, um Unterschiede im mechanischen und bruchme-
chanischen Verhalten der MCT-Geometrie und der CT-Geometrien in StandardgroRe zu identifizieren.
Die Simulationen werden auBerdem dazu verwendet, den Verlust des triaxialen Spannungszustands zu
bewerten, der bei MCT-Proben mit zunehmender Belastung beobachtet wird.

Mit dem entwickelten Ansatz wird die Referenztemperatur des untersuchten Reaktordruckbehalterstahls
genau vorhergesagt. Es wird gezeigt, dass dafuir weniger Material erforderlich ist als fir eine experi-
mentelle Bestimmung nach der Norm ASTM E1921. Der Ansatz stellt somit einen Schritt zur Reduzie-
rung der Kosten zukiinftiger Uberwachungsprogramme dar. Die vollstdndige Beschreibung des statisti-
schen bruchmechanischen Verhaltens von ferritischen Stihlen im Ubergangsbereich ist das finale Ziel
des probabilistischen Ansatzes. Hierfiir ist die Einbeziehung von Defektpopulationen (schwachste
Glieder) in der kohésiven Zone erforderlich.






Abstract

An essential factor for the successful transition towards a carbon-neutral economy is the safe long-term
operation of nuclear reactors. The reactor pressure vessel is a safety-critical part of most currently
active Generation Il reactors due to it being subject to continuous neutron irradiation. Therefore, it is
crucial to monitor the evolution of the fracture-mechanical behavior of the structural steel under these
conditions. Since the availability of irradiated material is severely limited, it is necessary to develop
small specimen test techniques for fracture-mechanical characterization within the DBT region. In the
past decades, the miniaturized compact tension specimen (MCT) has been shown to be a promising
geometry for future surveillance programs. However, further demonstration of the viability of the
geometry is required due to the effect of loss of constraint observed during testing. Additional efforts
are necessary to further reduce the amount of material required for fracture-mechanical characterization.

The objective of this work is to further develop an existing approach for identifying the parameters of a
cohesive zone model to be used in conjunction with finite-element-models of the MCT specimen.
Simulations with the calibrated cohesive zone model are performed to predict the fracture-mechanical
behavior of ferritic steels within the DBT region. Statistically distributed numerical fracture toughness
values are obtained by means of a random spatial distribution of cohesive elements with either brittle or
ductile properties throughout the cohesive zone. Thereby, a numerical reference temperature is deter-
mined based on the ASTM E1921 standard.

The experimental-numerical approach for calibrating the model parameters includes the testing of
notched tensile specimens to identify the cohesive strength depending on the stress triaxiality. Fitting of
the cohesive energy is performed by means of MCT tests within the DBT region and at room tempera-
ture. In addition, the MCT tests within the transition region are used to determine the reference tem-
perature experimentally. Extensive fractographic analyses are performed in conjunction with numerical
simulations to identify differences in the mechanical and fracture-mechanical behavior of the MCT
geometry and standard-sized CT geometries. The simulations are further used to assess the loss of
constraint observed in MCT specimens with increasing loading.

With the developed approach, the reference temperature of the investigated reactor pressure vessel steel
is accurately predicted. It is shown that the method uses less material than is required for an experi-
mental determination following the ASTM E1921 standard. Thus, the approach represents a step to-
wards reducing the cost of future surveillance programs. The complete description of the statistical
fracture-mechanical behavior of ferritic steels within the DBT region is the final goal of the probabilis-
tic approach. For this, the inclusion of defect populations (weakest links) in the cohesive zone is re-
quired.
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1 Introduction

Nuclear power plants (NPPs) are an essential factor in achieving the transition towards sustainable
energy and a carbon-neutral economy. The success of this transition depends on the long-term operation
of existing Generation Il reactors and newly built Generation Il reactors. The reactor pressure vessel
(RPV) contains the reactor core and is an integral part of most currently active nuclear power reactors.
It is crucial for nuclear safety as it shields the environment from radiation that results from nuclear
fission within the reactor core. The RPV cannot be replaced, and failure of the vessel must be prevented
under all circumstances, for example in the event of accidents. Due to their favorable mechanical and
physical properties, RPVs are usually made from low-alloy ferritic steels. The main drawback of those
materials is that with increasing neutron fluence, their ductile-to-brittle transition temperature (DBTT)
is shifted towards higher temperatures. This shift can pose a risk for the safe operation of the reactor
due to embrittlement of the RPV. Therefore, periodic testing of the RPV material for its fracture-
mechanical behavior to monitor the toughness degradation is mandatory for safe long-term operation
[1-3].

This PhD program is part of the FRACTESUS project [4,5], which is aimed at demonstrating and
validating the use of small specimens for fracture toughness evaluation of RPV steels in the ductile-to-
brittle transition (DBT) region. Small specimen testing has become a necessity to increase the service
lifetime of existing Generation Il reactors, as the amount of irradiated standard-sized specimens availa-
ble from surveillance programs is severely limited [6,7]. It is planned to increase the number of availa-
ble specimens by producing sub-sized specimens from the broken halves of standard-sized Charpy
impact and fracture mechanics specimens that have already been tested in monitoring programs. From a
manufacturing perspective, eight miniaturized compact tension specimens (MCT; also 0.16T CT) with a
thickness of 4 mm can be produced from one broken Charpy specimen [8]. Additional benefits of small
specimens are their reduced active mass, which may allow for easier handling, and their reduced vol-
ume, increasing the number of specimens that can be irradiated in a reactor at the same time. However,
small specimen testing poses challenges related to size-dependent effects that make it impossible to
directly compare fracture toughness obtained from miniaturized specimens to standard-sized specimen
results [9]. In addition, those effects often lead to an increased number of specimens required for the
determination of valid fracture toughness data when applying internationally accepted testing standards
such as ASTM E1921 [10]. Therefore, it is of great interest to nuclear regulatory bodies and NPP opera-
tors to be able to quantify and predict those size-dependent effects to ultimately reduce the number of
specimens required for fracture toughness evaluation.

1.1 Objective

The primary objective of this PhD program is to numerically predict the fracture toughness of an RPV
steel in the DBT region using a cohesive zone model (CZM; Section 2.4) based on small specimen test
results. Thereby, one goal is to investigate the effects of specimen size on fracture toughness measure-
ments in this temperature region. The parameter identification method by Mahler & Aktaa (2014, 2016)
[11,12] is applied and extended to develop a novel probabilistic CZM approach that allows the predic-
tion of the transition behavior of ferritic steels from a limited amount of specimens. In addition to
predicting the fracture toughness transition curve, the approach is focused on modeling the statistical
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scatter of fracture toughness observed in experiments. The feasibility of the approach is to be measured
by the quality of its predictions and the amount of testing material required compared to fracture me-
chanics testing following the ASTM E1921 standard.

In a first step, fracture mechanics tests on the RPV steel SA-508 CI.3 are performed using MCT speci-
mens to determine the fracture toughness transition curve (Master Curve) according to ASTM E1921.
The viability of small specimen testing is discussed and recommendations for optimal test temperature
selection are given. In addition, analyses of the fracture surfaces of the MCT specimens are carried out
by means of scanning electron microscopy (SEM) to quantify the amount of slow-stable crack growth
prior to unstable fracture and to locate and classify cleavage initiation sites. The initiation site locations
are related to numerically determined stress fields to make statements about the influence of geometric
effects on cleavage fracture.

A large part of this thesis is the determination and calibration of material parameters to be used as input
data for the finite element (FE) simulations. Due to the large inelastic deformations that occur during
fracture mechanics testing of ductile materials, an extensive mechanical characterization of the plastic
flow behavior of the given RPV steel at multiple temperatures from the lower shelf to the upper shelf is
required. Careful calibration of the parameters of the CZM is performed within the DBT region and on
the upper shelf to be able to accurately simulate slow-stable crack growth and unstable fracture. The
material models are validated using experimental results obtained from small specimens.

The CZM parameters calibrated using small specimens are first applied to standard-sized CT specimen
geometries to evaluate the influence of specimen size on the fracture behavior within the DBT region.
Subsequently, mesoscale modeling of the cohesive zone based on fractographic analyses of the sub-
sized specimens is performed for the probabilistic fracture simulations. An advantage of the probabilis-
tic CZM is that the fracture behavior at any temperature in the lower DBT region can be predicted using
only two sets of cohesive zone parameters, one for ductile fracture and one for brittle (unstable) frac-
ture. At temperatures between the calibration points, the ratio of ductile and brittle cohesive zone prop-
erties is interpolated. The probabilistic CZM is expected to offer the possibility of detailed numerical
characterization of the statistical fracture-mechanical behavior of ferritic steels in the transition region.
In the future, the approach may contribute to a reduction of the amount of material used for the evalua-
tion of the fracture toughness Master Curve of RPV steels.

1.2 Structure of this thesis

The current state of research on the fracture mechanics concept of fracture toughness, its experimental
determination, and the application of the CZM for the simulation of brittle and ductile fracture is pre-
sented in Chapter 2. Furthermore, the mechanisms of cleavage fracture and ductile tearing, as well as
their distinctive appearances on fracture surfaces are explained. Special focus is placed on the statistical
distribution of fracture toughness within the DBT region.

In Chapter 3, the approach followed in this work for the simulation of fracture toughness using the
CZM, based on small specimen tests, is presented. A distinction is made between deterministic model-
ing, where a single set of cohesive zone parameters is used to simulate fracture, and probabilistic mod-
eling, where the cohesive zone is modeled on the mesoscale using two sets of parameters.

The experimental testing required for the development of the material models for the numerical simula-
tions is described in Chapter 4. From the small specimen fracture mechanics tests within the DBT
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region, the Master Curve is evaluated according to ASTM E1921. The viability of small specimen
testing is discussed considering the number of specimens required for the determination of a valid
reference temperature. In addition, the results of the fractographic analyses of the broken specimens are
described and discussed.

Based on the small specimen tests performed in Chapter 4, the identification of the CZM parameters by
means of numerical simulations is explained in Chapter 5. The triaxiality-dependent cohesive strength
is calibrated from tensile test results, while the cohesive energy is used as a fitting parameter to accu-
rately simulate the MCT tests carried out within the DBT region and on the upper shelf.

In Chapter 6, the generated material models are used to simulate standard-sized CT specimens. The
predicted fracture toughness is compared to the small specimen results and the effects of specimen size
on the fracture toughness are discussed under consideration of literature data. Thereby, the advantages
and limitations of the applied approach are debated.

The application of the probabilistic CZM approach to predict the transition curve of SA-508 CI.3 is
described in Chapter 7. The Master Curve concept is applied to the statistically distributed fracture
toughness values obtained from the simulations and the resulting reference temperature is compared to
the value obtained from experiments. In addition, the scatter of the numerically determined fracture
toughness values is compared to the experimental scatter, and measures to increase the predicted scatter
are presented.

In Chapter 8, evaluates the results achieved within the framework of this PhD program and the feasibil-
ity of the developed probabilistic approach is discussed regarding its potential use within the nuclear
energy industry. The thesis is summarized in Chapter 9 and an outlook is given for possible future
research activities.






2 State of research

Fracture mechanics is the theoretical basis to describe the mechanical behavior of cracked materials
under applied load. To be able to make assumptions about the structural integrity of cracked bodies,
fracture-mechanical analyses involve the assessment of the load at the crack tip and subsequent compar-
ison to a characteristic material parameter. The mechanical stress field at the crack tip depends on the
applied external load, the geometry of the structure and the size and geometry of the crack. The charac-
teristic material parameter that represents the resistance to crack extension is called fracture toughness
[13]. It may be determined by experimental testing of standardized specimens either for materials that
fracture under linear-elastic conditions or for fracture processes that are dominated by elasto-plastic
material behavior [14]. Several internationally accepted testing standards exist to determine fracture
toughness for brittle or ductile materials and, in the case of specific metals, within the DBT region.
Within this temperature region in particular, experimental fracture toughness data is subject to statistical
scatter and geometric influences that require special consideration when using miniaturized specimens.
While there are stochastic models that successfully describe the scatter of fracture toughness, the effect
of specimen constraint remains a major focus of international research efforts in this field [15-17].

In addition to experimental testing, several numerical approaches exist to predict fracture toughness
based on the finite-element-method. Besides micromechanically motivated approaches such as the GTN
model for ductile fracture [18-20], which is based on Gurson’s flow function [21], and the Beremin
model for brittle fracture [22], which is based on Weibull statistics, one of the most commonly used
approaches is the phenomenological cohesive zone model (CZM). The CZM uses a traction-separation-
law (TSL) to relate the stress in front of the crack tip (traction) to the opening of the crack planes (sepa-
ration). This allows for crack propagation to be simulated in any structure. The CZM has, so far, almost
exclusively been used to simulate ductile or brittle fracture in a deterministic way. A CZM that de-
scribes the statistical fracture behavior of ferritic steels within the DBT region has yet to be proposed.

In the following sections, the state of research on fracture toughness (Section 2.1), its experimental
determination according to international testing standards (Section 2.2), the relevant fracture mecha-
nisms (Section 2.3) and the cohesive zone model (Section 2.4) are described in detail. A particular focus
is on the fracture behavior of ferritic steels within the DBT region, including the description of the
statistical scatter of fracture toughness observed in experiments.

2.1 Fracture toughness

In 1957, Irwin [23] calculated the Mode | stress field around a crack tip for a linear-elastic material.
Mode | fracture, as shown in Figure 2.1 (a), is the crack opening mode where the two crack surfaces
move away symmetrically with respect to the undeformed crack plane (xz-plane) [24]. The components
of the near-crack stress field for a center-cracked infinite plate are given by

Ox K 1 —sin(¢p/2) sin(3¢/2)
{O-y} = ! cos(p/2)3 1+ sin(p/2)sin(3¢/2) ;. (2.1)
Txy V2mr sin(¢/2) cos(3¢/2)



2 State of research

In the equation, o denotes the normal stress, 7 the shear stress, r is the radial distance from the crack tip
and ¢ is the angle around the crack tip from the xz-plane. In Figure 2.1 (b) the center-cracked infinite
plate under load is shown. The amplitude of the crack tip stress field is characterized by the Mode |
stress intensity factor Kj, which depends on the geometry of the structure, the crack length and loading.
The stress intensity factors for Mode Il and Mode 111 fracture are not discussed here as they are not
relevant for this work. From Equation (2.1), K; can be determined for the center-cracked infinite plate
with ¢ = 0 [14]:

K = yg&\/ﬁay. (2.2)
N S S
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(a) (b)
Figure 2.1: Mode I crack loading (a) and center-cracked infinite plate under load (b) adapted from [14]

The expressions in Equation (2.1) hold for any cracked body undergoing Mode | loading. The differ-
ence is that the value for K; changes when other cracked structures than the center-cracked infinite plate
are considered [24]. It is therefore necessary to introduce a dimensionless geometry factor Y to the
general expression of the stress intensity factor:

In case of fracture mechanics specimens, the geometry factor depends on specimen width W and crack
length a. Correlations for Y exist for different geometries of fracture mechanics specimens.

From Equation (2.1) it can be deduced that for any given K; > 0, the stress becomes infinite when r
approaches zero. Materials react to the high stresses at the crack tip by inelastic deformations and/or
debonding. If the size of this plastic zone is small compared to the region dominated by K;, the state
within the plastic zone can indirectly be characterized by the stress intensity factor [14].

Based on the theory that the stress field around a crack tip is only determined by the stress intensity
factor, Irwin (1957) [23] proposed a fracture criterion which states that crack growth occurs once K
reaches a critical value. The criterion for Mode | fracture is given by

KI = KIC! (24)

where Kj. is the critical value of K; at fracture, called fracture toughness [24]. K. is a temperature-
dependent material property which defines a material’s resistance against crack extension under plane-
strain conditions, i.e., for sufficiently thick structures.

2.1.1 Energy release rate

In linear-elastic fracture mechanics an equivalent approach to Irwin’s fracture criterion exists, which is
based on energetic considerations first proposed by Griffith (1921) [25]. During crack advance, the



2.1 Fracture toughness

elastic strain energy stored within a loaded structure decreases. The released energy is available for the
formation of the two fracture surfaces. An energy release rate G can be defined that represents the
decrease in elastic strain energy per increase in crack area for a plane problem:

dIl
dA’
In this equation, dII is the released elastic strain energy and dA is an infinitesimally small extension of

the crack area. For a cracked structure loaded under Mode | conditions, the energy release rate can be
expressed in terms of the stress intensity factor:

G = (2.5)

(A -v)K?

. (2.6)

&
Here, E denotes Young’s modulus and v is Poisson’s ratio. A critical energy release rate Gi. can be
defined that represents the elastic strain energy required for crack extension:

GI = GIC' (27)

Within the framework of linear elastic fracture mechanics, Irwins’s K-criterion and Griffith’s energy
criterion are equivalent and the fracture toughness can be expressed in terms of the critical energy

release rate [14]:
’ EGy
KIC = m (28)

For ductile materials under sufficiently high loads, the stress field close to the crack tip is no longer
dominated by K as the plastic zone is no longer small compared to the dimensions of the crack. There-
fore, Irwin’s stress intensity factor does not represent the strength of the stress field under large-scale
yielding conditions. As many engineering materials show significant inelastic deformation before
fracture, a parameter is required that can be used to describe the fracture behavior of ductile materials.

2.1.2 J-integral

The J-integral is a concept that is equivalent to K and G in linear-elastic fracture mechanics but has the
advantage that it can be applied also to inelastic material behavior [14]. In 1968, Rice [26] introduced
the J-integral as a contour integral that encloses the crack front to determine an energy quantity that
describes the elasto-plastic behavior of ductile materials close to the crack tip. The J-integral

0
] :fr (wdy—t%ds) (2.9)

characterizes the stress field around the crack tip and is therefore equivalent to the energy release rate
during crack growth. In Equation (2.9), w denotes the elastic strain energy density, t is the surface
traction vector on the arbitrary volume bounded by T', u is the displacement vector and s is the arc
length. The contour integral around a crack tip is shown in Figure 2.2 including the relevant quantities
to determine J.

Since the J-integral corresponds to the energy release rate during crack growth in an elastic material, it
can be transformed into the stress intensity factor for Mode I loading under plane strain conditions:
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(2.10)

Figure 2.2:  Contour integral to determine J adapted from [27]

J can further be applied as a fracture parameter and an equivalent fracture criterion for Mode I,

J = Jic = Gic, (2.11)
can be defined. Therefore, crack propagation initiates once J reaches the critial value J;. [27].

In an elasto-plastic material, much of the absorbed elastic strain energy is not recovered when the crack
grows but is dissipated by plastic deformation. A direct relationship between J, load and crack length is
not available. One way to obtain J for an elasto-plastic material is to determine the stresses, strains and
displacements numerically along a contour around the crack tip and calculate Equation (2.9) as a line
integral. A way to determine J directly from the load-displacement curve of a fracture mechanics test
was shown by Rice et al. (1973) [28]. They separated J into an elastic and a plastic part,

J=Jea+Jp (2.12)
where J,; is determined using Equation (2.10) and J, can be calculated by
_1%
~ Bb’

In this equation, Uy, is the plastic part of the strain energy absorbed by the specimen, which is equiva-

lent to the plastic part of the area under the load-displacement curve. 7 is a dimensionless constant, B is
the specimen thickness and b is the ligament length [29]. A fracture toughness equivalent to the critical
stress intensity factor for elastic materials can then be defined for elasto-plastic materials using the
critical J-integral at the onset of unstable fracture:

Jo (2.13)

EJc

K]C = —(1 —VZ).

(2.14)

2.1.3 Ductile-to-brittle transition in metals

The ductile-to-brittle-transition (DBT) refers to the phenomenon where the fracture mode in specific
metals changes between slow-stable fracture and fast, unstable fracture depending on environmental
conditions such as temperature and neutron irradiation. At low temperatures, the brittle low-energy
fracture mode occurs, while at high temperatures the ductile high-energy fracture mode is present.
Therefore, metals that exhibit a DBT have a high fracture toughness at temperatures above the ductile-
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to-brittle transition temperature (DBTT) and a low fracture toughness below the DBTT. This is shown
in Figure 2.3.

Most metals with a face-centered cubic (FCC) lattice structure are intrinsically ductile and do not show
transition behavior. In contrast, BCC metals, such as ferritic steels, usually exhibit steep transition
behavior with a well-defined DBTT, which is shown schematically in [30]. In those materials, the
transition is controlled by the dominance of either cleavage fracture or dislocation nucleation and
movement [30]. With increasing temperature, slip systems within the crystalline structure are activated
and dislocation movement is facilitated. Energy that would otherwise be available for cleavage fracture
is dissipated by plastic deformation. Consequently, the fracture toughness increases with increasing
temperature. Exposition to neutron radiation causes the DBTT to be shifted towards higher tempera-
tures due to defects in the lattice structure caused by irradiation. The defects prevent the movement of
dislocations and thereby limit the material’s ability to plastically deform. This is the main cause for
embrittlement of the ferritic steels used for reactor pressure vessels in nuclear power plants [1].
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Figure 2.3: Ductile-to-brittle transition of fracture toughness of a BCC metal [30]

Another aspect of the transition behavior of BCC metals is the inherent scatter of fracture toughness
within the DBT region. According to the critical tensile stress criterion [31], unstable fracture is as-
sumed to occur when the tensile stress in front of the crack tip enables an existing defect to propagate
through the entire structure. Such flaws can be inclusions of brittle particles, voids or grain boundaries
among others. Due to the random distribution of critical defects within a material, it was shown that
cleavage fracture in ferritic steels is of a statistical nature [32,33]. Therefore, fracture-mechanical inves-
tigations within the DBT region require the consideration of the statistical effect on fracture toughness
measurements.

2.1.4 Geometric influences on fracture toughness measurements

Fracture toughness is a material property and must therefore be independent of the geometry and size of
the structure under consideration. However, as explained in the previous section, it is not possible to
obtain a singular value for fracture toughness from fracture mechanics tests in the DBT region due to
the statistical nature of cleavage fracture. Likewise, small specimens statistically yield larger fracture
toughness values as compared to standard-sized specimens. Following the concept of weakest-link
statistics [34,35], cleavage fracture is always initiated at a defect of critical size in front of the crack tip.
Since large specimens are thicker than small specimens, the likelihood of encountering a critical defect
is higher in large specimens. This size effect on fracture toughness is addressed in the ASTM E1921
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standard by introducing a size correction formula when specimens of thickness other than 25 mm are
tested.

In addition to the size effect, the effect of constraint is another cause for discrepancies between fracture
toughness measurements from specimens of different sizes, geometries and crack lengths. The term
“constraint” is used to describe the extent of plastic deformation in front of the crack tip of a structure
under load. In that sense, specimens that exhibit limited plastic deformation (small-scale yielding condi-
tions, SSY) are referred to as “high constraint” geometries, while specimens without contained plastici-
ty are “low constraint” geometries [36]. The amount of constraint is strongly correlated to the stress
state at the crack tip and, consequently, depends on the stress triaxiality h, which is the ratio between
hydrostatic stress oy, and von Mises equivalent stress !

1
poOh 3 (01 + 02 + 03)
Oeq \/(01 — 03)% + (0, — 03)% + (03 + 07)?
2

(2.15)

The parameters a1, 05, and g3 denote the principal stresses. In Figure 2.4 the plastic zone sizes under
plane stress and plane strain conditions for a thick plate are shown schematically. Under plane stress
conditions, i.e., at the side surfaces of fracture mechanics specimens, a large plastic zone can develop as
the deformation of material points in the out-of-plane direction is not constrained. This results in neck-
ing of the specimen ahead of the crack tip. In contrast, the constraint in the center region, where plain
stain conditions are prevalent, is high since material points cannot deform out-of-plane under symmetric
loading. Therefore, a smaller plastic zone is developed under plane strain conditions and blunting of the
crack tip is observed [14]. Since less strain energy is dissipated by plastic deformation in the plane
strain region, more energy is available for crack growth. Consequently, less load is required to initiate
ductile crack extension and the crack growth rate is increased in plane strain as compared to plane
stress. The fracture toughness Kj. is defined for pure plane strain as in this condition, the most con-
servative value is obtained.

plane strain plastic zone

plane stress plastic zone

Figure 2.4: Plastic zone size in plane stress and plane strain adapted from [14]

Consequently, different geometries and sizes of fracture mechanics specimens yield different fracture
toughness results due to differences in their overall constraint level. Regarding large specimens with a
large thickness B, most of the crack front is loaded in plane strain, as opposed to small, thinner speci-
mens, where a significant fraction of the crack front may not be loaded in pure plane strain. The overall
constraint level in small specimens is lower and therefore, when plastic deformation is not limited to a
small region relative to the crack size, they yield higher fracture toughness values as compared to large
specimens. Additionally, the effect of necking at the crack tip, based on the initial thickness, is pro-
nounced in small specimens. This means that with increased plastic deformation, the constraint in small
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specimens is reduced even further. This effect is referred to as “loss of constraint by many authors
[29,37-39].

2.2 Experimental fracture toughness determination

There are several internationally accepted and applied standards for fracture toughness determination of
metallic materials published by the American Society for Testing and Materials (ASTM) and the Inter-
national Organization of Standardization (ISO). This work focuses on the standards published by
ASTM. Each standard deals with a specific fracture behavior and the corresponding designations are as
follows:

o ASTM E399 — Standard Test Method for Linear-Elastic Plane-Strain Fracture Toughness of
Metallic Materials [40]

e ASTM E1921 — Standard Test Method for Determination of Reference Temperature, T, for
Ferritic Steels in the Transition Range [10]

e ASTM E1820 — Standard Test Method for Measurement of Fracture Toughness [41]

It is expected that the RPV steel examined in this work will show macroscopic plastic deformation
before unstable fracture within the considered temperature range. Therefore, the ASTM E399 standard
is not described further. As the designation suggests, the ASTM E1921 standard is used to determine
fracture toughness within the DBT region by evaluating a reference temperature T,. This standard is
only applicable to ferritic steels such as RPV steels. The ASTM E1820 standard is applied for fracture
toughness determination of ductile metals that exhibit significant plastic deformation before the onset of
slow-stable and/or unstable fracture.

2.2.1 ASTM E1921 standard for testing in the DBT region

The ASTM E1921 standard is based on the Master Curve concept developed by Wallin (1991) [42]. It
covers the determination of a reference temperature T,, which characterizes the fracture toughness of
ferritic steels that experience cleavage fracture at elastic or plastic K. instabilities. Within the standard,
requirements are set on specimen size and total number of tests needed to obtain an acceptable charac-
terization of the fracture toughness transition behavior. The statistical size effect described in Sec-
tion 2.1.4 is treated using weakest-link theory to a three-parameter Weibull distribution of fracture
toughness values,

K. — Kpin\™
Jc min
=1-—ex —(—)> (2.16)
Pr p< Ko — Konin

where pr is the cumulative failure probability, m is the Weibull modulus set to a value of 4, K, is the
scale parameter and K,;,, is the lower-bound fracture toughness set to 20 MPav/m. It is assumed that
ferritic steels in the transition range have cumulative failure probability distributions of nearly the same
shape, independent of specimen size and temperature.

The standard requires testing of fatigue pre-cracked fracture mechanics specimens, such as compact
tension (CT) specimens, in a temperature range with an upper limit on constraint loss and a lower limit
above which weakest-link statistics can be applied. Kj. values are calculated from Equation (2.14) after
determining the elastic and plastic parts of the J-integral (Equations (2.10) and (2.13)). To ensure high-
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constraint conditions along the crack front at fracture, a limit on the Kj. values relative to specimen size
is imposed. This upper limit is defined by

Ebgoys
Kjclimit = ’—30(1 —7y (2.17)

where b, is the initial length of the ligament in front of the crack tip and oyg is the material’s yield
strength at the respective test temperatures. Tests that yield a K. value exceeding the Kjcjimit at the
respective test temperature are censored, meaning that the Kj. result is replaced by the corresponding
Kjclimit- A size correction formula is employed to predict the fracture toughness transition curve and
tolerance bounds for 25 mm thick (1T) specimens:

1
B \#
Kjcir = Kmin + (Kjc — Kmin) (B_n) . (2.18)

In the equation, Kj. 11 denotes the fracture toughness size-corrected to By thickness (25 mm) and Kj is
the fracture toughness measurement obtained from a specimen of thickness B.

From the Kj., data set, a provisional value for the reference temperature T, is determined in an
iterative calculation, for details of which the reader is referred to the ASTM standard. A lower test
temperature limit of 50°C below T, is specified in the standard to obtain valid test results. Tests that fall
below this limit are removed from the data set and do not contribute to the calculation of the next itera-
tion of Tjq. Additionally, it is assumed in the standard that the accuracy of a Kj result decreases the

further the test temperature lies below T,. A weighting system is imposed that specifies the required
number of test results according to the criterion

3
Dnmz1, (2.19)
i=1

where 7; is the number of uncensored Kj. values within the i-th temperature range listed in Table 2.1,
and n; is the weighting factor for the tests within the same temperature range [10].

Table 2.1:  Test temperature range dependent weighting factors used to evaluate the data set size criterion [10]

T-T[°C] n[]

50 to -14 1/6
-15t0 -35 17
-36 to -50 1/8

If the number of uncensored Kj.,r measurements is compliant with the minimum size of the data set
specified in Equation (2.19), the provisional Ty value is replaced with the final reference temperature
Ty. The reference temperature is defined as the temperature where the median fracture toughness is
equal to 100 MPa+/m. It is assumed that the shape of the lower transition curve is similar for all ferritic
steels. With this assumption, the median fracture toughness Kj. 11.meq Can be calculated at any tempera-
ture T in the transition region using the empirical formula

Kjc1Tmed = 30 + 70 exp(0.019(T — T,) ) MPaym. (2.20)
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The transition curve obtained from Equation (2.20) is shown schematically in Figure 2.5 and referred to
as Master Curve. It can be used to quantify a transition temperature shift related to microstructural
damage mechanisms such as neutron irradiation. Extensive plastic deformation and ductile crack
growth beyond censoring limits may precede cleavage fracture as the upper part of the transition curve
is approached. Such test data can be handled using the ASTM E1820 standard [10].

A 1
upper bound | Master Curve

K]c AT,med [MPaym]

Figure 2.5: Master Curve and upper and lower tolerance bounds [10]

Throughout the past two decades, many authors applied the ASTM E1921 standard to determine the
fracture toughness of RPV steels by means of miniaturized fracture mechanics specimens.
Sokolov (2017) [9] came to the conclusion that it is possible to obtain a value for T, from a relatively
small number of sub-sized specimen tests that is in good agreement with the reference temperature
obtained from standard-sized specimens. However, he points out that in practice, when the reference
temperature is unknown, many more small specimen tests are necessary due to the strict validity re-
quirements of the standard before the final T, is determined. In another study, Nanstad and
Sokolov (2016) [43] showed that the MCT geometry can be used to obtain a reference temperature
within the range of T, values determined from various large specimen geometries. In addition, they
point out that the scatter of fracture toughness values measured by MCT specimens follows the Weibull
distribution, which provides additional validation of this geometry for Master Curve evaluation of RPV
steels. Dzugan et al. (2018) [44], Jose et al. (2019) [45] and Lucon et al. (2002) [16] also report good
results comparability between miniaturized specimens, including an MCT geometry, and standard-sized
specimens tests for the materials investigated. Lucon et al. point out that miniaturized geometries expe-
rience significant loss of constraint, which requires testing well below T, to obtain enough valid test
results. In a 2023 review of MCT testing for fracture characterization of ferritic steels in the DBT
region, Sanchez et al. [8] concluded that there is no bias in the reference temperature determined from
MCT specimens when compared to larger specimens, but the selection of test temperatures remains a
problem due to the reduced measuring capacity of small specimens. This reduced measuring capacity
limits the test temperature range where uncensored Kj. results can be obtained. As Kj. values obtained
at lower temperatures close to the validity limit contribute less to the data set size requirement specified
in the standard, an increasing number of tests is required for the determination of a valid T,,.

2.2.2 ASTM E1820 standard for testing ductile metals

ASTM E1820 is used to determine fracture toughness of metals that exhibit large-scale yielding and fail
by unstable fracture or ductile tearing. Fracture toughness is determined as a point value from tests that
are terminated by unstable fracture before ductile tearing is initiated. This case is not explained further
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here, as in this work, fracture instability is handled using ASTM E1921. For metals that show stable
tearing behavior, a crack resistance curve (J-R curve) is developed from fracture mechanics tests in
either a basic procedure or a resistance curve procedure. In the following, only the basic procedure to
determine fracture toughness from the J-R curve is described.

The basis procedure requires testing of multiple fatigue pre-cracked fracture mechanics specimens up to
different load levels and subsequent unloading. As with ASTM E1921, the J-integral for each test is
determined as the sum of an elastic part (Equation (2.10)) and a plastic part (Equation (2.13)) which is
obtained from the load-displacement curve. The plastic part J, is required to be corrected for crack

growth using
]p,O

@ 05ka 2.21)
a+ 0.5 bO

]p:1+(

where J,, o is the plastic part of ] before correcting for crack growth, « is a constant depending on spec-
imen type (0.9 for CT specimens) and Aa is the amount of ductile crack extension. The ductile crack
extension is the difference between the final physical crack length a,, and the initial crack length a, and
is determined by analyzing the fracture surface of a specimen using light microscopy or SEM. The
crack length is calculated as the average of nine equidistant measurements along the crack front, where
the outer two measurements are weighted half the inner measurements. For each test, the crack length
corrected J values are plotted in a J-Aa diagram and a regression curve based on a power law is drawn,
which is referred to as the J-R curve. The J-R curve is shown schematically for a ductile material in
Figure 2.6. With increasing crack length, the J-integral required for further crack extension also increas-
es. In the case of unstable fracture, the slope of the J-R curve becomes zero since no further loading of
the crack tip is necessary to propagate the crack. The construction line, exclusion line and offset lines
are required for the determination of a provisional /, parameter, which is defined as the J value at the
intersection of the J-R curve with the 0.2mm offset line.

A

J [N/mm]

Aa [mm]

Figure 2.6: J-R curve for determination of fracture toughness of a ductile material adapted from [41]
In the E1820 standard, it is assumed that specimens of a certain size and material have a limited testing
capacity regarding J and Aa:

bo0ys eff Boys eff
Jmax = Te OT Jmax = Te: (2-22)

whichever is smaller, and
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A@pay = 0.25b,. (2.23)

In Equation (2.22), ays er denotes the effective yield strength, which is calculated as the average of the
0.2% offset yield strength and the ultimate tensile strength.

Additionally, to ensure high constraint conditions during crack extension, limits are specified on the
size and geometry of the specimens used for testing:
10/q

10
Jo p, > (2.24)
Oy eff Oy eff

B>

If those conditions are met, the provisional ], value is replaced with the critical J-integral at the point of
crack initiation, Jic. This value can then be used to calculate the fracture toughness Kj;. of the material

using Equation (2.14). In the case that the conditions in Equation (2.24) are not met, which is to be
expected when testing miniaturized specimens, /o, cannot be replaced and an invalid value for the

fracture toughness, K, is calculated [41].

2.3 Fracture mechanisms

Fracture of metallic materials can be classified into different categories based on the macroscopic
behavior, microscopic mechanisms of material separation or type of loading, such as overload, fatigue
or creep. According to the amount of plastic deformation present in a structure at fracture, a distinction
between brittle fracture, where little to no plastic deformation is present, and ductile fracture, where the
structure shows a significant amount of plastic deformation associated with fracture, can be made. This
classification is only valid on the macroscopic level, as fracture may be brittle on the microscopic scale,
but the entire structure may show significant plastic deformation before fracture. Therefore, a distinc-
tion is usually made based on the micro-mechanisms of fracture that take place in the plastic zone ahead
of crack tip and lead to crack extension [46].

On the fracture surfaces, distinct microscopic features are observable by means of SEM that can be used
to determine the micro-mechanisms responsible for fracture. Ferritic steels, such as RPV steels, usually
experience brittle fracture at low temperatures, which is associated with the micro-mechanism of cleav-
age fracture. Above the DBTT, ferritic steels fracture by ductile tearing, where the nucleation, growth
and coalescence of micro-voids is the mechanism responsible for crack extension. Within the lower part
of DBT region, both cleavage fracture and ductile tearing are present simultaneously. This is referred to
as quasi-cleavage, where cleavage facets visible on a fracture surface combine with regions of micro-
void coalescence that can often be identified as tear ridges along the grain boundaries.

By studying the fracture surfaces of fracture mechanics specimens and characterizing the micro-
mechanisms responsible for fracture, a better understanding of the material behavior and differences
between small and large geometries can be gained [46].

2.3.1 Cleavage fracture

Microscopic cleavage fracture is characterized by material separation through direct rupture of the
atomic planes. As this mechanism does not involve plastic deformation, cleavage facture is also referred
to as brittle fracture. It is caused mainly by normal stresses perpendicular to the crack plane [46]. Fac-
tors promoting cleavage fracture are low temperatures due to the limited amount of active slip systems,
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and high constraint conditions that restrict the material’s ability to reduce high stresses through plastic
deformation [29].

When the crack path passes along grain boundaries, the micro-mechanism is referred to as intergranular
cleavage. One the other hand, transgranular cleavage is observed when the crack passes directly through
individual grains, cutting them into two parts. The crack paths of intergranular and transgranular cleav-
age are shown schematically in Figure 2.7 (a). On the fracture surfaces of ferritic steels that experienced
brittle fracture, transgranular cleavage is the most common feature.

In Figure 2.7 (b), a SEM micrograph of multiple transgranular cleavage facets and an intergranular facet
on the fracture surface of a RPV steel tested within the DBT region is shown. The transgranular cleav-
age facets are easily recognizable by sets of fine steps called “river lines” that are created by the passing
of the fracture through the individual grains. Within each grain, cleavage planes with different orienta-
tions are located. To keep the continuity of the propagating plane, rotation of the cleavage planes is
necessary. As this rotation cannot be done abruptly, it is done in consecutive steps that make up the
river pattern [46]. It is possible to follow the river pattern “upstream”, in the direction where the
branches of the river merge into one stream, to identify the crack growth direction through the grain.
The crack path can be traced back to the point where fracture was initiated by following the river pat-
tern across multiple grains. In this way, the fracture initiation sites can be identified.

intergranular —» grain

grain boundary ——

transgranular —

()

Figure 2.7: Classification of cleavage fracture according to the crack path (a) adapted from [46] and SEM
micrograph showing transgranular and intergranular cleavage facets in SA-508 CI.3 (b)

In some cases, cleavage fracture is initiated by the fracture of brittle inclusions such as sulfides, car-
bides, or oxides within the surrounding steel matrix. The fractured particles act as stress concentrators
and, in the sense of weakest-link statistics, as critical defects limiting the fracture toughness of the
material. Cleavage initiation from particles is recognizable by the river pattern pointing from all direc-
tions to a clearly defined location on a cleavage facet or grain boundary. If the fractured inclusion at the
center of the river pattern is sufficiently large, its chemical composition can be analyzed by means of
energy-dispersive X-ray (EDX) spectroscopy.

Cleavage fracture can also be initiated from grain boundaries or within regions of intergranular fracture.
In those cases, the river pattern does not point to a singular location, but can be observed to loop around
the initiation site without a clear indication of the exact point of fracture initiation.

2.3.2 Ductile tearing

Ductile tearing is a stable fracture mode, meaning that material separation occurs slowly and is accom-
panied by large plastic deformations. During ductile tearing, crack growth takes place in three consecu-
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tive steps: Void nucleation, growth and coalescence. Nucleation of voids is usually initiated at inclu-
sions or second-phase particles. Thereby, material separation is achieved by decohesion of the inclusion
or particle and the surrounding matrix. The voids grow by plastic deformation until adjacent voids are
large enough to merge into an internal cavity. In Figure 2.8, a SEM micrograph of a cavity formed by
coalescence of multiple voids, surrounded by cleavage facets, is shown. The particles that caused void
nucleation are clearly visible in the center of the respective voids. Between the cavity and the surround-
ing cleavage facets, clusters of smaller voids can be seen. The shape and size of the micro-voids are
directly related to the shape, size and distribution of the nucleating particles, the ductility of the material
and the load application mode [46].

Within the lower part of the DBT region, a limited amount of ductile tearing usually precedes cleavage
fracture. The extent of ductile crack growth strongly depends on the material’s ability to plastically
deform and is consequently dependent on temperature. With increasing temperature, the amount of
stable crack extension before initiation of cleavage fracture increases until at a certain temperature,
enough constraint is lost through plastic deformation that the conditions for cleavage fracture are no
longer met. Above this temperature, ductile tearing is the only fracture mechanism present.

Figure 2.8: Cavity formed by coalescence of multiple voids surrounded by cleavage facets in SA-508 CI.3

2.4 Cohesive zone model

To simulate the fracture process within the framework of the finite-element-method, it is necessary to
introduce a material damage model. Several numerical approaches exist to model crack propagation and
predict the fracture toughness of ferritic steels. In general, micro-mechanical and phenomenological
damage models are distinguished. The micro-mechanical models are based on local fracture criteria
established most often from tests on volume elements [47]. Their parameters characterize the micro-
structure of the material and therefore have physical relevance. The most used micro-mechanical dam-
age models include Rousselier and Gurson-type models for ductile damage and the Ritchie-Knott-Rice
(RKR) and Beremin models for the prediction of cleavage fracture. In the following, a brief description
of these models is given.

Gurson type models, such as the Gurson-Tvergaard-Needleman (GTN) model [18-20], are based on
metal plasticity and use Gurson’s flow function [21] and a damage parameter to model ductile fracture.
The specific void volume fraction is used as the damage parameter, which describes the loss of stiffness
resulting from void growth and coalescence in front of the crack tip. Rousselier’s original ductile dam-
age model, proposed in 1987 [48], is based on a thermodynamics framework and considers finite strain,
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isotropic hardening and cavity growth [49]. It uses a plastic flow potential similar to Gurson’s model
and a damage variable that describes the porosity of the material. The model can be applied to simulate
ductile fracture of uncracked and cracked structures [50]. A disadvantage of both porous metal plastici-
ty models is their strong mesh dependence [51], resulting from the parameters of the models being
directly related to the size of the elements in the ligament. Therefore, these models are considered to be
inflexible and require a high level of experience to use correctly [52]. They further require several
parameters to be calibrated, increasing complexity.

A cleavage fracture criterion that describes the onset of cleavage fracture in terms of a critical stress
being sustained over a characteristic distance in front of the crack tip was introduced by Ritchie et al. in
1973 [53] and is known as the RKR model. Ritchie et al. assumed that the measured toughness of a
brittle material is not determined by the highest stress at any point, but rather by the volume over which
stress is applied [54]. In the original model, the characteristic distance and the critical stress are further
assumed to be constant across the temperature range of the DBT region. Therefore, the temperature
dependence of the fracture toughness is entirely determined by the temperature dependence of the
plastic properties of the material. In the lower shelf region, where the temperature dependence of the
yield strength is large, the fracture toughness can be predicted successfully by the RKR model. On the
other hand, the variation of the yield strength with temperature is comparably low in the DBT region,
leading to a significant underestimation of fracture toughness. Consequently, the model has mainly been
used to predict the fracture toughness of steels in the lower shelf region [55]. Yang et al. (2003) [56]
introduced a local critical stress to improve the capability of the RKR model to predict the median
fracture toughness of RPV steels in the DBT region. They calibrated the characteristic distance by
measuring the distance of cleavage initiation sites on the fracture surfaces of fracture mechanics speci-
mens at multiple temperatures. Applying this modified RKR model, it was shown that good predictions
of the fracture toughness Master Curve of ferritic steels can be achieved. However, due to the determin-
istic nature of the RKR model, no predictions of the scatter of fracture toughness in the DBT model can
be made.

The Beremin model, introduced in 1983 [22], is derived from the “local approach” to fracture and is
commonly used to describe the fracture behavior of ferritic steels in the DBT region. It is based on
Weibull statistics and the micro-mechanisms of brittle fracture. It introduces the Weibull stress as a
probabilistic parameter that follows a two-parameter Weibull distribution. The Weibull stress is as-
sumed to be the crack driving force, which means that cleavage fracture occurs at a critical value of the
Weibull stress corresponding to a given failure probability. Implementing the Beremin model into the
framework of the finite-element-method, it is possible to predict fracture toughness by defining condi-
tions leading to material failure [47]. For parameter identification, the model relies on measurements
obtained from tensile and fracture mechanics tests [57]. Several modifications of the Beremin model
exist, for example to add a strain- or temperature-dependence to the Weibull stress. One disadvantage of
the original Beremin model is that, since no material damage is simulated, it can only be used to predict
the probability of cleavage fracture initiation. Consequently, it cannot be used to simulate ductile crack
extension prior to unstable fracture. However, it can be used in conjunction with a ductile fracture
model such as the GTN model, considerably improving predictions [58].

In phenomenological models, which apply the methods of continuum mechanics on a global scale, the
evolution of a damage parameter is used as a failure criterion. A frequently and successfully applied
phenomenological damage model is the cohesive zone model (CZM). In this model, damage is only
considered within a cohesive zone that is connected to the bulk of the material. Failure of the cohesive
elements leads to separation of the adjacent continuum elements. This means that crack propagation can
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usually only be simulated along pre-defined paths. To simulate an arbitrary crack path, cohesive ele-
ments would have to be embedded between all continuum elements around the crack tip, which requires
considerable computational resources. However, for the simulation of fracture mechanics tests, a
straight crack path is a reasonable assumption.

In terms of its applicability, the CZM has several advantages over the micro-mechanical damage mod-
els described above. An important advantage is the mesh-independence of the CZM parameters [59].
This means that, as long as mesh convergence is achieved, changes in element size do not produce
different results. In addition, the CZM in its simplest form only requires the identification of two pa-
rameters and can be applied to simulate both brittle and ductile fracture behavior on a macroscopic
scale. It is noted that, since no microscopic flaws are modeled within the cohesive zone that can act as
fracture initiators, the model is not capable of simulating the mechanisms of cleavage fracture observed
in physical specimens. To predict unstable fracture of a specimen or structure, a suitable macroscopic
failure criterion must be introduced. The CZM can further be used to simulate both uncracked and
cracked structures and can theoretically be applied to any solid material. The CZM can be modified to
include the dependence of the model parameters on strain-rate, stress triaxiality or hydrogen concentra-
tion, among others [60].

In the past, the CZM has been used extensively to simulate ductile and brittle fracture of various mate-
rials [12,61-63]. In most cases, either purely ductile or purely brittle fracture was investigated. A so-
called unified CZM was proposed by Liu et al. (2013) [64] that can be used for the simulation of both
brittle and ductile fracture based on a ductility parameter that characterizes the properties of the cohe-
sive elements. They defined the ductility parameter to be the ratio between the materials yield strength
and the tensile strength, meaning that the value of the parameter is 1 for linear elastic materials and
between 0 and 1 for ductile materials. While the versatility of the model is an advantage, it cannot be
used to predict the fracture toughness scatter of ferritic steels in the DBT region due to its deterministic
nature.

Another unified CZM approach for the simulation of RPV steels in the DBT region based on tempera-
ture and failure probability dependent cohesive zone parameters was developed by Chakraborty &
Biner (2014) [58]. Their procedure requires three calibration points for the cohesive zone parameters,
with one on the upper shelf for ductile fracture and two on the lower shelf for cumulative failure proba-
bilities of 5% and 95%. The cumulative failure probabilities are obtained from a three-parameter
Weibull distribution (Equation (2.16)). In their study, Chakraborty & Biner evaluated the CZM parame-
ters from experimentally obtained fracture toughness data, but it is noted that the parameters could also
be determined from micro-mechanistic simulations of ductile and brittle fracture by considering the
underlying microstructures and only using the flow curves. A functional relationship is derived between
the CZM parameters and the calibrated values to allow the complete evaluation of the Master Curve
within the DBT region. Chakraborty & Biner report numerical fracture toughness values that are com-
parable to experimental results using CT specimens with 25 mm thickness and single-edge-notched-
bend (SENB) specimens. While this unified approach does consider the statistical nature of cleavage
fracture by introducing failure probability dependent cohesive zone parameters, the model itself is still
deterministic as no stochastic properties are implemented into the cohesive zone. To introduce an
uncertainty into the numerically obtained fracture toughness values, spatially varying properties of the
CZM must be taken into account.

Due to the advantages of the CZM over the micromechanics-based approaches, especially regarding the
applicability for both brittle and ductile fracture behavior, the CZM is used in this work to simulate CT
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specimens of different sizes over a wide range of temperatures between the lower shelf and the upper
shelf of fracture toughness transition. A few studies on the application of spatially distributed cohesive
zone parameters, which have been conducted in the past to simulate the statistical fracture behavior of
different materials, are presented in Section 2.4.3.2.

2.4.1 Principle

The CZM has its origin in the strip-yield model proposed by Dugdale (1960) [65], who tried to solve
the problem of the stress singularity at the crack tip. The idea of Dugdale’s model is shown schemati-
cally in Figure 2.9 (a). He introduced a cohesive force in front of the crack tip that prevents the crack
from extending and is equal to the yield strength of the material oy5. Dugdale used the model to analyt-
ically characterize the plastic deformation near the crack tip. Its application as a damage model within
the FEM occurred substantially later [66].

CZMs in their present form date back to the work of Barenblatt (1962) [67], who replaced the yield
strength in Dugdale’s model with a cohesive law to model decohesion of atomic bonds [68]. In Figure
2.9 (b), Barenblatt’s model is shown schematically. Both models have in common that the area behind
the crack tip is traction-free. While in Barenblatt’s model the cohesive traction is expressed as a func-
tion of the distance from the crack tip, in modern cohesive models the tractions are defined as functions
of the separation of the cohesive surfaces. The constitutive law that describes this relationship is called
the traction-separation-law (TSL).

Over the last few decades, numerous TSLs have been developed to model ductile and brittle fracture of
various materials. Most work on the development of the CZM for the application to metallic materials
can be attributed to Needleman (1987) [69] and Tvergaard and Hutchinson (1992, 1994) [70,71] [66].

%

(a) (b)

Figure 2.9: Dugdale's model using a constant cohesive traction equal to the materials yield strength (a) and
Barenblatt's model using a cohesive traction that depends on the distance from the crack tip (b)
adapted from [68]

a o(x)

The basic idea of the CZM for the modeling of ductile fracture is shown in Figure 2.10. The real ductile
tearing process (a), consisting of void nucleation, growth and coalescence is modeled by a TSL, simu-
lating material separation directly at the crack tip (b). The cohesive elements, which are placed between
the two initially parallel surfaces of the continuum in the ligament, work against the separation of the
crack planes until a critical separation is reached. Reaching the critical separation, the cohesive ele-
ments “break” and cause the crack to extend. Thereby, damage is limited to the cohesive zone, meaning
that no damage must be modeled for the surrounding continuum elements.
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Figure 2.10: Representation of the real ductile fracture process (a) by the CZM (b) adapted from [66]
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2.4.2 Traction-separation-laws

The choice of the appropriate TSL for the simulation of a specific fracture mode is one of the key
concerns for the application of the CZM. Several TSL shapes are suited for ductile fracture and many
authors have successfully used cohesive laws with different TSL shapes for the simulation of the exact
same ductile tearing problems. Since the CZM is a phenomenological model and does not simulate the
micro-mechanical fracture processes observed in real materials, the TSL can be freely chosen [66].
Although the exact choice of the TSL has a significant impact on the behavior of individual cohesive
elements, it was shown by Tvergaard and Hutchinson (1994) [70] that the effect on the macroscopic
fracture behavior can be relatively weak when simulating ductile tearing. In the case of quasi-brittle
fracture, it is stated by de Borst (2002) [72] that the shape of the TSL plays a much bigger role and is
sometimes more important than the value of the cohesive strength.

All TSLs have in common that they can be described by three parameters, of which two are independ-
ent:

¢ Cohesive strength a.: Maximum resistance against separation that can be applied by a cohe-
sive element before damage is initiated in the form of stiffness degradation.

o Critical separation §.: Displacement of the cohesive surfaces relative to the initial displace-
ment where the cohesive stress reaches zero and the cohesive element fails.

o Cohesive energy I'.: Area under the TSL curve and total strain energy absorbed by a cohesive
element at the point of failure.

Since only two cohesive zone parameters are independent, the third parameter can be calculated as a
function of the other two depending on the shape of the TSL. Besides the cohesive strength, which can
be determined from experiments, the cohesive energy is often used as the second parameter due to its
physical meaning. The cohesive energy is equal to the J-integral at crack initiation [60].

In Figure 2.11, several TSL shapes are shown that are commonly used to simulate fracture of various
materials. The triangular shape (a) is used to simulate unstable fracture modes and was first introduced
by Hillerborg et al. (1976) [73] to simulate fracture in concrete. They used an infinite initial stiffness of
the TSL, meaning that all inelastic deformation is assumed to be material separation [68]. Thereby, the
cohesive surfaces only separate once the cohesive strength is reached. To avoid numerical difficulties, a
bilinear TSL with a finite, albeit very high, initial stiffness is often used instead of an infinite initial
stiffness.
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The exponential (Figure 2.11 (b)) and polynomial (Figure 2.11 (c)) TSL shapes were first used by
Needleman in 1987 and 1990 [69,74] to simulate fracture in ductile metals. These TSLs are character-
ized by a finite initial stiffness and a smooth shape. Tvergaard and Hutchinson (1992) [71] introduced a
more versatile TSL with a trapezoidal shape (Figure 2.11 (d)) to simulate ductile tearing. The TSL is
similar to the triangular TSL but with a region of constant cohesive stress that is equal to the cohesive
strength. Using two additional shape parameters, §; and §,, the initial stiffness, the range of the region
of constant cohesive stress and the unloading slope can be defined. The trapezoidal TSL is an extension
of the triangular TSL, which is obtained when the same value is chosen for the two shape parameters.
Therefore, the same equations can be used to define the respective sections of the TSLs:

O 5.0, for 6 < 6,6,
0 =1+ 0¢ for §;6. < 6 < 6,6, (2.25)
| 6.—6
kO’C (m) for 6,6, < 6 < 6.
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Figure 2.11: Traction-separation-laws commonly used to simulate fracture of different materials [69,71,73,74]

Integration of the TSL yields the cohesive energy:

8¢

1
I, = f 0d8 =2 0c8e(1 = 8 + 6). (2.26)

0
The TSL by Tvergaard and Hutchinson is used in this work due to its high versatility for simulating
both brittle and ductile fracture processes. The cohesive strength can be calibrated by testing notched
round bar specimens and determining the maximum axial stress at the point of fracture [66]. The cohe-
sive energy can then be used as a fitting parameter and the critical separation follows from
Equation (4.1). Regarding the shape parameters §; and &§,, Scheider (2006) [60] suggests to choose &,
as small as possible without introducing convergence problems, whereas &, should be chosen to obtain
a moderate slope of the softening region of the TSL.
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2.4.3 Modifications to the standard CZM

The CZM in its basic form with constant parameters of the TSL, as presented in the previous section,
can be used to simulate ductile and brittle fracture of various materials. Limitations on the applicability
of the model exist when different geometries are studied using a single set of cohesive parameters or if
the dependence of the fracture behavior on specific field quantities or microstructural features must be
considered. For instance, the fracture behavior may depend on the applied strain rate or the distribution
of critical defects in front of the crack tip. In such cases, the standard CZM must be modified to include
the dependence of the cohesive zone parameters on the respective field quantity or to take into account
the spatial variation of fracture-mechanical properties. Previous studies by various authors on the triaxi-
ality dependence of the CZM parameters and the application of spatially distributed parameters to
simulate probabilistic fracture behavior are presented below.

2.4.3.1 Triaxiality dependence

Several authors have used triaxiality-dependent cohesive zone parameters to solve the transferability
problem and account for the constraint effect observed in ductile fracture. In 2000, Siegmund &
Brocks [75] calibrated a triaxiality-dependent CZM by studying material failure on unit cells separated
from an actual crack problem. Thereby, they showed that the cohesive strength increases significantly
with triaxiality up to a triaxiality of two. At higher triaxialities, the dependence is far less pronounced as
the cohesive strength shows saturation behavior. It was further observed that the cohesive energy de-
creases with triaxiality and shows the same saturation behavior at high triaxialities. Siegmund & Brocks
applied the model to simulate ductile fracture in a middle tension (MT) and a CT specimen and com-
pared the J-R curves with results obtained from GTN simulations. They report a good agreement be-
tween the models for both the global fracture behavior as well as for local quantities at the crack tip. It
was further shown that the inclusion of triaxiality dependence of the cohesive parameters has no influ-
ence on the mesh convergence of the FE model. It was concluded that the triaxiality-dependent CZM is
promising for the modeling of ductile fracture as it combines the most attractive features of the physi-
cally motivated GTN model and the phenomenological CZM.

In a review on phenomenological fracture criteria, Brocks (2005) [76] stated that, while cohesive
strength and cohesive energy were found to be triaxiality-dependent, this dependence may be neglected
in numerical predictions of the J-R curve when only one specimen geometry is considered. The weak
triaxiality dependence of the cohesive energy is assumed to be due to the global plastic strain energy
being much greater than the separation energy in the process zone. Li & Yuan (2016) [77] simulated
side-grooved CT specimens and also found that the cohesive strength seems more sensitive to the
triaxiality than the cohesive energy. They further showed that a linear triaxiality dependence of the
cohesive zone parameters significantly improves three-dimensional crack growth predictions over
simulations using constant parameters.

Scheider & Brocks (2006) [78] report that by applying a triaxiality-dependent CZM to simulate ductile
fracture, the dependence of the fracture behavior on the TSL shape can be reduced, meaning that the
same TSL can be used for different geometries and constraint conditions. They further recommended
that, when using a constant model, the determination of the cohesive zone parameters should be per-
formed with specimens that have a constraint similar to the structure under consideration. In 2011,
Scheider et al. [79] performed ductile fracture simulations on a notched round bar, a middle tension
(MT) and a CT geometry made of an aluminum alloy using a triaxiality-dependent CZM. They reported
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that the model is able to predict the failure of all simulated structures well, which is not the case for a
CZM with constant parameters.

In a study by Chen et al. (2005) [80], a 10 mm thick CT specimen geometry of RPV steel was simulated
using constant cohesive zone parameters that were determined by fitting the simulated crack extensions
to experimental data. It was found that the experimentally obtained crack front shapes cannot be pre-
dicted by the simulations as the simulated crack front shapes show a strong tunneling effect. A better fit
between the simulated and experimental crack growth was achieved by reducing both cohesive zone
parameters near the side-surface of the specimen, showing their triaxiality dependence. It is further
reported that decreasing the cohesive strength results in a decrease of the triaxiality level in front of the
crack tip, while decreasing the cohesive energy leads to an increasing triaxiality. Thereby, it was shown
that the cohesive zone parameters are not only dependent on triaxiality, but that the triaxiality is also
dependent on the cohesive zone parameters.

While several studies exist on the application of triaxiality-dependent cohesive zone parameters for the
simulation of ductile fracture, few authors have used a triaxiality-dependent cohesive zone model to
simulate unstable fracture. As explained in Section 2.1.4, the constraint of a structure is characterized
by the amount of plastic deformation around the crack tip. It is therefore assumed that there is no triaxi-
ality dependence of the cohesive zone parameters for structures that do not show macroscopic plastic
deformation before fracture. Mahler & Aktaa (2016) [12] confirmed this assumption by simulating the
fracture process in KLST (from the German “Kleinstprobe” meaning “small specimen”) and standard-
sized bend specimens of T91 steel both on the upper shelf and the lower shelf using a triaxiality-
dependent cohesive strength and a constant cohesive energy. They successfully predicted fracture
toughness values in both regimes and conclude that triaxiality dependence of the cohesive strength must
be considered if plastic deformation is visible in the global force-displacement curve. It was further
shown that a constant cohesive strength yields better results if unstable fracture occurs in the elastic
regime. Consequently, for ferritic steels in the DBT region, where both macroscopic plastic deformation
and cleavage fracture occur simultaneously, it is necessary to introduce a triaxiality-dependent CZM to
simulate different geometries.

In conclusion, the triaxiality dependence of the cohesive strength must be considered for the transfera-
bility of the CZM to different geometries if macroscopic plastic deformation is present. As shown by
Brocks (2005) [76], the triaxiality dependence of the cohesive energy can be assumed to be negligible
due to the plastic strain energy being much larger than the separation energy. In this work, the approach
by Mahler & Aktaa is adopted and a triaxiality-dependent cohesive strength with a constant cohesive
energy is used for the simulation of fracture mechanics tests in the DBT region and on the upper shelf.

2.4.3.2 Random spatial distribution of CZM parameters

To simulate statistical effects in the fracture behavior of different materials and structures by means of
the CZM, some authors have applied spatially distributed cohesive zone parameters. Thereby, a random
or stochastic distribution of two or more sets of CZM parameters within the cohesive zone is assumed,
resulting in a variation of the fracture parameters that can be compared to the statistical distribution of
experimentally obtained values.

Schicker (2005) [81] simulated the statistical failure behavior of quasi-brittle materials assuming a
statistical distribution of the local rupture strength as a function of the microstructure. The numerical
investigations were performed using both the so-called “chain-of-bundles” model and FE-models based
on cohesive elements with a random spatial distribution of the cohesive strength. It was shown that both
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the individual and statistical failure behavior can be better predicted by the FE-model. In another study
on the effect of microstructural randomness on the fracture of composite laminates, Khokhar et
al. (2009) [82] introduced the fracture energy of cohesive elements as a random variable based on
Weibull’s failure probability distribution (Equation (2.16)). They emphasized the need to account for
the microstructural randomness of these laminates as predictions based on uniform failure properties
could significantly overestimate the critical value of crack lengths.

The deformation and fracture behavior of components made of fully lamellar TiAl alloy was simulated
by Kabir (2008) [83], focusing on the variability of local material properties and their influences on
translamellar fracture. Thereby, a stochastic CZM was introduced to capture the scatter of the macro-
scopic fracture behavior of chevron notched bend specimens based on the distribution of the fracture
parameters of individual lamellar colonies. Based on the numerical results, it is concluded that the
proposed approach can predict the stochastic nature of crack initiation and propagation as observed in
experiments. It is further stated that global specimen failure with stable or unstable crack growth can be
explained in terms of local material property variation.

Based on the presented studies, it is concluded that the introduction of a CZM with random spatial
distribution of the model parameters can be a viable approach to simulate the statistical nature of frac-
ture in different materials. To the author’s knowledge, a probabilistic CZM has so far not been applied
to simulate the fracture behavior of ferritic steels within the DBT region. Therefore, an approach to
identify spatially distributed parameters for mesoscale modeling of the cohesive zone in an RPV steel is
presented in this work.

2.4.4 Implementation

The cohesive elements are implemented into the FE software ABAQUS as a user-defined-element
(UEL) subroutine. Originally developed by Scheider in 2006 [60], the Fortran code for the UEL subrou-
tine was modified to incorporate the TSL by Tvergaard and Hutchinson. The UEL subroutine can be
used for 2D, axisymmetric and 3D analyses and allows for the definition of dependencies of the cohe-
sive zone parameters on additional field variables such as stress triaxiality, strain rate and hydrogen
concentration.

For the sake of clarity, only the 2D case is considered in the following. In addition, since only Mode |
loading is relevant for the investigations in this work, the other modes are not discussed here. In Figure
2.12 (a), it is shown how the cohesive elements are embedded as a zero-thickness layer between two
layers of continuum elements that make up the bulk of the material. Since the cohesive elements have
no thickness, they do not represent an interface made up of a separate material “gluing” the continuum
elements together, but rather a process zone where material degradation is localized [84]. Although the
cohesive elements have one dimension less than the adjacent continuum elements, they still have an
upper and a lower surface that are separated under load. Therefore, each cohesive element has the same
number of nodes as the surrounding continuum elements in a structured mesh. In Scheider’s UEL
subroutine, a linear 3D cohesive element has four integration points.

Normal separation of the surfaces of the cohesive elements, which results from externally applied
Mode | loading, is shown in Figure 2.12 (b). The cohesive elements resist the external load by applying
a normal stress oy in the opposite direction. From the difference of the displacements of the adjacent
continuum elements in loading direction, the normal separation is calculated:
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oy =ul? —ul?. (2.27)

In the equation, ug’) denotes the displacement of the upper cohesive surface in loading direction and

ug_) is the displacement of the lower cohesive surface.

continuum elements

cohesive elements

(a) (b)

Figure 2.12: Cohesive elements embedded between continuum elements (a) and normal separation of cohesive
elements following external Mode | loading (b) [85]

To reduce simulation time and memory usage, it is often useful to reduce the size of the model by
introducing symmetry conditions. As the simulation of cracked structures requires a fine discretization
to resolve the high stress and strain gradients, the exploitation of model symmetries is particularly
important. Fracture mechanics specimens for Mode | testing are symmetric in the thickness and loading
directions. Therefore, the model size can be reduced to a quarter specimen geometry. In the FE model
of a fracture mechanics specimen, the cohesive elements are usually placed in the crack plane along the
ligament, starting at the crack tip.

When dealing with cohesive elements that are placed along a symmetry plane, special considerations

must be made regarding their deformations. If the displacement of the lower cohesive surface u§‘> is
constrained, the cohesive element undergoes unsymmetric deformation upon loading. The resulting
mixed-mode opening is shown in Figure 2.13 (a). To achieve pure Mode I opening of the cohesive
elements, the displacements of the lower cohesive surface nodes must be coupled to the displacements
of the upper nodes in loading direction and crack growth direction according to Figure 2.13 (b). This is
realized in ABAQUS by applying so-called “constraint equations” to each individual node pair. Estab-
lishing nodal constraints introduces additional residual forces, which must be accounted for in the UEL
subroutine by adjusting the cohesive strength to one half of the calibrated value [84].

Figure 2.13: Lower cohesive surface constrained by boundary condition (a) and lower cohesive surface
constrained by coupled node displacements (b) [84]
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Tabular data of cohesive strength, critical separation and triaxiality are passed to the UEL subroutine to
account for the triaxiality dependence of the cohesive zone parameters. Thereby, the cohesive strength
values are related to a reference cohesive strength and the critical separations are likewise related to a
reference value at a certain triaxiality. Linear interpolation is performed between the respective tabular
entries and for triaxialities below or above the defined values, the minimum or maximum entries are
taken.
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3 Approach

In Chapter 1, the objectives of this work were outlined and some of the methods to be used to obtain the
required experimental and numerical data were mentioned. One primary objective is the numerical
prediction of fracture toughness of standard-sized CT specimens from small specimen test results. To
assess constraint differences between miniaturized and standard-sized specimens, the mean fracture-
mechanical behavior of the geometries shall be compared. For this purpose, a deterministic cohesive
zone model (CZM) is developed within the framework of the finite-element-method. Thereby, as ex-
plained in Section 2.4.3.1, the triaxiality dependence of the cohesive strength is considered and a con-
stant cohesive energy is used. The approach to identify the required model parameters from small
specimen test results is described in Section 3.1.

The other main objective of this work is the development of a probabilistic cohesive zone approach
based on a random spatial distribution of the model parameters in front of the crack tip. With the devel-
oped approach, the statistical fracture behavior of an RPV steel within the ductile-to-brittle transition
(DBT) region is predicted. As explained in Section 2.4.3.2, spatially distributed cohesive zone parame-
ters have been used in the past to simulate the stochastic fracture behavior of different materials, but
have not yet been applied to ferritic steels in the DBT region. Since the approach to determine the
individual cohesive zone parameters remains the same, the probabilistic CZM may be regarded as an
extension of the deterministic model. For the development of the probabilistic model, which is de-
scribed in Section 3.2, additional fractographic investigations are required to determine the spatial
distribution of the model parameters within the cohesive zone.

3.1 Deterministic model

The deterministic CZM is used to simulate standard-sized CT specimens based on parameters obtained
from small specimen tests and to evaluate the constraint differences between miniaturized and standard-
sized geometries. To identify the material parameters required for the FE-simulations, the experimental-
numerical approach developed by Mahler & Aktaa (2014) [11] is applied. In Figure 3.1, an overview of
the methodology from tensile testing to the prediction of fracture toughness on standard-sized geome-
tries is given. The parameter identification on small specimens involves tensile testing of smooth round
bar (SRB) specimens and notched round bar (NRB) specimens as well as fracture mechanics testing
using MCT specimens. The method can be applied at any temperature on the lower or upper shelf or
within the DBT region.

In a first step, SRB specimens are tested to determine the plastic flow curves to be used as material
input data for the FE-simulations. For the calibration of the cohesive strength, NRB specimens are
tested until failure. Simultaneously, FE-simulations are carried out on the NRB geometry to determine
the stress field in the vicinity of the notch at the experimentally determined fracture strain for each
tested specimen. Following Cornec et al. (2003) [66], the cohesive strength is equal to the maximum
axial stress in the center of the notch at the point of experimental fracture. It was further shown by
Mahler & Aktaa (2014) [11] that the cohesive strength is dependent on the radius of the machined notch
and thus on the stress state at the notch. Therefore, testing and simulation of NRB specimens with
varying notch radii is required for the evaluation of the triaxiality dependence of the cohesive strength.
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The cohesive strength at low triaxialities may be determined from SRB specimens, which can be
viewed as notched specimens with an infinite notch radius.
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Figure 3.1: Overview of the development of the deterministic CZM and its application within this work [86]

After calibrating the cohesive strength, the cohesive energy is used as a fitting parameter to fit the
fracture toughness obtained from MCT simulations to the median fracture toughness at the respective
temperature determined by MCT testing following ASTM E1921. The tensile and fracture mechanics
tests are described in detail in Chapter 4, while the parameter identification by means of FE-simulation
is described in Chapter 5.

Since the triaxiality dependence of the cohesive strength is considered in the model, the parameters
identified from small specimen tests may be used to simulate standard-sized fracture mechanics speci-
mens. In this work, standard-sized CT specimens are simulated to be able to compare the resulting
fracture toughness values and stress-strain fields around the crack front to the results from the MCT
simulations. From those comparisons, constraint differences between small and large specimens are
assessed. The simulations of standard-sized CT are described and discussed in Chapter 6.

3.2 Probabilistic model

As the name suggests, the deterministic model cannot be used to predict the statistical scatter of fracture
toughness observed in ferritic steels within the DBT region. Furthermore, it is not feasible for use in the
nuclear energy industry because the cohesive zone parameters must be calibrated individually for each
test temperature within the DBT region, resulting in a large number of required specimens. The proba-
bilistic CZM is developed to mitigate both disadvantages of the deterministic approach. By introducing
randomly distributed cohesive zone parameters that, in addition to a functional relationship between the
ductile fracture ratio and temperature, require only one calibration on the upper shelf and one calibra-
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tion on the lower shelf, statistically distributed fracture toughness values can be predicted across the
transition region.

An overview of the development of the probabilistic model and its application within this work is given
in Figure 3.2. For the identification of the CZM parameters on the lower and upper shelf, the method
used for the deterministic model, as described in Section 3.1, is applied. In case of the upper shelf
calibration, instead of fitting the simulated fracture toughness to the median fracture toughness obtained
from experiments, the cohesive energy is determined by fitting the simulated force-displacement and J-
R curves to the experimental curves. The experimental J-R curve is determined prior to the simulations
on small specimens in accordance with the ASTM E1820 standard.

Parameter identification
don lower and upper shelf
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Figure 3.2:  Overview of the development and application of the probabilistic CZM (adapted from [99])

For determining the statistical spatial distribution of the CZM parameters within the cohesive zone,
fractographic analyses of MCT specimens tested within the transition region are required. Besides
transgranular cleavage facets, the fracture surfaces show a seemingly random distribution of regions of
micro-void coalescence that can be quantified by means of SEM analysis. A micrograph of the fracture
surface of an MCT specimen made of SA-508 Cl.3 RPV steel, which was tested at -45°C and failed by
cleavage fracture, is shown in Figure 3.3. In the micrograph, the ductile fracture patches are clearly
visible between the surrounding transgranular cleavage facets. A detailed quantitative analysis of the
fracture surfaces of MCT specimens tested within the DBT region is performed in Section 4.4.2. The
result of the analysis is an estimate of the ductile fracture area based on the total area of the fracture
surface of each specimen. The ratio of ductile fracture is then used to randomly distribute the calibrated
CZM parameters for brittle and ductile fracture to the cohesive elements within the cohesive zone. For
instance, if 10% of the fracture surface shows micro-void coalescence, 10% of the cohesive elements
are assigned ductile properties, while 90% are assigned brittle properties. In this way, a random parame-
ter distribution can be generated for each MCT simulation.
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Figure 3.3: Spatial distribution of ductile fracture patches on the fracture surfaces of an MCT specimen that
failed by cleavage in the DBT region

Multiple simulations are performed for each temperature to obtain a statistical distribution of fracture
toughness. To predict the reference temperature of the material and thereby the Master Curve, each
simulation result is treated as a real test according to ASTM E1921, including the consideration of
validity limits and data censoring in the case of excessive plastic deformation before fracture.

For validation purposes, the number of simulations performed for each temperature will be equivalent
to the number of specimens tested for the experimental Master Curve determination. This allows the
precise comparison of the numerically and experimentally obtained reference temperatures and the
extent of fracture toughness scatter at each temperature. In the first iteration of the probabilistic model,
the ductile fracture regions are assumed to have the same size. In the next step, a variable size of the
ductile fracture regions based on the analysis of a number of fracture surfaces is considered for model
generation. The application of the probabilistic CZM and its modifications to predict the statistical
fracture behavior of the RPV steel SA-508 CI.3 are described in Chapter 7.
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In this chapter, the experimental testing required for the cohesive zone model (CZM) parameter identi-
fication in Chapter 5 is described. The material and the experimental setup for the tensile and fracture
mechanics tests are presented in Section 4.1 and 4.2.1. Tensile testing (Section 4.2) includes the testing
of smooth round bar (SRB) specimens for the determination of plastic flow curves at multiple tempera-
tures and notched round bar (NRB) specimens for the calibration of the cohesive strength. In Sec-
tion 4.3, the fracture mechanics tests on MCT specimens within the DBT region and on the upper shelf
are described. While the tests in the transition region are used to evaluate the fracture toughness Master
Curve of the material following ASTM E1921, the tests on the upper shelf are performed to determine
the J-R curve according to ASTM 1820. Based on the tests within the DBT region, the viability of small
specimen testing for Master Curve evaluation is discussed in view of the number of specimens required.
In addition to experimental testing, the fractographic analysis of the MCT specimens tested in the
transition region is described in this chapter (Section 4.4). Besides the assessment of the cleavage
initiation sites, the gquantification of the fracture surfaces for the determination of the ductile fracture
ratio is performed. The ductile fracture ratios are required for the probabilistic CZM approach, which
was described in Section 3.2 and is applied in Chapter 7.

4.1 Material

For all tests and simulations performed in this work, the low-alloy steel SA-508 Class 3, as designated
in ASME Boiler and Pressure Vessel Code (BPVC) Section I, Part A (2019) [87], is used in the unirra-
diated condition. Applications of the material include RPVs, steam generators and pressurizers. Com-
pared to the SA-508 CI.1 and CI.2 grades, SA-508 CI.3 is characterized by an improved strength and
toughness, high weldability and better irradiation resistance [88-90].

The material block used for to the fabrication of the tensile and fracture mechanics specimens was cut
from the replacement closure head of the RPV of the José Cabrera power plant in Spain. In Figure A.1
and Figure A.2 in the Appendix, the dimensions and orientations of the closure head forging and the
material block are provided. The base metal was fabricated by means of electric furnace processes. It
was further vacuum steam degassed, quenched and a fine grain size was produced by controlled alumi-
num additions. In Table 4.1, the chemical composition of the RPV steel is listed. The weight-
percentages of all elements are within the limits imposed by the ASME code [87].

Table 4.1:  Chemical composition of the testing material SA-508 CI.3 (in wt%)

C Si P S Cr Mn Ni Cu Mo Fe
0.19 0.22 0.008 0.001 0.15 1.36 0.93 0.03 0.52 Balance

4.1.1 Microstructure

Kim et al. (2014) [91] investigated the microstructure of SA-508 CI.3 by means of SEM and reported a
tempered upper bainitic microstructure, which is a lath structure within the prior-austenite grain. They
further reported the distribution of rod-shaped cementite particles along the bainitic ferrite lath bounda-
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ries, as well as spherical-type cementite and fine MC-type carbides dispersed inside the laths. Im et
al. (2001) [92] studied the effects of carbide precipitation on the mechanical properties of low carbon
bainitic steels and concluded that the rod-shaped and spherical-type particles in the inter-lath region are
considered as major detrimental micro-structural features of these alloys. Optical micrographs of the
material used in this work are shown in Figure 4.1 (a) and (b). To reveal the fine-grained tempered
bainitic microstructure, the sample was polished and etched with nitric acid. In a previous study by the
Centre for Energy, Environmental and Technological Research (CIEMAT) in Spain, the prior-austenite
grain size of the material was determined to be 7 to 8 um [93].

(a) (b)
Figure 4.1:  Optical micrographs of the material SA-508 Cl.3 (R-L orientation, mag. 300x (a) and 1000x (b))

4.1.2 Mechanical properties

Prior to this work, the mechanical properties of the RPV closure head forging were investigated by
CIEMAT. Material was taken from different locations of the forging and a clear dependence of Charpy
impact results on the R-coordinate was observed. However, no clear dependence of the impact energies
on the L- and C-coordinates was found. Regarding tensile test results, strength differences were ob-
served in the C-coordinate, but not in the other directions. It is likely that the inhomogeneity of the
material is a result of uneven cooling during quenching. To mitigate the effects of this inhomogeneity
on the tensile and fracture mechanics tests performed in this work, the L-direction was favored for
specimen extraction from the given material block. Thereby, extracting specimens in the R- und C-
directions was avoided as much as possible. The specimen cutting plans are shown in Figure A.3 and
Figure A.4. First, specimens for the development of the deterministic CZM were fabricated from the
block. Later, more material was taken from the block to fabricate specimens for the development of the
probabilistic CZM. Differences in the dimensions of the NRB specimens were observed between the
first and second fabrications. These differences are discussed in Section 4.2.2.

The elastic modulus E of the material is determined using the equation
E =204—T/16 GPa (T in°C), (4.1)

which is derived in the ASTM E1921 standard by fitting the tabular values for ferritic steels contained
in ASME BPVC Section I, Part D [94] in the temperature range -200°C < T < 300°C. In Table 4.2,
the elastic modulus is listed for the temperatures used for tensile and fracture mechanics testing. Pois-
son’s ratio v is assumed to be equal to 0.3. The yield strength oyg, ultimate tensile strength UTS and
percentage reduction of area RA are obtained from the tensile tests on SRB specimens described in
Section 4.2.3. Thereby, the approximate proportionality limit in the stress-strain curve is taken as the
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4.1 Material

yield strength, the UTS is the maximum engineering stress, and the specimen size/type dependent
percentage area reduction is obtained from

Ag
RA = (1 - —) -100, (4.2)
Ay
where A is the cross-sectional area at fracture and A, is the initial cross-sectional area. The dependence
of yield strength, UTS and RA on temperature is obtained for each test temperature by curve fitting. It
is found that the data sets are best described by exponential fitting functions. In Figure 4.2, the yield
strength and UTS test results and the respective fitting curves are shown. The temperature dependence
of both properties increases with decreasing temperature, with this behavior being more pronounced for
the yield strength. In Table 4.2, the fitted values for each test temperature are listed. The yield strength
at room temperature is 431 MPa and increases to 498 MPa at the lowest test temperature of -80°C.

Table 4.2:  Mechanical properties of SA-508 CI.3

Temperature E [GPa] oys [MPa] UTS[MPa] RA [%]

RT 202.75 431 577 70.84
-30°C 205.88 453 618 68.60
-45°C 206.81 463 633 67.92
-60°C 207.75 476 650 67.25
-70°C 208.34 486 663 66.80
-80°C 209.00 498 676 66.36
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Figure 4.2:  Yield strength and UTS results and exponential fit

The reference temperature of the material was determined by CIEMAT using standard-sized CT speci-
mens and is specified as -43°C [95]. It is important to note that this reference temperature was obtained
from a different section of the closure head forging than the section from which the block used in this
work was taken from. Due to the inhomogeneity of the material, this value cannot be used to validate
the reference temperature obtained from small specimens in Section 4.3.5. Nevertheless, the value can
be used as an orientation to estimate the optimal test temperatures for the Master Curve evaluation.
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4.2 Tensile testing

In this section, the determination of the plastic flow curves from SRB specimens and the tensile testing
required for the calibration of the cohesive strength at multiple levels of triaxiality are described. Ten-
sile tests on SRB and NRB specimens were carried out at all temperatures used for fracture mechanics
testing between -80°C and RT. To ensure quasi-static loading conditions, all tests were performed under
displacement control with a crosshead velocity of 0.002 mm/s, corresponding to a strain rate of
4-107% 1/s.

4.2.1 Experimental setup

All mechanical tests were carried out using a servo-hydraulic universal testing machine from
SCHENCK in combination with an MTS control unit. The experimental setup for the tensile tests on
SRB and NRB specimens is shown in Figure 4.3. The specimens were form-fitted vertically into fix-
tures attached to the ends of the piston rods and load was applied by downwards displacement of the
lower piston rod. The INSTRON climate chamber surrounding the piston rods is designed for a temper-
ature range between -165°C to 350°C and was used for low-temperature testing. Cooling was carried
out by means of liquid nitrogen, which was supplied via a duct from a movable tank. A fan within the
climate chamber was used to vaporize and distribute the liquid nitrogen. The temperature in the imme-
diate vicinity of the specimens was measured by thermocouples of type K, with the measured signal
from the climate chamber control unit used to switch a valve for controlling the flow of liquid nitrogen.
While maintaining the respective test temperatures, small fluctuations of less than 2°C were observed in
the climatic chamber. During cooling to the desired test temperature, force control was used to counter-
act the thermal compression of the piston rods. At the same time, the displacement of the lower cross-
head (CHD) was recorded to determine the point at which the heat conduction through the piston rods
reached steady state conditions. During testing, the force and CHD were measured by the testing ma-
chine.

A camera system outside the climate chamber was used to record the diameter reduction of the speci-
mens during testing, which allowed for the determination of the average true strain and average true
stress (see Section 4.2.3). The images were taken by a PIXELINK PL-B782 CMOS-camera with 6.6
megapixels that was triggered once per second by a voltage signal generated by the machine control
unit. A long-distance microscope (zoom lens) from the manufacturer INFINITY was attached to the
camera to obtain high-resolution images of the necking region of the specimens. Backlighting was used
to highlight the contours of the specimens and prevent reflections on the surfaces. Simultaneously, the
exposure time of the camera was set as short as possible. The images were stored on a separate comput-
er and processed after testing.

Initially, ice formation on the specimen surfaces during cooling resulted in a significant loss of image
quality, making the data unusable for further processing. This problem could be solved by a short blast
of gaseous nitrogen from a nitrogen cylinder onto the specimens to blow away the ice prior to testing.
The nitrogen cylinder is located outside the climate chamber and is connected to a pipe pointing to-
wards the mounted specimens.
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Figure 4.3: Experimental setup including camera system used for tensile testing

4.2.2 Specimens

The main goal of developing small specimen testing techniques (SSTT) is to reduce the amount of
(irradiated) material required for the determination of mechanical and fracture-mechanical properties.
Therefore, the size of the tensile specimens was chosen to be of the same order of magnitude as the
MCT specimens used for the determination of fracture toughness. As shown in Figure A.3, this allows
for the retrieval of MCT and tensile specimens from a single material block with relatively little wasted
material.

The geometry of the SRB specimens is shown in Figure A.5. Their total length is 27 mm at a diameter
of 2 mm and a gauge length of 5 mm. The measured dimensions of all tested SRB specimens are listed
in Table A.1 in the Appendix. To allow for easy handling when mounting, the specimens have a shoul-
dered end on each side.

For the tensile tests on NRB specimens, a geometry with a length of 27 mm and a diameter of 2.5 mm
was used. The notches were designed to be as narrow as possible to induce a stress state under tensile
load that is representative of the stress state in front of the crack tip of a fatigue pre-crack fracture
mechanics specimen. The notch root radius ry was limited to 0.1 mm due to the thickness of the wire
used for electrical discharge machining (EDM). The actual representativeness of these U-shaped notch-
es is discussed in Section 5.1.3 by comparing the triaxialities of NRB specimens with the triaxialities
reached in front of the crack tip of MCT specimens. In addition to the lower-bound radius of 0.1 mm,
NRB specimens with a notch root radius of 0.2 mm were tested to obtain cohesive strength values at
lower triaxialities. In both cases, the minimum notch diameter Dy was set to 1.5 mm. The geometries of
the NRB specimens are shown in Figure A.6 and Figure A.7, and the measured dimensions of all tested
specimens are listed in Table A.2 and Table A.3. In the following, the specimens with a notch root
radius of 0.1 mm are referred to as 0.1NRB and the specimens with a notch root radius of 0.2 mm are
referred to as 0.2NRB.

As mentioned in Section 4.1.2, the tensile and fracture mechanics specimens were fabricated on two
separate occasions. While all SRB and MCT specimens agreed well with their respective specified
geometries, a systematic deviation from their specified geometry was observed for the NRB specimens
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of the first fabrication. The average notch root radius of the 0.1NRB specimens of the first fabrication is
0.142 mm, which is significantly larger than the specified 0.1 mm. In addition, both the 0.1NRB and
0.2NRB specimens of the first fabrication exhibit flat notches instead of the specified U-shaped notch-
es. The effect of these deviations on the stress state around the notches and thus on the determined
cohesive strength values are discussed in Section 5.1.

4.2.3 Smooth round bar tests

The tests on SRB specimens were conducted to determine the plastic flow curves required at each test
temperature of the fracture mechanics tests to be used as material input for the FE-simulations. From
the force data measured by the testing machine and the images taken by the camera, the average true
strain - average true stress curves are obtained at RT, -60 and -80°C. Engineering stress-strain curves
are not sufficient since during fracture mechanics testing, the material is loaded beyond the onset of
strain localization (necking). The correction method developed by Bridgman (1964) [96] is applied to
convert the average true stress into the uniaxial true stress. At the intermediate temperatures -30, -45
and -70°C, the flow curves are obtained inversely by interpolating between the curves determined using
the Bridgman correction. To validate the flow curves, the SRB tests were simulated and the numerically
determined force-displacement curves are compared to the experimental curves.

4.2.3.1 Direct flow curve determination

For each test temperature between -80°C and RT, multiple SRB specimens were tested until failure. In
Figure 4.4, one force-displacement curve is displayed for each temperature that represents the mechani-
cal behavior of the material at that temperature. The force-displacement curves obtained from the
remaining SRB tests are shown in Figure A.9. To improve the comparability of the curves, they were
shifted on the horizontal axis to align the onset of nonlinear deformation following the linear-elastic
regime. The force at yielding, the maximum force and the displacement at fracture increase with de-
creasing temperature. After reaching the maximum force, the force decreases with increasing displace-
ment until unstable fracture occurs.
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Figure 4.4: Representative force-displacement curves for each test temperature obtained from the tensile tests on
SRB specimens

Parallel to the acquisition of force data by the testing machine, images of the specimen contours were
taken by the CMOS camera. Selected images of specimen SRB13, which was tested at RT, are shown
in Figure 4.5 (a) as examples for the successive loading stages. By using backlighting, the specimen is
visible as a black object on a white background, allowing the contours to be traced with high precision.
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The points on the engineering stress-strain curve corresponding to the respective images are shown in
Figure 4.5 (b). While IMGO0O001 is the first image taken at the start of the test, IMG0424 shows the
specimen contour at the onset of necking. A slight diameter reduction is visible due to the transverse
contraction of the specimen during uniform elongation. The contour of the specimen at a point within
the unloading regime is shown in IMGO0850. Necking as a result of strain localization is clearly visible
in the image. The contour at the point of unstable fracture is shown in IMG1075. At this point, the
diameter in the neck is greatly reduced as compared to the diameter of the unloaded specimen.

The minimum diameter d,,;, at each corresponding force value is required to determine the average
true stress - average true strain curve for an individual test. To determine the minimum diameter with
high accuracy and reduce measurement noise, the raw images from the camera are processed in
MATLAB. In a first step, the raw images are transformed into grayscale images where each RGB pixel
is assigned a grayscale value between 0 and 255. The grayscale images are then converted into binary
images by assigning each pixel with a grayscale value below 255 the binary value 1 (white), while each
pixel with a grayscale value of 255 is assigned the value 0 (black).
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Figure 4.5: Selected images of the contour of specimen SRB13 during testing (a) and corresponding points on
the engineering stress - engineering strain curve (b)

To obtain the current diameter along the specimen axis, the number of black pixels in each pixel row is
determined and multiplied by the pixel length L;, = 3.2 um. The diameter curves of specimen SRB13
along its axis are displayed in Figure 4.6 (a) corresponding to their respective contour images in Figure
4.5 (a). From each individual curve, the minimum diameter of the specimen can easily be determined at
the corresponding engineering strain. The resulting diameter reduction curve is shown in Figure 4.6 (b).
Due to the inherent limitations in the measurement setup's accuracy, a constant minimum diameter is
observed during the initial loading phase. Before the onset of necking, the diameter reduction is approx-
imately linear. Afterwards, the diameter reduction is accelerated due to increasing strain localization in
the neck. At the point of unstable fracture, the minimum diameter of the specimen is almost halved.
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Figure 4.6: Diameter of SRB13 along specimen axis at different load levels (a) and reduction of minimum
diameter (b) ((b) adapted from [97])

With the force measured by the testing machine and the minimum diameter curve determined from the
images, the average true stress is calculated by

F
Otavg = 1 (4.3)
anrgnin
and the average true strain is calculated by
do
Eravg = 2In i (4.9)

where d, is the diameter of the specimen prior to testing. To determine the plastic flow curves, which
are required as material input for the FE-simulations, the elastic part must first be removed from the
average true strain to obtain the plastic part of the average true strain:

Otavg
€tplavg = €tavg — E (4.5)

In the next step, the average true stress, which is inherently multiaxial after the onset of necking, is

transformed into a uniaxial true stress g, by applying the correction method by Bridgman [98]. The
method is based on the equation

Ot,avg

(1+4z5)m(1+ %%)' (4.6)

O =

which takes into account the curvature radius in the neck p to calculate the uniaxial true stress. For the
determination of the curvature radius in the neck, the first and second derivatives of the specimen radius
r with respect to the axial coordinate are required:

3/2

1477
5= +:”) _ 4.7)

The accuracy of the determined curvature radius is severely limited by the resolution of the camera. To
improve the quality of the results, the specimen radius is approximated by a fourth order polynomial
equation in an axial position range of 225 pixels. In Figure 4.7 (a), the polynomial fit of the radius in the
neck on one side of specimen SRB25, which was tested at -80°C, is shown. The noise present in the
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image data is removed by the fitting curve and the shape of the neck is well approximated. To calculate
the curvature radius, the polynomial equation is differentiated twice at the location of the minimum
diameter and Equation (4.7) is applied. This procedure is carried out for both specimen sides visible in
the 2D plane of the images, and the average of the respective curvature radii is taken as the effective
curvature radius.

The curvature radius of SRB25 is plotted against the engineering strain in Figure 4.7 (b). Prior to neck-
ing, the curvature radius obtained from the image processing procedure is measurement noise. There-
fore, the Bridgman correction is only applied after the onset of strain localization
(€eng = 0.23 for SRB25). The change in curvature radius beyond the onset of necking is approximated

by an exponential fitting equation of the form
p = C; - exp(Cyx) + C3 - exp(Cyx), (4.8)

where C;, C,, C3 and C, are fitting parameters and x is the image number. Across all tests, this func-
tional form is found to offer the best representation of the curvature radius evolution.
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Figure 4.7: Fourth order polynomial fit of the specimen radius in the necking region (a) and exponential fit of
the curvature radius against engineering strain (b)

Using the fitted curvature radius and the minimum diameter from the images, the average true stress is
transformed into the uniaxial true stress using Equation (4.6). The true stress — true plastic strain curves
before and after application of the Bridgman correction are shown in Figure 4.8 for specimen SRBO0S,
which was tested at -80°C. Below an average true plastic strain of about 0.2, there is no difference
between the curves. The slopes of both curves reduce from the yield point at & pjavg =0 to
Explavg = 0.2 for the average true stress and to &) avg = 0.25 for the uniaxial true stress. Beyond
these points, the curves remain approximately linear, with the slope of the uniaxial true stress being
lower than the slope of the average true stress. The specimen failed at an average true plastic strain of
about 1.2.

A similar behavior is observed for all other SRB specimens used for the direct flow curve determina-
tion. The individual uniaxial true stress — true plastic strain curves are shown in Figure A.10. The plas-
tic flow curves used as material input for the simulations are determined as the average of the individual
flow curves for each temperature. In Figure 4.9, the final flow curves for RT, -60 and -80°C are shown.
As is common for ferritic steels, strain hardening is increased with decreasing temperature. The true
plastic strain at fracture is slightly higher for RT as compared to the low temperature curves.
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Figure 4.8:  Average true stress and Bridgman corrected uniaxial true stress for specimen SRB08 tested at -80°C
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Figure 4.9: Plastic flow curves for RT, -60°C and -80°C obtained from the direct determination method (adapted
from [99])

To validate the determined flow curves and the Bridgman correction, the SRB tests were simulated and
the average true stress — average true strain curves are compared with the experimental curves in Figure
4.10. The simulated curves agree well with the experimental curves for RT, -60 and -80°C throughout

the entire strain range. The FE-model of the SRB specimen used for the simulations is described in
Section 5.1.1.
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Figure 4.10: Simulated average true stress - average true strain curves at experimental curves at RT, -60 and
-80°C
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4.2.3.2 Inverse flow curve determination at intermediate temperatures

At the intermediate temperatures of -30, -45 and -70°C, the direct flow curve determination method is
not applicable to the SRB test results. The quality of the images taken during testing is not adequate for
the accurate determination of the minimum diameter and the curvature radius due to ice build-up on the
specimen surfaces. Instead, the flow curves for these temperatures are determined inversely by fitting
simulated force-displacement curves to the experimental curves. To reduce the number of required
fitting parameters to a single value, it is assumed that the shapes of the flow curves at the intermediate
temperatures are similar to the shapes of the flow curves at RT, -60 and -80°C (Figure 4.9). The inter-
mediate flow curves can then be obtained by interpolating between the already determined flow curves
using the interpolation parameter A. For instance, the interpolated true stress at -70°C is calculated by

Ot-70 = Ot—60 T+ A(Gt,—SO - Gt,—60); (4.9)

meaning that A = 0 would lead to the -60°C flow curve and A = 1 would lead to the -80°C flow curve.
In the same way, the true stresses at -30 and -45°C are obtained by interpolating between the values for
RT and -60°C. The fit is considered acceptable if the simulated maximum force is equal to the average
maximum force obtained from the tests at a given temperature. The values for A resulting from the
fitting procedure between RT and -60°C are 0.62 for -30°C and 0.86 for -45°C. For -70°C, the value
obtained for A is 0.6.

In Figure 4.11 (a) to (f), the simulated force-displacement curves using the directly determined and the
interpolated flow curves are compared to the experimental curves at the respective test temperatures.
Machine compliance is accounted for by correcting the measured displacements so that the slope in the
elastic regime matches the numerically determined slope. In general, the simulated curves agree well
with the experiments. At -60 and -70°C, the force is slightly underestimated by the simulations beyond
the point of maximum force. A temporary force of 300 N was applied prior to testing to settle the spec-
imens in the fixtures.

The directly determined and interpolated flow curves are displayed in Figure 4.12 for all test tempera-
tures. With decreasing temperature, the strain hardening capability of the material increases. The true
plastic strain at fracture is highest at RT. At the test temperatures between -30 and -80°C, the true
plastic strain at fracture remains approximately constant. While the curves for -30, -45 and -60°C are
close together, a significant increase in true stress is observed between -60 and -70°C.

To prevent excessive plastic deformation of the finite elements directly at the crack tip that might result
in numerical instabilities, all flow curves are extrapolated to a true plastic strain of 5 using a constant
slope that is equal to the slope of the individual curves at the point of fracture. In Table A.5, the flow
curve data used for the simulations is listed for each test temperature.
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4.2 Tensile testing

4.2.4 Notched round bar tests

The purpose of testing NRB specimens was to calibrate the cohesive strength at multiple levels of
triaxiality. By using different notch radii, the stress state in the notch is varied. As with the SRB tests,
the force data measured by the testing machine is used in conjunction with the images from the CMOS
camera to determine the average true stress — average true strain curves. From these curves, the average
true strain at fracture is determined for each test. In Section 5.1, the SRB and NRB tests are simulated,
and the cohesive strength values are identified at the experimentally determined fracture points.

Triaxiality-dependent cohesive strength data is required at RT, -60, -70 and -80°C. Multiple 0.1NRB
and 0.2NRB specimens were tested at these temperatures using the same experimental setup and test
parameters as for the SRB specimens. The force-CHD curves are shown in Figure 4.13 for the 0.LNRB
tests (a) and the 0.2NRB tests (b). A large scatter of the mechanical behavior of the specimens is ob-
served at all temperatures. This scatter is not due to material inhomogeneities, but rather to manufactur-
ing-related differences in the geometries and dimensions of the notches. As explained in Section 4.2.2,
significant systematic deviations between the notch geometries from two different fabrications of NRB
specimens were observed. The specimens with a flat notch from the first fabrication generally show
lower force values and a lower CHD at fracture as compared to the specimens with a round notch from
the second fabrication.

In Figure 4.14, the first images taken at the start of testing and the last images taken before fracture are
shown for specimen 0.1NRBO1 (a) from the first fabrication and 0.1NRB11 (b) from the second fabri-
cation. Both specimens were tested at RT. The geometrical differences between the notches are clearly
visible. The initial flat notch of specimen 0.1NRBOL1 is about 40% wider than the round notch of speci-
men 0.1INRB11. Comparing the images prior to testing and at the fracture point, the widening of the
notches in axial direction and the diameter reduction can be seen. While the widening of the notch of
specimen 0.1NRBOL1 is significantly increased as compared to 0.1NRB11, the diameter reduction at the
point of fracture is slightly larger for 0.INRB11.

From the images, the only relevant data for the determination of the average true stress and average true
strain is the diameter reduction in the notch. Similar to the SRB tests, the raw images are converted into
binary images using MATLAB and the number of pixels with a value of 1 is determined for each pixel
row. The number of pixels is then multiplied by the length of a pixel to obtain the diameter. The diame-
ter reduction during testing is determined from the minimum diameter in each successive image.

2 A 2
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S 14 S 14
8 —RT E —RT
——-60°C —-60°C
0.5 70°C 0.5 ——-70°C
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Figure 4.13: Force-CHD curves of the 0.1NRB tests (a) and 0.2NRB tests (b) performed at RT, -60, -70 and
-80°C

45



4 Experimental testing and fractography
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Figure 4.14: Images of the notches of 0.INRBO1 with a flat notch and 0.1NRB11 with a round notch prior to
testing and at the point of fracture (both tested at RT)

The average true stresses and average true strains are calculated using Equations (4.3) and (4.4). In
Figure 4.15, the resulting curves are shown for the flat-notched (a) and round-notched (b) 0.1NRB
specimens and the flat-notched (c) and round-notched (d) 0.2NRB specimens. For a given temperature
and notch geometry, the scatter of the curves is relatively low. In some cases, for instance regarding the
0.1NRB flat notch results obtained at -80°C, there is a significant difference between the average true
strain values at fracture. The average true strain at fracture is strongly dependent on the geometry and
dimensions of the notch. Therefore, the exact geometry of each individual NRB specimen is considered
for the numerical identification of the cohesive strength in Section 5.1. In Table A.6,

Table A.7 and Table A.8, the average true stresses and average true strains at fracture are listed for all
SRB, 0.1NRB and 0.2NRB specimens.
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Figure 4.15: Average true stress - average true strain curves for the flat-notched (a) and round-notched (b)
0.1NRB specimens and the flat-notched (c) and round-notched (d) 0.2NRB specimens

4.3 Fracture mechanics testing

Fracture mechanics tests on SA-508 CI.3 were conducted at RT and at multiple temperatures within the
DBT region using a MCT geometry. The tests within the DBT region are required to determine the
reference temperature according to ASTM E1921 and subsequently evaluate the fracture toughness
Master Curve in Section 4.3.5. The tests performed at RT are used to determine the J-R curve following
ASTM E1820 in Section 4.3.6. Additionally, the broken halves of the MCT specimens tested in the
DBT region are used in Section 4.4 to characterize the cleavage initiation sites and to perform quantita-
tive fractographic analyses which are required for the probabilistic fracture simulations in Chapter 7.

In Section 5.2, the MCT tests are simulated, and the cohesive energy is calibrated within the DBT
region by fitting the simulated fracture toughness to the median fracture toughness obtained from the
Master Curve and at RT by fitting the simulated J-R curve to the experimental J-R curve.

4.3.1 Experimental setup

The same universal testing machine by SCHECNK used for the tensile tests was used for fracture
mechanics testing. The testing machine was described in Section 4.2.1. Clevises were attached to the
piston rods to allow MCT specimens to be mounted via loading pins. The mounting setup for MCT
specimens is shown in Figure 4.16. To prevent slight translational deviations of the piston rods from
inducing bending moments while loading, the clevises were designed to allow for rotation relative to
the loading direction. The displacement of the specimen halves was measured using a clip gauge exten-
someter that was attached to knife edges located at the front face of the MCT specimens. Thermocou-
ples were attached to the upper clevis to allow for temperature-controlled activation of the liquid nitro-
gen valve. Contrary to the tensile tests, a camera system was not required for the fracture mechanics
tests as the displacement of the specimen halves was measured by the clip gauge extensometer.
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MCT specimen

Clip gauge extensometer
Figure 4.16: MCT specimen mounted into the clevises with clip gauge extensometer and thermocouples attached

4.3.2 Specimens

The miniaturized compact tension (MCT) specimens used in this work for fracture mechanics testing
have a thickness of 4 mm (0.16T CT) and comply with the dimensions specified in the ASTM E1921
standard. To be able to mount a conventional clip gauge extensometer onto the specimens, it was neces-
sary to increase the width of the MCT geometry between the pin holes and the front face by 1.5 mm.
The effects of this geometric modification on the measured displacements are discussed in Sec-
tion 4.3.4. In Figure A.8, the specified dimensions of the MCT geometry are shown and in Table A.4,
the measured dimensions of the specimens are listed.

The MCT specimen is considered to be a promising geometry for future surveillance programs due to
the possibility to machine eight specimens from a single broken Charpy specimen. Additionally, it is
believed to be the highest constraint geometry as compared to other eligible geometries such as notched
bend bars or circumferentially cracked round bars [6]. High constraint conditions are desirable in order
to obtain a high measurement capacity for a limited volume of material.

4.3.3 Fatigue pre-cracking

Following ASTM E1921 and E1820, fracture mechanics specimens are required to be fatigue pre-
cracked prior to testing to introduce a sharp initial crack. As the size and shape of the fatigue pre-crack
are considered to influence the fracture-mechanical behavior of a specimen significantly, limits are
specified on both parameters to qualify individual specimens for fracture toughness evaluation.

The pre-cracking procedure was performed using a CRACKTRONIC resonance testing machine by the
manufacturer RUMUL, which is shown in Figure 4.17. Similar to the setup shown in Figure 4.16, the
MCT specimens were mounted into clevises and fixed with loading pins. During pre-cracking, the
dynamical system was excited harmonically at its natural frequency with a maximum stress intensity
factor K,y that was well below the fracture toughness of the material. Limits on K, are specified in
the testing standards to prevent plastic deformation of the material in the vicinity of the crack tip during
pre-cracking. According to ASTM E1921, K. is limited to 25 MPay/m at the start of pre-cracking,
resulting in a maximum allowable fatigue force P, 0f 1080 N for the given MCT geometry. At pre-
crack extensions close to the targeted a,/W ratio of 0.5, K.y is limited 15 MPa+/m, corresponding to
a Ppax Of 556 N. Regarding ASTM E1820, the maximum stress intensity factor at the start of pre-
cracking is limited by
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O
Koy = <ﬁ> (0.063 - oyg rr MPayvm), (4.10)

GYS,test

where oygrr and oyg est are the yield stresses at RT and at the test temperature respectively. In this
work, fracture-mechanical tests for the J-R curve determination were only conducted at RT, where a

limit of 27.2 MPayv/m is obtained for K,,.,. This value is similar to the limit imposed by the E1921
standard.

Clamping

PC for parameter
) control and data
acquisition

Resonance
testing machine

Figure 4.17: Resonance testing machine used for fatigue pre-cracking of MCT specimens

Maintaining a constant force cycle, the maximum stress intensity factor increases with increasing fa-
tigue crack length. To prevent K, from surpassing the limits specified in the standards, the maximum
fatigue force was reduced in two discrete steps. For each pre-cracking step, a fatigue force ratio R =
Prin/ Pmax OF 0.1 was used, following the recommendations given in the ASTM standards. The applied
maximum fatigue forces and the resulting mean fatigue forces and amplitudes are listed in Table 4.3. In
the first step, a maximum fatigue force of 850 N was used, which is lower than the allowed value but
was found to be high enough to initiate the fatigue crack. The third and last step was conducted with a
maximum force of 550 N, which is close to the specified limit.

During pre-cracking, the natural frequency w, of the dynamical system decreases with increasing crack
length. This means that the difference between the natural frequencies before and after pre-cracking,
Awy, can be used as a measure of the fatigue crack extension. To achieve the targeted pre-crack exten-
sion of 1.5 mm, which is required for a a,/W ratio of 0.5, a total reduction of the natural frequency of
14 Hz was applied. The total reduction of the natural frequency is the sum of the Aw,, resulting from the
individual loading steps, which are listed in Table 4.3.

Table 4.3:  Parameters used for the respective loading steps of the fatigue pre-cracking procedure

Step Prnax [N] Prean [N] Pamp [N] R['] Aw, [HZ] Ncycles [']

1 850 467.5 382.5 0.1 35 90-120k
2 650 357.5 292.5 0.1 15 50-70k
3 550 302.5 247.5 0.1 9 170-200k

An optical microscope was used to quantify the fatigue pre-crack extension after the fracture mechanics
tests were performed. To distinguish between the fatigue pre-cracks and the regions of slow-stable
crack growth, the specimens tested at RT were heat-tinted at 300°C for one hour to allow for an oxide
layer to form on the fracture surfaces. After testing, the specimens were cooled to cryogenic tempera-
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tures in liquid nitrogen and final fracture was induced by impact loading. In Figure 4.18 (a), an optical
micrograph taken of MCT10, which was tested at -60°C, is shown with a clear distinction between the
machined notch, fatigue pre-crack and brittle fracture surface. Following the ASTM standards, the pre-
crack length a,. is measured at nine equidistant points along the thickness direction starting from the
tip of the machined notch. The total crack length at each point is determined as the sum of the measured
pre-crack length and the distance between the pin holes and the notch tip ap ¢ in crack growth direc-
tion. In Figure 4.18 (b), the total crack lengths of all pre-cracked and tested MCT specimens at the
individual measurement points are displayed. For most specimens, a symmetrical and reasonably
straight pre-crack with a deviation of about 0.4 mm between the longest and shortest crack length was
achieved. The blue curves show fatigue pre-cracks that meet the straightness requirement specified in
the standards, while the red curves indicate invalid pre-crack shapes that show a significant deviation
between the average and the minimum or maximum crack lengths. Test results obtained from speci-
mens with invalid pre-cracks cannot be used for fracture toughness determination. From 27 MCT
specimens tested within the DBT region following ASTM E1921, two test results (MCT14 and
MCT21) are deemed invalid due to pre-crack asymmetry. Likewise, one test result (MCT23) out of nine
tests performed for the determination of the J-R curve according to ASTM E1820 is deemed invalid.

The initial crack length a, is determined by calculating the total average of the seven inner crack length
measurements and the average of the two outer measurements. In Table A.4, the initial crack lengths are
listed for all tested MCT specimens. The average a, of all specimens that meet the pre-crack straight-
ness requirement is 3.99 mm, which is very close the targeted value of 4 mm required for a,/W = 0.5.
In addition, a standard deviation of 0.066 mm is obtained for the data set, indicating the high precision
of the applied pre-cracking procedure.

1 2 3 4 5 6 7 8 9
Point of measurement

(@) (b)

Machined notch

FIRETTT

Figure 4.18: Optical micrograph of the fracture surface of MCT 10 tested at -60°C (a) and total crack lengths of all
pre-cracked MCT specimens at nine equidistant measurement points along the specimen thickness

(b)

4.3.4 Front face to load line displacement conversion

In Section 4.3.1, it was explained that due to the small size of the MCT geometry, the clip gauge exten-
someter was attached to knife-edges positioned at the front face of the specimens. According to the
ASTM standards, the displacement at the load line position is required for determining the fracture
toughness from tests on CT specimens. Therefore, the measured front face displacement FFD, as shown
in Figure 4.19, must be converted into the load line displacement LLD. Following Landes (1980) [100],
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4.3 Fracture mechanics testing

the load line displacement can be calculated using a linear interpolation between the front face position
and the center of rotation,

a+ Rb
_ Fpp 21180 411
LLD = FFD ———, (4.11)

where c is the distance between the pin holes and the front face. The rotation factor R is the distance
between the crack tip and the center of rotation divided by b. The center of rotation is the point on the
ligament where the loading in the crack plane changes from tension closer to the crack tip to compres-
sion in the direction of the specimen backside.

Center of {} L1

rotation

Figure 4.19: Schematic of the modified MCT geometry showing method of linear interpolation for front face to
load line displacement conversion

Choosing an adequate value for R is difficult as the rotation factor is not constant during a test. Addi-
tionally, the linear interpolation in Equation (4.11) is only an approximation for small rotation angles
and becomes less accurate for large rotations. Nonetheless, a constant rotation factor of 0.33 is recom-
mended by Landes, supposedly leading to an error of less than one percent in the value of J for most
cases. In ASTM E1921, a constant conversion factor LLD /FFD of 0.73 is specified for the standard CT
geometry, corresponding to a rotation factor of 0.352 if a,/W = 0.5 is assumed. With this rotation
factor, a conversion factor of 0.607 is obtained for the modified MCT geometry used in this work.

To verify the applicability of the specified conversion factor for the tests within the DBT region, elasto-
plastic simulations with a stationary crack are carried out using the FE-model described in Sec-
tion 5.2.1. The material properties for -60°C are used and the cohesive elements are removed from the
model since crack growth is not taken into account. Four simulations with varying initial crack lengths
a,, as listed in Table 4.4, are performed and the resulting front face to load line conversion factors are
compared in Figure 4.20 (a) to the values obtained using Equation (4.11). The simulated conversion
factors are represented by the solid lines, while the dotted lines show the corresponding analytically
determined (constant) factors. For all initial crack lengths, the simulated conversion factors increase
monotonically with pin displacement. At low pin displacements the increase is more pronounced as
compared to pin displacements close to 0.6 mm. With increasing initial crack length, the influence of
the pin displacement on the conversion factor is reduced. The analytically determined conversion fac-
tors using Rb = 0.352 - b describe the mean behavior of the simulated curves well and can therefore be
viewed as “effective” conversion factors for the respective initial crack lengths.
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Table 4.4:  Geometric parameters used for the stationary crack simulations and corresponding conversion
factors obtained from Equation (4.11)

Simulation W [mm] c¢[mm] a,[mm] by [Mm] ao/W |[-] LLD/FFD [-]

1 8 3.5 3.6 4.4 0.45 0.595
2 8 3.5 4.0 4.0 0.50 0.607
3 8 3.5 4.4 3.6 0.55 0.618
4 8 3.5 52 2.8 0.65 0.639

By using a constant conversion factor, an error is introduced into the Kj values determined by means of
ASTM E1921. In Figure 4.20 (b), the Kj curves from the simulations with varying initial crack lengths
are plotted against the pin displacement. While the solid lines show the K; curves determined using the
simulated LLD, the dotted lines are obtained using the simulated FFD multiplied with the respective
constant conversion factor. For all initial crack lengths, the dotted lines are slightly below the solid
lines. With decreasing crack length, the error introduced by the displacement conversion increases. For
ay/W = 0.45, the maximum error at a pin displacement of 0.6 mm is 2.3%.

In some situations, this error may cause a Kj. result to be censored according to ASTM E1921 that
would otherwise be uncensored. While this can have an influence on the number of specimens required
for the determination of a valid reference temperature, using a constant conversion factor is still consid-
ered to be acceptable so as not to increase the complexity of the testing procedure. Furthermore, MCT
specimens tested in the DBT region usually fracture at significantly lower displacements than 0.6 mm.
At lower displacements, the error introduced by using a constant conversion factor is less pronounced.

For the determination of the J-R curve following ASTM E1820, the influence of crack extension on the
conversion factor must be investigated. A crack growth simulation with cohesive elements is performed
at RT using the MCT model described in Section 5.2.1 with a,/W = 0.5. For the cohesive strength a
value of 1850 MPa is assumed, while a value of 3 N/mm is used for the cohesive energy. The simula-
tion is stopped at a pin displacement of 4 mm, at which a total crack extension Aa of 1.43 mm is ob-
tained. In Figure 4.21 (a), the simulated conversion factor is compared to the constant factor of 0.607,
which is used for the tests within the DBT region, and a constant factor of 0.632 resulting from Equa-
tion (4.11) with R = 0.5. The conversion factor of 0.607 is surpassed by the simulated value at a pin
displacement of 0.24 mm. It is clear that this conversion factor is less accurate for ductile tearing tests
as compared to tests that are terminated at low displacements by unstable fracture. An overall better
representation of the simulated conversion factor is obtained using the constant factor of 0.632.

In Figure 4.21 (b), the crack resistance curves using the LLD and the converted FFD are shown. While
the curves are similar at small crack extensions, a relative decrease in the J-integral using the converted
FFD is observed with increasing crack growth. At the final crack extension of 1.43 mm, the error in J
introduced by using a conversion factor of 0.607 is 8.7%. Using the factor 0.632 reduces this error to
5.0%. While this is still a substantial difference to the J-integral obtained from the LLD, it is considered
an acceptable error as the aim of this work is not to determine the material’s fracture toughness experi-
mentally as accurately as possible, but to develop a numerical method to predict the experimental J-R
curve as closely as possible.
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Figure 4.20: Simulated conversion factors (solid lines) and constant conversion factors (dotted lines) for different
initial crack lengths (a) and Kj curves obtained using the LLD (solid lines) and the converted FFD
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Figure 4.21: Simulated and constant conversion factors under the influence of crack growth (a) and J-R curves
obtained using the LLD and the converted FFD (b)

4.3.5 Testing within the DBT region

Fatigue pre-cracked MCT specimens were tested within the DBT to determine the reference tempera-
ture Ty, which is required for the evaluation of the fracture toughness Master Curve following ASTM
E1921. The testing standard was described in Section 2.2.1. Additionally, the MCT tests are necessary
to obtain samples for the fractographic analyses in Section 4.4. The median fracture toughness values
from the Master Curve are used in Chapter 5 to identify the cohesive energy for the low-temperature
fracture mechanics simulations, while the results of the quantitative fractographic analyses are used in
Chapter 7 for the development of the probabilistic cohesive zone model.

4.3.5.1 Test temperature selection

An important aspect of testing sub-sized specimens for the determination of the reference temperature is
the selection of appropriate test temperatures to minimize the volume of material required. Given that
tests performed at temperatures close to and above T, contribute the most to meeting the data set size
criterion in Equation (2.19), the test temperature should be chosen as high as possible without produc-
ing an excessive amount of censored Kj, results. This is especially relevant for sub-sized specimens as
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due to their inherent low constraint, the Kjcimic IS often surpassed even at temperatures well below
T, [8]. Consequently, the width of the optimal test temperature range for determining a valid T, using
as few sub-sized specimens as possible can be as narrow as 20°C. Since the exact reference temperature
is generally not known before testing, finding the optimal test temperature range can be challenging. In
the standard, it is recommended to select the test temperatures to be close to that at which the K¢ meq

value will be 100 MPay/m.

As mentioned in Section 4.1.2, a value of T, = —43°C was determined for the given RPV steel in a
previous study by CIEMAT using large CT specimens. Due to the described material inhomogeneities,
this value is not fully representative of the fracture mechanical behavior of the material used in this
work. Nonetheless, it was used as an orientation to select the initial test temperature for the MCT tests.
The first tests were conducted at -80°C to avoid censoring of Kj results. After each test, the complete
data set was used to calculate the provisional Tyq. Based on the result, the temperature for further
testing was selected. As the K| values obtained at -80°C were well below the Kjip;t at that tempera-
ture, subsequent tests were performed at -70, -60, -45 and -30°C.

4.3.5.2 Fracture toughness determination

In total, 27 MCT tests were performed for the determination of T, following ASTM E1921. A cross-
head velocity of 0.002 mm/s was used, resulting in an elastic K-rate of 0.44 MPayvm/s. As explained in
Section 4.3.3, two test results are invalid due to the fatigue pre-cracks of specimens MCT14 and
MCT21 not meeting the straightness requirements specified in the standard. Furthermore, none of the
three tests performed at -30°C terminated in cleavage fracture, so these tests are also considered invalid.
In Figure 4.22, the force-LLD curves obtained from the remaining 22 tests are shown. The LLD is
calculated for each test individually using Equation (4.11) with the respective initial crack length a,
from Table A.4 and a rotation factor of 0.352. As expected, the LLD at fracture decreases on average
with decreasing temperature while the force increases. At all temperatures, significant scatter of the
LLD at fracture is observed, which is particularly pronounced at -45 and -60°C. This scatter is the result
of the inherently statistical nature of cleavage fracture within the DBT region as described in Sec-
tion 2.3.1. In addition, force scatter is observed at the individual test temperatures, which is assumed to
be mostly due to the varying initial crack lengths and pre-crack shapes of the specimens.

The fracture toughness is determined from each force-LLD curve individually. First, the critical
J-integral at fracture J. is obtained by calculating the sum of the elastic and plastic parts of J using
Equations (2.10) and (2.13). The value of J is then transformed into the corresponding stress intensity
factor Kj. by means of Equation (2.14). Following the ASTM standard, weakest-link statistics is applied
to estimate the fracture toughness K ;r, as obtained from a CT specimen with 25 mm thickness, from
the Kj. value. Thereby, the size-correction formula in Equation (2.18) is applied. The J., Kjc and Kj¢ 11
results from all valid MCT tests are listed in Table A.9.

In Table 4.5, the average Kj. i and the corresponding standard deviation for each test temperature are
shown. With decreasing temperature, a significant reduction of the average fracture toughness is ob-
served. This reduction is less pronounced between -70 and -80°C, indicating that the lower shelf of the
transition region is approached in this temperature range. Likewise, the standard deviation of Kj¢ ;1
decreases rapidly from -45 to -70°C. Between 70 and -80°C, a slight increase of the standard deviation
is observed, which can be attributed to the small sample size. The reduced scatter below -60°C is a
further indication of the lower shelf being approached.
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Figure 4.22: Force-LLD curves from the MCT tests used for the determination of T,

Table 4.5:  Average K., and corresponding standard deviation obtained from the valid MCT tests for each test
temperature

T[°C]l Neests [[1  Avg. Kjc 11 [MPavm]  Std. dev. of K., [MPavm]

-45 3 101.21 33.83
-60 9 82.17 24.87
-70 4 61.29 7.86
-80 6 55.75 10.17

4.3.5.3 Master Curve evaluation

Before the reference temperature Ty is calculated and the Master Curve can be established, the Kj.
values obtained from the MCT tests must undergo the censoring procedure specified in ASTM E1921
and described in Section 2.2.1. The Kj. results of specimens MCT11 and MCT13 tested at -60°C and
MCT28 and MCT30 tested at -45°C surpass their respective Kj¢imic Values (Equation (2.17)) and are
therefore replaced by the limit. In Table A.9, the Kj1imi: Values are listed for all specimens. Data cen-
soring due to stable crack growth is not required as no specimen shows ductile crack extension Aa
beyond the crack growth limit of 200 um. The largest Aa was measured for specimen MCT30 with
190 um. Most specimens failed without a significant amount of stable crack growth prior to cleavage
fracture. For those specimens, the exact measurement of Aa was omitted.

Censored test results do not contribute to the data set size criterion in Equation (2.19) and should be
avoided to reduce the number of specimens necessary to obtain a valid reference temperature. With the
uncensored and censored Kj ; results a provisional T, is calculated. The provisional value is replaced
by the valid Ty, if the data set size criterion is met. A total of 18 uncensored Kj ;1 values are obtained
from the MCT tests and their contributions r; are listed in Table 4.6. The criterion yields a value of 2.42
for the data set size, which is well above the required minimum of 1. Therefore, the data set is consid-
ered large enough to determine the reference temperature with sufficient accuracy and Ty is replaced
by T,. For the material SA-508 CI.3, a reference temperature of -31.5°C is obtained with a standard
deviation of 6.2°C.
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Table 4.6:

Contributions of the MCT tests to the data set size criterion in Equation (2.19)

T-To[°C] ni[]

7 [-]

50to -14
-15to0 -35
-36 to -50

1/6
17
1/8

1
7
10

Applying Equation (2.20), the median fracture toughness of the material can be calculated from T, at
any temperature in the lower transition region, resulting in the Master Curve shown in Figure 4.23. In
addition to the Master Curve, the uncensored and censored values of Kj i, the Kjc jimic and the 5% and

95% tolerance bounds are displayed in the diagram. The tolerance bounds are computed from the corre-
sponding equations in the standard.
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Figure 4.23: Fracture toughness Master Curve for SA-508 CI.3 established from the uncensored and censored
Kj¢q7 results obtained from testing MCT specimens between -80 and -45°C

Apart from three Kj ;1 values, all data points are within the specified tolerances. The outliers were
obtained at -45 and -60°C and show significantly increased fracture toughness values as compared to
the other data points at these temperatures. This scatter towards higher fracture toughness is due to
increasing macroscopic plastic deformation, which leads to a loss of constraint at the crack tip, reducing
the probability of cleavage initiation.

Following the standard, the data set used for the determination of T, can be further analyzed to evaluate
the macroscopic inhomogeneity of the material based on the SINTAP method [101]. A screening crite-
rion is specified that decides whether the material is homogeneous or inhomogeneous. If the material
violates the screening criterion, further assessment of the inhomogeneity and the determined fracture
toughness results is required. The given data set meets the screening criterion and is therefore consid-
ered macroscopically homogeneous. For the calculations within the screening procedure, the reader is
referred to the ASTM E1921 standard.

The determination of T, for SA-508 Cl.3 using MCT specimens was performed within the scope of a
round robin exercise between four European research institutes as part of the FRACTESUS project. A
detailed description of the round robin is given in [102]. Besides the reference temperature of -30.4°C
determined by KIT (the tests at -45°C are not included at this point), the other participants obtained T,
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values of -38.0, -53.3 and -58.2°C. The significant deviations in T, are assumed to be due to macro-
scopic material inhomogeneities, as the material tested by KIT was extracted from a different location
of the RPV closure head forging compared to the testing material received by the other participants.
These inhomogeneities are believed to be the result of differences in the cooling rate during quenching
due to the large thickness of the forging.

Experimental testing of 0.5T and 1T CT specimens from SA-508 CI.3 steel for the determination of T
was performed by CIEMAT within the scope of the SOTERIA project [103]. The specimens were cut
from different sections of the closure head forging and a reference temperature of -43.0°C was obtained.
This value is 11.5°C below the T, of -31.5°C determined on small specimens in this work. Due to the
aforementioned material inhomogeneities, the reference temperatures are not directly comparable.
However, a comparison can be made between the T, obtained from large specimens and the T, of all
MCT tests performed within the scope of the FRACTESUS round robin, since the MCT specimens
were also cut from multiple different sections of the forging. The T, of the MCT tests is -45.6°C, which
is 2.6°C below the large specimen T,. In comparison, Scibetta et al. (2002) [6] found a small specimen
bias of 8.5°C below the T,, obtained from large specimens. By showing that the difference between the
reference temperatures is even smaller than the expected bias, a step is made towards verifying the
MCT geometry to be used for the evaluation of fracture toughness in the DBT region.

4.3.5.4 Test temperature recommendations

In the Introduction, it was explained that the main goal of this research is to reduce the amount of
material required for determining the fracture toughness of RPV steels within the DBT region. To
achieve this goal, the primary objective is to develop a numerical model to predict the experimental
fracture toughness, thus minimizing the number of tests. While predictive models offer the possibility to
reduce material requirements significantly in the future, there is the potential to improve current testing
requirements and recommendations by focusing specifically on small specimen testing.

The results of the Master Curve evaluation using MCT specimens show that the test temperature selec-
tion has a large impact on the number of specimens required to meet the data set size criterion. As
mentioned in Section 4.3.5.1, it is recommended in the standard to select the test temperatures to be

close to that at which the median fracture toughness, Kj¢it,meq, Will be 100 MPay/m for the given
specimen size. Thereby, the optimal test temperature for the given material and specimen geometry
would be about -60°C. The Kj¢ i imit at this temperature is 125.6 MPaym, which is 25.6 MPaym
above the median fracture toughness, while the standard deviation of Kj. ;1 obtained from the nine tests
performed at -60°C is 24.87 MPay/m. Consequently, it must be assumed that when testing at this rec-

ommended temperature, a considerable proportion of the results may require censoring. This is reflected
in the fact that two out of the nine Kj. values obtained from the MCT tests at -60°C had to be censored.

While the test temperature recommendation in ASTM E1921 may be suitable for larger specimens, it is
suggested here that for the MCT geometry, a temperature should be selected with a Kjc 11 meq ClOSer to
90 MPa+/m. This value corresponds to an optimal test temperature of -70°C for the material and speci-
mens used in this work. At this temperature, the Kjc it imic 1S about 43 MPay/m above the median
value, while the standard deviation of Kj¢ 1t is only 7.86 MPa+v/m. Therefore, the number of censored

data points is expected to be greatly reduced. The exact value of the optimal test temperature naturally
depends on the yield strength of the material, whereby materials with higher yield strength have a
greater K. 1imit and are therefore better suited for testing at higher temperatures.
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In general, the Kj 11 meq IS NOt known prior to testing. It is therefore possible that a significant number
of tests must be dedicated to finding the optimal test temperature. The choice is to either start at a high
temperature and decrease it for subsequent tests if the Kj. values require censoring, or to start at a low
temperature and increase it to obtain fracture toughness values that contribute more to the data set size
criterion. The ASTM standard does not give recommendations for the initial test temperature when
using miniaturized specimens. It is advisable to start at a low temperature as the fracture toughness
scatter is much smaller on the lower shelf compared to the transition region. This means that a K result
obtained on the lower shelf is more likely to represent the mean fracture behavior of the material at the
selected test temperature. In the transition region, outliers may lead to false estimations of the location
of T,, on the temperature axis. In addition, specimens tested within the transition region may not fail by
cleavage fracture if the selected test temperature is too high. In this case, no estimation can be made of
the location of T, and the specimen is wasted.

4.3.6 Testing on the upper shelf

Fracture mechanics testing on the upper shelf is required for the calibration of the cohesive energy for
ductile fracture in Section 5.2.2. The cohesive energy is identified by fitting the simulated force-LLD
and J-R curves to the experimental curves, which are determined in this section. Since only the curves
are required, it is not necessary to determine an upper shelf fracture toughness value for the material. It
can be assumed that any fracture toughness value determined following ASTM E1820 would be invalid
due to violating the specimen size requirements specified in the standard. The cohesive elements with
ductile fracture properties will be used for the probabilistic CZM approach described in Chapter 3.

4.3.6.1 Force-displacement curves

As with the tests conducted within the DBT region, the pre-cracked MCT specimens were loaded with a
K-rate of 0.44 MPay/m/s, resulting from a crosshead velocity of 0.002 mm/s. All tests were carried out
at RT. The basic procedure specified in ASTM E1820 was applied, meaning that multiple specimens
were loaded to varying crosshead displacements, unloaded, and broken using liquid nitrogen to induce
brittle fracture. To obtain the load line displacements required for the calculation of ], the measured
front face displacements are multiplied with a conversion factor of 0.632, resulting from Equa-
tion (4.11) with the rotation factor R = 0.5.

A total of eight MCT specimens were loaded to crosshead displacements between 1 and 6 mm for the
determination of the J-R curve. The targeted displacements for each test are listed in Table A.10. In
Figure 4.24, the force-LLD curves obtained from the tests are shown. Beyond the elastic regime, the
maximum force is reached at a LLD of about 1 mm. The compliance of the specimens increases with
increasing crack length, causing the force to decrease with further loading. A significant scatter of the
maximum force values is observed in a range of about 200 N around the average maximum force of
2030 N. This scatter is assumed to be caused by the different initial crack lengths and pre-crack shapes
of the specimens.
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Figure 4.24: Force-LLD curves obtained from the tests on MCT specimens at RT

4.3.6.2 Ductile crack extension

As described in Section 4.3.3, the specimens were heat-tinted after testing and broken using liquid
nitrogen. The fatigue pre-crack length and ductile crack extension Aa were measured by means of
optical microscopy. The crack extension Aa is defined as the difference between the final physical
crack length a,, and the initial crack length a,. For measuring aj,, the same procedure is applied as for
measuring a,, but the nine measurements end at the tip of the ductile crack instead of the tip of the
fatigue pre-crack. Additionally, the uniform distance between the measurement points in thickness
direction is compressed to account for the thickness reduction of the specimens caused by necking.

In Figure 4.25, the fracture surfaces of four MCT specimens tested at RT with final crosshead dis-
placements between 1 to 6 mm are shown. The dark purple strips in the center of the images are the
regions of ductile crack extension. Below are the fatigue pre-cracks in a lighter hue of purple, while the
gray, glossy regions above are the final brittle fractures induced by impact loading. The measured
values for Aa are listed in Table A.10 for all specimens tested at RT.

With increasing CHD, increased necking is observed at the tips of the ductile cracks, resulting from the
plane stress condition at the side surfaces of the specimens. A pronounced tunneling effect is observed
in the ductile crack extension, with the crack growing faster in the center of the specimens as compared
to the side surfaces. In Figure 4.25 (d), it can be seen that at large displacements, the crack in the center
is caught up and even surpassed at the side surfaces. The tunneling of the crack front can also be ex-
plained by the constraint effect, as in the center of the specimens, plastic deformation is constrained by
the surrounding material and more strain energy is available for crack propagation.

In ASTM E1820, straightness requirements are specified not only for the fatigue pre-crack but also for
the front of the ductile crack in order to obtain valid test results. Side-grooving is a commonly applied
measure to increase the constraint at the side surfaces and therefore improve the straightness of the
ductile crack. The addition of side grooves was not considered for the MCT specimens tested at RT
since the objective of these tests is not to obtain valid fracture toughness data, but to identify the cohe-
sive energy for ductile fracture.
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Figure 4.25: Fracture surfaces of four MCT specimens tested at RT with final crosshead displacements between 1
and 6 mm

4.3.6.3 ]J-R curve determination

In addition to the force-LLD curves, the experimental J-R curve is required for a complete characteriza-
tion of the macroscopic fracture mechanical behavior of the material at RT. The calibration of the
cohesive energy in Section 5.2.2 is performed by fitting both the numerical force-LLD and J-R curves
to the experimental results. As with the tests performed within the DBT region, the J-integral is calcu-
lated for each test using the respective force and displacement data. By means of Equations (2.10) and
(2.13), the elastic and plastic parts of the J-integral are determined, which are then added together to
obtain J. According to ASTM E1820, crack propagation must be taken into account by applying a
correction factor to the plastic part of J depending on the ductile crack length. The correction factors
and corrected J values obtained from the MCT tests at RT are listed in Table A.10.

In Figure 4.26, the crack growth corrected J values are displayed against Aa. As expected, the J-integral
increases with increasing crack length, with a maximum J of 996 N/mm measured at a ductile crack
extension of 2.64 mm. The data points are fitted with a power law function of the form

J = C,Aa’, (4.12)

where C; = 631.6 N/mm?2 and C, = 0.487 are the fitting parameters obtained using the method of least
squares. In addition to the J-R curve, the maximum J-integral capacity J,,ax = 201.6 N/mm and the
maximum crack extension capacity Aa,,.x = 1 mm, as determined by Equations (2.22) and (2.23) for
the MCT geometry, are shown in Figure 4.26. All data points obtained from the MCT tests surpass the
J-integral capacity of the geometry, which is not surprising since the standard is not designed for testing
miniaturized specimens with low constraint. The calculation of a provisional fracture toughness value
Kq is not performed here, as it is not required for the identification of the cohesive energy.
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Figure 4.26: J-R curve for SA-508 CI.3 at RT obtained by testing MCT specimens

4.4 SEM fractography

Fractographic studies are carried out on the broken halves of the MCT specimens tested within the DBT
region to gain additional insight into the fracture processes in front of the crack tip. SEM is suitable for
this purpose as it allows for a clear distinction between individual cleavage facets and regions of ductile
crack propagation on the fracture surfaces. By tracing the river patterns visible on the cleavage facets,
the initiation sites of unstable fracture are localized and characterized in Section 4.4.1. The locations of
the cleavage initiation sites are related to the mechanical fields obtained from FE-simulations to assess
the conditions for unstable fracture. In addition, energy-dispersive X-ray (EDX) analysis is applied to
identify initiating particles, such as carbide or sulfide inclusions.

In Section 4.4.2, the fracture surfaces are analyzed quantitatively regarding the respective ratios of
cleavage facets and regions of ductile fracture. The ratio of the ductile fracture area is correlated with
the test temperature and the fracture toughness values obtained from the MCT tests. This quantitative
analysis of the fracture surfaces is required for the development of the probabilistic CZM in Chapter 7,
as the number of ductile and brittle cohesive elements within the cohesive zone will be based on the
ratio between the ductile fracture area and the total fracture area.

All micrographs were taken by means of a ZEISS EVO10 SEM with a tungsten filament using both the
secondary and backscattered electron detectors and an acceleration voltage of 20 kV. The samples were
subjected to ultrasonic cleaning in isopropanol for two minutes to remove dust and loose particles from
the fracture surfaces.

4.4.1 Cleavage initiation sites

Identification of the cleavage initiation sites is possible when the main fracture mode is transgranular
cleavage, which is the case for all MCT specimens tested at -45°C and below. The approach by Che-
khonin et al. (2023) [104] is applied to locate the initiation sites in Section 4.4.1.1 and to characterize
them based on the types of initiators in Section 4.4.1.3. Once an initiation site is found, high-
magnification micrographs are taken to reveal possible initiating particles. If a particle is suspected to
be present at the center of an initiation site, EDX point measurements are carried out to identify the
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composition of the particle. The initiation site locations are related to the numerical stress and triaxiality
fields in the vicinity of the crack front in Section 4.4.1.2 to assess the constraint conditions at fracture.

4.4.1.1 Initiation site locations

In Figure 4.27, the procedure for locating the cleavage initiation sites is shown for specimen MCTO8,
which was tested at -70°C. In an overview image of the fracture surface at low magnification (a), the
so-called “chevron markings”, which spread out from a distinctive area close to the crack front, can be
clearly seen. The markings are revealed by differences in height and generally become weaker as the
initiation site is approached.

In the next step, the magnification is progressively increased towards the initiation site (b) and the river
lines visible on the individual cleavage facets are traced back until they converge at a single point or
appear to circle around a grain boundary. In case of specimen MCTO08, the river lines converge towards
a single point. The same procedure is then performed for the other specimen half, as the mirrored image
taken of the initiation site sometimes shows features that are not visible on the first fracture surface.

— 1 mm — 2
(a) Mag. 73x, WD 24 mm (b) Mag. 2000x, WD 7.5

Figure 4.27: Procedure for locating the cleavage initiation site on the fracture surface of specimen MCTO08 tested
at-70°C

The approach described is generally unproblematic for specimens that were tested well below T, and
failed at low values of Kj., because their fracture surfaces consist almost exclusively of transgranular

cleavage facets. The fracture surfaces of specimens tested closer to T, show a mixture of cleavage
facets and regions of micro-void coalescence (quasi-cleavage) that cause the local crack growth direc-
tion to vary significantly. As a result, there are often several candidates for initiation sites in close
proximity to each other, making it difficult to identify the main initiator. Therefore, the initiation sites
could not be located for specimens MCT09, MCT11 and MCT12 tested at -60°C. As an example, a
micrograph of the expected location of the initiation site of specimen MCT12 is shown in Figure 4.28.
Tracing the river lines visible on the cleavage facets it is observed that, while most of them point to-
wards a specific region, they do not converge towards a particular point or grain boundary that can be
determined to be the initiator.

62



4.4 SEM fractography

Figure 4.28: Expected location of the initiation site of specimen MCT12 with river lines not pointing towards a
particular point or grain boundary

In Figure 4.29 (a), the locations of all cleavage initiation sites found on the fracture surfaces are shown.
The initiation sites are located less than 1 mm from the center of the 4 mm thick specimens. Within this
range, the distance from the mid thickness shows considerable scatter, which appears to be uncorrelated
to the testing temperature. The measurements agree with a study performed by Wallin et
al. (2016) [105], who also analyzed the initiation site locations on the fracture surfaces of MCT speci-
mens of the same material tested within the DBT region. All initiation sites being located near the mid
thickness is assumed to be due to the reduced constraint at the side surfaces. To show that cleavage
initiation occurs under high constraint conditions, numerical simulations are required to assess the stress
and triaxiality fields in the crack plane.

The distance from the crack front is determined by measuring the distance from the local tip of the
ductile crack extension to the initiation site in crack growth direction. The median distance of the initia-
tion sites from the crack front is 66.2 um. Most initiation sites are located around this distance with
measurements ranging from 27 to 83 um. There are four outliers showing significantly greater distances
from the crack front of up to 221 um. As with the distance from the mid thickness, the distance from the
crack front appears to be uncorrelated to the testing temperature, but the scatter is more pronounced at
-60 and -45°C. The same observation was made for the Kj.,r results from the MCT tests in Sec-

tion 4.3.5.2.

In Figure 4.29 (b), the distance of the initiation sites from the crack front is related to the fracture
toughness test results. A positive correlation with R = 0.72 is found by means of linear regression,
meaning that on average, the distance to the crack front increases with increasing K ;7. It is observed
that the correlation is strong for Kj. ;r results below 75 MPay/m, but weakens beyond this value. The
exact locations of the initiation sites and the corresponding fracture toughness values are listed in Table
A.11. In Section 4.4.1.2, the stress and triaxiality levels close to the crack front are determined numeri-
cally to assess the loading and constraint conditions at the initiation sites.
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Figure 4.29: Locations of the cleavage initiation sites on the fracture surfaces (a) and correlation between Kjc 11
and the distance from the crack front (b)

4.4.1.2 Stress and triaxiality fields near the crack front

Following Ritchie et al. (1973) [53], the condition for cleavage fracture is that the local maximum
principal stress ahead of a stress concentrator exceeds a critical value over a characteristic distance.
This critical fracture stress is assumed to be insensitive to temperature. By relating the initiation site
locations in Figure 4.29 (a) to the numerical stress fields in the crack plane at fracture load, the fracture
stress can be determined for each test.

First, the development of the maximum principal stress o; and triaxiality h along the ligament and in
thickness direction is investigated. For the simulations, the FE-model described in Section 5.2.1 is used
without cohesive elements, as none of the MCT specimens tested at -45°C and below experienced
significant ductile crack extension. Figure 4.30 (a) shows the evolution of a; near the crack front in the
center of the specimen at -60°C. In the diagram, x denotes the distance from the crack front in the
direction of the specimen backside. The maximum g, increases up to an LLD of about 0.4 mm and
decreases slightly at larger displacements. Additionally, with increasing displacement, the peak of o, is
being shifted away from the crack front and the stress is distributed more evenly, resulting in a flatten-
ing of the curve. Apart from slightly different o, values, the curves for -45, -70 and -80°C are similar.
As the maximum principal stress is assumed to be the driving factor for cleavage fracture, the distance
of an initiation site from the crack front should correspond to the location of the peak of the maximum
principal stress at fracture load. This was confirmed in Section 4.4.1.1, with Figure 4.29 (b) showing
that the distance of the initiation sites from the crack front increases with increasing fracture toughness.

The triaxiality near the crack front, as shown in Figure 4.30 (b), decreases considerably with increasing
displacement due to the inelastic deformation of the material. At the same time, the triaxiality peak is
shifted away from the crack front similar to ;. High constraint conditions promoting brittle fracture are
assumed to be present when h is above a value of 2 [106]. At an LLD of 0.6 mm, the triaxiality peak
barely reaches this value, indicating substantial constraint loss in front of the crack. This loss of con-
straint in combination with the reduction of the maximum principal stress at large displacements reduc-
es the likelihood of cleavage initiation with increasing plastic deformation. Hence, none of the MCT
tests performed at -30°C, where plastic deformation is expected to be most pronounced, terminated by
cleavage fracture.
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Figure 4.30: Development of the maximum principal stress (a) and triaxiality (b) along the ligament in the center
of the specimen with increasing LLD at -60°C

The evolution of a; (a) and h (b) along the thickness direction z starting from the center of the speci-
men is shown in Figure 4.31 for -60°C. In both cases, the maxima are located in the center and reduce
towards the side surface. At an LLD of 0.1 mm, g, is nearly constant up to a distance of 1 mm from the
center, followed by a sharp decrease towards the side surface. With increasing displacement, the maxi-
mum principal stress increases in the center and reduces at the side surface, while the triaxiality reduces
uniformly along the thickness direction. At small displacements, the triaxiality is above a value of 2
along almost the entire crack front, indicating high constraint conditions. The width of this area shrinks
to about 0.5 mm at a displacement of 0.6 mm, again showing the considerable constraint loss of the
MCT geometry under high load. This is reflected in the cleavage initiation sites being located close to
the mid thickness of the specimens, as shown in Figure 4.29 (a).
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Figure 4.31: Development of the maximum principal stress (a) and triaxiality (b) along the thickness direction
with increasing LLD at -60°C

The numerical investigations show that, while the MCT specimen can be regarded as a high constraint
geometry at small displacements, constraint is lost with increasing load. This is assumed to be due to
the onset of macroscopic plastic deformation. To ensure that the Kj ;1 results from MCT specimens are
comparable to the values obtained from different specimen types and sizes, the fracture behavior should
be sufficiently similar. This means that the cleavage initiation sites should be located within the high
constraint region. The maximum principal stress and triaxiality values at the locations of the initiation
sites at the respective fracture loads are listed in Table A.11. With the exception of MCTO1 and
MCT?20, brittle fracture initiation occurred within the area where the triaxiality is greater than 2. In
total, the triaxialities at the initiation sites range from 1.7 to 2.54. Additionally, most of the initiation
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sites are located within 35 pum of the points on the ligament where the maxima of o; and h are ob-
served, confirming that cleavage initiation is strongly correlated to conditions of high stress and high
triaxiality. From these results, it can be concluded that the fracture behavior of the MCT specimens is in
accordance with theoretical expectations. MCT specimens should behave similar to larger CT geome-
tries as long as excessive plastic deformation is avoided. This supports the recommendation in Sec-
tion 4.3.5.4 to use a lower test temperature for miniaturized specimens as compared to the test tempera-
ture recommended in the ASTM E1921 standard.

4.4.1.3 Types of initiators

Brittle fracture initiation in bainitic steels was observed or is commonly presumed to happen at frac-
tured precipitates, inclusions or grain boundaries [32,104,107,108]. Following the river pattern visible
on the cleavage facets to its origin, two different characteristic appearances of initiation sites can be
distinguished. The river lines either converge towards a single point from multiple directions, or they
point towards a grain boundary from the direction of one facet, while the river lines of the surrounding
facets appear to loop around the grain boundary.

In the first case, which is shown in Figure 4.32 (a, b), cleavage fracture was initiated at particle inclu-
sions. From the fractured or de-bonded particles, which usually are too small to be seen on SEM micro-
graphs, the crack extends in all directions simultaneously. The river lines pointing towards the initiation
site generally become weaker as the initiation site is approached. Examples of grain boundary initiation
are shown in Figure 4.32 (c, d). As the name suggests, micro-crack propagation is started along the
length of a grain boundary, meaning that no exact point of initiation can be identified. The river lines on
the surrounding cleavage facets represent a closed loop around this grain boundary, which usually
appears as a topographic step. It is assumed that a micro-crack originating from a grain boundary will
eventually find its way back to the initiation site. Since the crack plane changes with each grain, this
will lead to the appearance of a step at the initial grain boundary [104].

The type of initiator was identified for 16 specimens, with nine initiation sites (56%) showing the
characteristics of particle initiation and seven initiation sites (44%) being located at grain boundaries.
The initiation sites of the remaining MCT specimens could not be characterized due to insufficient
quality of the fracture surfaces or ambiguity of the river patterns. Chekhonin et al. (2023) [104] per-
formed an extensive fractographic study on 41 broken MCT specimens of unirradiated A508 CI.3 type
RPV base metal steel. They found that 32% of the initiators were Mo-rich carbides, while 23% were Al-
rich inclusions and 38% were grain boundary initiators. The increased proportion of grain boundary
initiators found in the present work is likely due to the small sample size. In the following, the results of
EDX spot measurements at the suspected locations of initiating particles are presented.

The working principle of EDX is that characteristic X-rays generated by the interaction of the specimen
material with the primary electron beam are collected by an X-ray detector. The energy and intensity
distribution of the signal is measured and analyzed to identify elements and their respective concentra-
tions within the interaction volume of the electron beam. The interaction volume is determined by the
acceleration voltage of the SEM and the density of the sample material [109]. For the given material
and an acceleration voltage of 20 kV, the lateral spread of the electron beam is about 1.2 pm and it
reaches a depth of 1.1 um. This means that the spatial resolution for the EDX analysis is about 1 um.
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(c) MCTOQ7 — grain boundary initiation (d) MCT19 — grain boundary initiation

Figure 4.32: SEM micrographs (mag. 5000x) showing cleavage fracture initiation at particles (a, b) and at grain
boundaries (c, d)

Several EDX spot measurements were carried out on both fracture surfaces of all MCT specimens
showing particle initiation. First, one measurement of the matrix material close to each initiation site
was taken as a reference. The reference spectrum of one fracture surface of specimen MCTO8 is shown
in Figure 4.33. Besides Fe, which naturally makes up most of the chemical composition of the steel,
peaks can be identified for C, Si, S and Mn. In addition, trace amounts of Al, P, Cr, Ni and Mo are
found. The spectrum is similar to the reference measurements taken from the other specimens.

Subsequent measurements were taken at the suspected locations of the initiating particles with about
1 um distance between the individual spots. Except for specimen MCTO08, no increased concentration of
the non-metals C, N, O and S or any metals commonly found in inclusions, such as Al, Mn, Mo and Cr
is found at any initiation site.
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Figure 4.33: EDX reference spectrum of the steel matrix

In Figure 4.34, a spectrum of MCTO08 at the initiation site is shown. Compared to the reference spec-
trum, increased concentrations of S and Mn are found, indicating the presence of an MnS inclusion.
Figure 4.35 shows the position of the spot measurement at the particle and the reference measurement
of the matrix. The inclusion is positioned at the point where the river lines of multiple cleavage facets
converge. The concentrations of S and Mn at the initiation site are 1.01 and 5.07 wt.% respectively,
while the reference measurement yields concentrations of 0.16 and 0.86 wt.%. Despite the considerable
increase, the concentrations of the inclusion elements at the initiation site are very low compared to Fe.
This means that the inclusion is significantly smaller than the interaction volume of the electron beam.
An exact determination of the size of the inclusion is therefore not possible by means of EDX analysis.
From the micrograph alone, it is difficult to identify the shape of the particle. The size can only be
approximated to be less than 0.5 um.

On the other fracture surface of the specimen MCTO08, a similar concentration of S and Mn is found at
the location of the initiation site. From this it can be concluded that micro-crack nucleation occurred by
brittle fracture of the particle.
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Figure 4.34: EDX spectrum of the initiating particle found on the fracture surface of MCTO08
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Figure 4.35: Location of the initiating particle on the fracture surface of MCT08

It is rarely possible to find the exact location of an initiating particle based on SEM micrographs, as
they are usually very small in modern grades of RPV steels and often cannot be distinguished from the
surrounding material. Finding the inclusions by means of EDX spot measurements is so time consum-
ing that it is impractical for multiple specimens. For the purpose of this research, it is considered to be
enough to find one initiating particle to show that inclusions can indeed be responsible for micro-crack
nucleation and, eventually, unstable fracture of the structure. This again indicates that the fracture
behavior of the MCT specimens is according to theoretical expectations, further strengthening the
confidence in this geometry.

4.4.2 Quantitative analysis of the fracture surfaces

At the temperatures present in the lower transition region, the primary slip systems in BCC metals are
not active and therefore, most grains in the vicinity of the crack front exhibit brittle behavior under load
[110]. It is assumed that some grains are oriented favorably for the few active slip systems to allow
dislocations to move, causing plastic deformation and eventually void nucleation, growth and coales-
cence. Hence, as explained in Section 3.2, the fracture surfaces of the MCT specimens that failed by
cleavage fracture within the DBT region show a mixture of trans- and intergranular cleavage facets and
regions of micro-void coalescence that appear to be randomly distributed.

A quantitative fractographic analysis of all MCT specimens tested for the evaluation of T is performed
to determine the ratio of ductile fracture with respect to the testing temperature and Kj. ;7. The tempera-
ture-dependent ductile fracture ratio (DFR), which is the approximate ratio between the ductile fracture
area and the total area of the fracture surface, is used in Chapter 7 for the mesoscale modeling of the
cohesive zone. The method to determine the DFR of an individual specimen is shown in Figure 4.36. A
total of 15 SEM micrographs are taken in a 3x5 pattern in front of the fatigue pre-crack, covering a
length of 1.35 mm in crack growth direction and 3 mm in thickness direction. Within each micrograph,
the fracture mode is determined at 16 equidistant locations, resulting in a total of 240 data points per
fracture surface.

The fracture mode can be either trans- or intergranular cleavage, micro-void coalescence or secondary
cracking. In some cases, parts of the fracture surface are covered in an oxide layer or dirt particles, or
the surface itself was damaged in the process of inducing final fracture. Data points located in these
regions do not contribute to the determination of the DFR. In Figure 4.37, an SEM micrograph of a
fracture surface close to the fatigue pre-crack is shown, which is representative for the fracture surfaces
of all MCT specimens tested within the transition region. The fracture surfaces consist mostly of trans-
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granular cleavage facets. Regions of micro-void coalescence of varying size and shape, intergranular
cleavage facets and secondary cracks are distributed randomly across the fracture surfaces. An accumu-
lation of these fracture modes within a specific part of the investigated region is not observed.

Fracture surface’

Fatigue pre-crack

Figure 4.36: Determination of the DFR from 15 SEM micrographs (mag. 500x) arranged in a 3x5 pattern in front
of the fatigue pre-crack with 16 equidistant data points per micrograph [99]

The distribution of the data points across the individual fracture modes is shown in Figure 4.38 for
specimen MCT12, which was tested at -60°C. Approximately 87% of the data points are located within
transgranular cleavage facets, followed by the regions of micro-void coalescence with 7.7%. While
secondary cracks are not uncommon, their contribution to the total fracture area is small due to their
small size. Grains that fractured along the grain boundaries by intergranular fracture are comparatively
rare and make up about 1% of the fracture area on average. The distribution shown in Figure 4.39 is
similar for all analyzed MCT specimens, the results of which are listed in Table A.12.
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Figure 4.37: SEM micrograph (mag. 2000x) of a fracture surface near the fatigue pre-crack showing the different
fracture modes surrounded by cleavage facets (adapted from [99])
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Figure 4.38: Distribution of the individual fracture modes for specimen MCT12 (adapted from [99])

From the total number of data points distributed across the different fracture modes, the ductile fracture
ratio is calculated for each specimen. The resulting DFR values are related to the testing temperature in
Figure 4.39 (a). A strong correlation between the DFR and temperature is obtained by means of linear
regression with R2 = 0.77. The regression line is well suited to describe the temperature dependence of
the DFR following the equation

DFR = 0.00173 - (T —T,) + 0.1199. (4.13)

This equation is used in Chapter 7 to control the ratio of cohesive elements with ductile fracture proper-
ties for the probabilistic CZM.

While the trend towards higher DFR values with increasing temperature is clear, significant scatter of
the individual DFR results is observed at the test temperatures below -45°C. To explain this scatter, the
DFR is related to the Kj¢  results from the MCT tests in Figure 4.39 (b). For -80°C, a strong positive
correlation is found with R? = 0.75, meaning that most of the variability of the DFR can be described
by the scatter of K ;1. Consequently, the ratio of the ductile fracture area increases on average with the
crack driving force. This is also observed for -70°C, although the coefficient of determination for the
four data points is only 0.27. For -60 and -45°C, the correlation between the DFR and Kj ;7 is weak, in
the latter case even negative, which is assumed to be due to the small sample size of three data points.
The weak correlation indicates that the scatter of the DFR cannot be described by the scatter of Kjc 7.
To summarize, the trend towards increasing DFR values with increasing K is found to be strong at
temperatures well below T, and appears to be less pronounced with increasing temperature.

In addition to the ductile fracture ratio, the size and shape of the regions of micro-void coalescence are
required to accurately model the fracture surfaces on the mesoscale. In Figure 4.40, a micrograph of the
fracture surface of specimen MCT33, which was tested at -45°C, is shown with the ductile fracture
regions highlighted in yellow. The size and shape of the ductile fracture regions vary considerably, with
most looking like thin, curved rods, while some are more compact. The largest regions extend beyond
200 pm in one direction, while the smallest are only a few micrometers in size. A dependence of the
size and shape of the ductile fracture regions on the temperature or fracture toughness is not observed.
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Figure 4.39: Correlation between DFR and test temperature (a) [99] and correlation between DFR and Kj. ;1 (b)

Figure 4.40: SEM micrograph (mag. 500x) showing the ductile fracture regions on the fracture surface of speci-
men MCT33 tested at 45°C

Within the framework of the FEM, it is not practicable to model the exact shapes of the ductile fracture
regions as the element size in the ligament would become exceedingly small. Therefore, the shapes are
approximated by rectangles, the average size of which is determined from 100 individual measurements
distributed over several fracture surfaces. As a large proportion of the ductile fracture regions are very
small, only regions with edge lengths of least 10 um and a maximum aspect ratio of 10 are taken into
account. On average, the long edge of the rectangles is 51.05 um, while the short edge is 18.27 um. The
average aspect ratio is 3.25, with the long edge pointing more often in thickness direction than in the
direction of crack growth. These results are used in Chapter 7 for designing the FE mesh in the vicinity
of the crack front, where the cohesive zone is located.

4.5 Summary of the experiments and fractography

In this chapter, the experimental results required for the fracture-mechanical simulations on MCT and
standard-sized CT specimens were generated. For all mechanical and fracture-mechanical tests, the
RPV steel SA-508 CI.3 in the unirradiated condition was used.
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First, the plastic flow curves at RT and multiple temperatures within the transition region were deter-
mined by means of SRB specimens. The tensile tests were supported by a camera system to record the
contour of the specimens during testing. From the images, the diameter reduction and curvature radius
of the neck were determined. The diameter reduction was used to calculate the average true stress and
average true strain, while the curvature radius was used to transform the average true stress into the
uniaxial true stress by means of the Bridgman correction method. In this way, the flow curves for RT,
-60 and -80°C were determined. The flow curves for -30, -45 and -70°C were determined inversely by
simulating the tensile tests with interpolated flow curves and fitting the numerical force-displacement
curves to the experimental curves.

In addition to testing SRB specimens, NRB specimens with 0.1 mm and 0.2 mm notch root radius were
tested to determine the average true strain at the point of unstable fracture. Again, the camera system
was utilized to obtain the diameter reduction in the notch root. The tensile tests are simulated in Chap-
ter 5 to determine the cohesive strength as a function of stress triaxiality.

Fracture mechanics tests according to ASTM E1921 were performed on MCT specimens within the
DBT region to determine the reference temperature of the material and to evaluate the fracture tough-
ness Master Curve. A valid reference temperature of -31.5°C (-30.4°C without the tests at -45°C) was
obtained from a total of 27 MCT tests between -80 and -30°C, of which five were invalid and four were
censored due to exceeding the fracture toughness limit imposed by the standard. The evaluation con-
firmed that while miniaturized specimens can be used to obtain a valid reference temperature, it can be
difficult to find the optimal test temperature range in order to use as few specimens as possible. The
median fracture toughness values obtained from the Master Curve are used in Chapter 5 to calibrate the
cohesive energy at multiple temperatures. The low temperature MCT results are further used in Chapter
7 for validating the probabilistic CZM approach described in Section 3.2. Furthermore, MCT tests were
performed at RT to determine the J-R curve following ASTM E1820. The J-R curve is also used in
Chapter 5 for the calibration of the cohesive energy at RT.

Extensive fractographic analyses by means of SEM were performed on the broken halves of the MCT
specimens tested within the DBT region. The cleavage initiation sites were located on the fracture
surfaces and characterized based on the type of initiator. Particle initiation was observed on 56% of the
fracture surfaces, while grain boundary initiation was identified on the remaining 44%. Simulations of
the stress and triaxiality fields in the vicinity of the crack front were used to show that the initiation sites
are located within the region of high constraint, demonstrating that the fracture behavior of the MCT
specimens is according to theoretical expectations. Apart from the initiation sites, quantitative fractog-
raphy was carried out to identify the regions of micro-void coalescence on the fracture surfaces and to
determine the ductile fracture ratio as a function of temperature. The ductile fracture ratio is used in
Chapter 7 for the development of the probabilistic CZM.
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5 Cohesive zone parameter identification

In the previous chapter, the experimental methods and corresponding results required for the develop-
ment of the deterministic and probabilistic cohesive zone models, as described in Chapter 3, were
presented. Tensile tests on smooth round bar specimens were performed to determine the flow curves
required for the elasto-plastic FE-simulations in this chapter. In addition, notched round bar specimens
were tested to obtain the average true strain at fracture at different levels of triaxiality. The numerical
simulations of the tensile tests, which are used to identify the cohesive strength in dependence of the
test temperature and the stress triaxiality, are described in Section 5.1. The second cohesive zone pa-
rameter, the cohesive energy, is calibrated in Section 5.2 by using it as a fitting parameter to simulate
the MCT tests within the DBT region and at RT. Thereby, a criterion for unstable fracture is defined for
determining numerical Kj. values.

All numerical simulations in this work are performed using the implicit solver of ABAQUS/Standard
2019. The loading is assumed to be quasi-static, as dynamic effects are assumed to be negligible.

5.1 Simulation of round bar specimen tests

The main purpose of simulating the tensile tests on round bar specimens is to identify the maximum
axial stress at the point of experimental fracture, which is assumed to be equal to the cohesive strength
at the given test temperature. Thus, the simulations are terminated once the diameter reduction in the
neck or in the notch is equal to the diameter reduction at fracture observed experimentally. The numeri-
cal force-displacement curves resulting from the SRB simulations were already used in Section 4.2.3.2
for the inverse determination of the flow curves at -30, -45 and -70°C.

5.1.1 FE-models

Since the geometries of the round bar specimens are rotationally symmetric with respect to their longi-
tudinal axis, axisymmetric FE-models can be used to simplify the meshing process and drastically
reduce the simulation time. In addition, the geometries are symmetric in the longitudinal direction,
which allows for the model size to be halved again. This is achieved by applying appropriate boundary
conditions to the symmetry axes.

In Figure 5.1, the FE-model of the SRB specimens is shown. The displacement is introduced at a refer-
ence point located on the symmetry axis in y-direction, with the reference point being kinematically
coupled to the shoulder of the specimen. The mesh is highly refined close to the symmetry axis pointing
in x-direction to be able to resolve the stress and strain gradients in the neck. By introducing a small
flaw in the form of a diameter reduction of 0.1 pm, necking is forced to develop at this position. The
element length within the highly refined region is 5 pm in both directions. A total of 11431 quadrilat-
eral axisymmetric elements with one integration point (CAX4R) are used, resulting in 35292 degrees of
freedom. As the measured dimensions of the tested SRB specimens (Table A.1) do not deviate signifi-
cantly from specified geometry shown in Figure A.5, this geometry is used for all simulations.
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Figure 5.1; Axisymmetric FE-model of the SRB specimen geometry

In terms of the general modeling strategy, the NRB models are similar to the SRB model. Contrary to
the SRB specimens, the tested NRB specimens show significant deviations from their specified geome-
tries (Figure A.6 and Figure A.7) with regard to the shape and size of the notches, as explained in
Section 4.2.2. Since the mechanical behavior of the specimens is strongly affected by the initial notch
geometry, the notch is modeled individually for each simulated test. A distinction is made between flat-
notched specimens from the first fabrication and round-notched specimens from the second fabrication.

The model for the 0.1NRB geometry (0.1 mm notch root radius) is shown in Figure 5.2 with close-up
views of the mesh in the vicinity of a flat notch and a round notch. As with the SRB model, the mesh is
highly refined in the region where high stress and strain gradients are expected. The element length near
the notches is 5 um in both directions. Apart from the geometry of the notch, the model for the 0.2NRB
geometry is identical. Depending on notch shape and size, the models consist of approximately 16700
CAX4R elements with a total of 50100 degrees of freedom.
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Figure 5.2:  Axisymmetric model of the 0.1NRB geometry with close-up views of the mesh in the vicinity of a
flat notch and a round notch

5.1.2 Average true stress - average true strain curves

In the following, the numerical average true stress — average true strain curves are compared to the
corresponding experimental curves to validate the modeling approach for the tensile test simulations.
The numerical average true stresses and average true strains are determined from the reaction forces in
y-direction acting on the reference point and the displacement in x-direction of the surface node in the

76



5.1 Simulation of round bar specimen tests

notch root. The simulated and experimental curves for the SRB geometry were already compared in
Section 4.2.3.1 for validating the plastic flow curves, showing good agreement.

Regarding the NRB geometries, it was explained in the previous section that the initial shape of the
notch is critical for the mechanical response of the specimens. This effect is shown in Figure 5.3, com-
paring the numerical average true stress — average true strain curves for specimens 0.1NRB10 (a) and
0.1INRB13 (b) to the experimental curves using both a flat and a round notch geometry. Specimen
0.INRB10 was produced in the first fabrication, meaning that it has a flat notch, and was tested at
-70°C. In contrast, specimen 0.1NRB13 was produced in the second fabrication with a round notch and
was tested at RT. Comparing the simulated curves, it can be deduced that the round notch geometry
generally yields higher average true stress values as compared to the flat notch geometry. This is ac-
cording to the true stresses calculated from the experimental force and diameter reduction data. The
curves further show that, if the appropriate notch geometry is used for the model, the simulated average
true stress — average true strain curves agree well with the experimental curves.

Similar results are obtained for the remaining 0.1NRB and 0.2NRB specimens tested in Chapter 4. The
mechanical behavior of the specimens can be simulated with high accuracy by modeling the notch
shape individually for each specimen. In the next step, the numerical simulations are evaluated at the
respective points of experimental fracture to determine the maximum axial stresses and triaxialities for
the triaxiality-dependent cohesive strength.
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Figure 5.3: Numerical average true stress — average true strain curves using both a flat and a round notch geome-
try and corresponding experimental curves for specimens 0.1NRB10 and 0.1NRB13

5.1.3 Triaxiality-dependent cohesive strength

Following Cornec et al. (2003) [66], the cohesive strength o, is equal to the maximum axial stress at the
point of fracture. By testing different geometries of tensile specimens, o is identified at multiple levels
of triaxiality h. With decreasing notch root radius, the stress state within a specimen becomes increas-
ingly multiaxial. This means that the highest values of g, and h are expected to result from the 0.1NRB
tests, while the SRB tests are expected to yield the lowest values.

In Figure 5.4, the axial stresses g,y (normal stresses in y-direction) and the triaxialities of specimens
SRB09, 0.1NRB12 and 0.2NRB12 are shown at the respective points of experimental fracture. Each
contour plot displays a quarter of a specimen's necking region, with the symmetry axes in x- and
y-direction extending from the point of peak stress or triaxiality. The specimens were tested at -60°C. In
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all cases, the maxima of o, and h are reached in the center of the specimens at the location of the
minimum diameter. This is observed for all simulated tensile specimens. As expected, the overall levels
of stress and triaxiality are lowest for the SRB specimen, reaching a maximum axial stress o,y max Of
1459 MPa and a maximum triaxiality h,.x of 0.93. Significantly higher values are obtained from the
0.2NRB geometry with 0,4 max = 1823 MPa and hp,,x = 1.63. The highest stresses and triaxialities
are obtained from the 0.1INRB geometry with o,y max = 1947 MPa and hy,x = 1.93, which is a small-
er increase as compared to the difference between the SRB and the 0.2NRB results. The individual
maximum axial stress values and corresponding maximum triaxialities from all tensile test simulations
are listed in Table A.13 and used as support points for interpolating the triaxiality-dependent cohesive
strength at each test temperature.

SRB9 SRB9
Oaxmax = 1459 MPa Bonax = 0.93

Oax 0.INRB12 0.INRBI12
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Figure 5.4: Axial stress and triaxiality at -60°C in the necking region of specimen SRB9 and near the notches of
specimens 0.1NRB12 and 0.2NRB12 at the respective fracture points (adapted from [99])

In Figure 5.5, the triaxiality-dependence of the cohesive strength is shown for RT, -60, -70 and -80°C.
The cohesive strength increases linearly with triaxiality and decreases with increasing temperature.
Linear interpolation is performed at each temperature to determine a functional relationship between o,
and the A in the form

a.(h, T) = C,(T)h + Co(T). (5.1)

Here, C; and C, are temperature-dependent fitting parameters, the values of which are listed for the
respective test temperatures in Table 5.1. It is observed that the slopes of the interpolation lines increase
between RT and -60°C, while remaining constant between -60 and -80°C. This means that, while the
overall cohesive strength increases with decreasing temperature, the triaxiality dependence of o, does
not show qualitative differences at low temperatures. It can be assumed that this observation is partly
due to the relatively narrow low temperature range studied in this work.

It was shown in Section 4.4.1.2 that the triaxiality in the vicinity of the crack front of an MCT specimen
reaches values up to 2.8, which is significantly higher than the maximum triaxiality reached in the
center of the NRB specimens. To increase the triaxiality range of the cohesive strength calibration,
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NRB specimens with smaller notch root radii than 0.1 mm would have to be tested. This was not carried
out in this work due to manufacturing restrictions regarding the minimum diameter of the erosion wire.
Based on the quality of the results of the MCT simulations in the next section, the possibility to extrapo-
late the given triaxiality dependence of o, towards higher triaxialities is considered. It is also investigat-
ed whether the MCT test results can be predicted using a constant o.
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Figure 5.5: Linear interpolation of the triaxiality-dependent cohesive strength for RT, -60, -70 and -80°C
(adapted from [99])

Table 5.1:  Fitting parameters for the linear interpolation of the cohesive strength following Equation (5.1)

T[°C] C,[MPa] C,[MPg]
RT 449.9 945.8
-60 485.0 1022.7
-70 483.9 1101.7
-80 484.8 1165.9

5.2 Simulation of the MCT tests

In this section, the triaxiality-dependent cohesive strength is used to simulate the MCT tests performed
in Section 4.3. The cohesive energy is used to fit the numerical Kj. values to the experimental results
obtained within the DBT region and to fit the numerical force-displacement and J-R curves to the
experimental curves at RT. Based on the numerical results, the capability of the model to accurately
simulate the median fracture behavior of the material is discussed and appropriate modifications are
applied to improve the predictions.

5.2.1 FE-models of the MCT geometry

The MCT specimen is modeled as a 3D geometry and, as with the axisymmetric models of the tensile
specimens, geometric symmetries are exploited to improve efficiency. A CT specimen is symmetric
with respect to the crack plane (xz-plane) and the center plane with normal pointing in thickness direc-
tion (xy-plane). Applying appropriate boundary conditions, the geometry is reduced to a quarter model,
which is shown in Figure 5.6. The left image shows the mesh for the simulation of unstable fracture at
low temperatures, while the mesh in the right image is used for the simulation of stable crack propaga-
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tion at RT. Loading is introduced by means of the wedge-shaped pins shown in brown, which are
assumed to be rigid. An initial crack length a, of 4 mm is assumed, leading to a, /W = 0.5.

The main difference between the models is the length of the cohesive zone. Located in the crack plane
starting from the initial crack front at x = 0, the cohesive zone is a strip of zero-thickness cohesive
elements. The nodes on the upper surface of the cohesive elements are connected to the corresponding
nodes of the surrounding continuum elements, while the nodes on the lower surface are constrained by
symmetry boundary conditions. These boundary conditions are introduced by means of the “constraint
equations” feature of ABAQUS explained in Section 2.4.4. Between the cohesive zone and the speci-
men backside a conventional symmetry condition in y-direction, as shown in Figure 5.6, is used. The
low temperature MCT tests discussed in Section 4.3.5 terminated without a significant amount of stable
crack propagation prior to unstable fracture. To reduce the simulation time, the length of the cohesive
zone in x-direction is set to 0.1 mm for the low temperature model. For the RT simulations, however, a
significantly increased length of the cohesive zone is required to be able to simulate the J-R curve
determined experimentally in Section 4.3.6. Therefore, the length of the cohesive zone is set to 2 mm
for the RT model.

The low temperature model consists of 22300 linear hexahedral continuum elements with eight integra-
tion points, resulting in 133800 degrees of freedom. Additionally, 680 cohesive elements are used. The
mesh is highly refined near the cohesive zone, with the continuum elements directly at the crack plane
having a length of 1.5 um in both the x- and y-directions. This small element length is required to
capture the large stress and strain gradients in the vicinity of the crack tip and small increments of crack
extension prior to unstable fracture. Ten elements are used in thickness direction, which are tapered
towards the specimen side surface to accurately simulate necking at the crack tip.

The meshing strategy for the RT model is similar to the low temperature model. A total of 101130
continuum elements with 606780 degrees of freedom and 9240 cohesive elements is used. Due to the
significantly increased cohesive zone length and the associated increase in simulation time, the mini-
mum element length in x-direction is set to 3 um at the initial crack front and increased to 6 um to-
wards the end of the cohesive zone. Since the total crack extension is considerably larger in the RT
simulations, the smaller element length employed for the low-temperature model is not necessary. In y-
direction, the minimum element length is 3 um and ten elements with a taper towards the side surface
are used in thickness direction.
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Figure 5.6: Quarter models of the MCT specimen for the crack growth simulations at low temperature and RT
(adapted from [99])

Apart from the cohesive strength identified in Section 5.1.3 and the cohesive energy that is calibrated in
the next section, the shape of the traction-separation-law (TSL) is a factor impacting the mechanical
behavior of the cohesive elements. As explained in Section 2.4.2, a triangular shape with a high initial
stiffness is suited for simulating unstable fracture, while a trapezoidal shape is better for stable crack
propagation. In Figure 5.7 (a), the triangular shape used for the low temperature simulations is shown,
while the trapezoidal shape shown in Figure 5.7 (b) is used for the simulations at RT. To ensure a high
initial stiffness, the cohesive strength is reached at 0.1% of the critical separation &, for the triangular
TSL (8; = 8, = 0.001). In case of the trapezoidal TSL, the shape parameters are set to §; = 0.01 and
&, = 0.3, meaning that the cohesive strength is reached at 1% of 6. and unloading is initiated at 30% of
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(a) Triangular TSL (low temperature) (b) Trapezoidal TSL (RT)

Figure 5.7:  Triangular TSL used for the simulation of unstable fracture at low temperatures (a) and trapezoidal
TSL for the simulation of stable crack propagation at RT (b) (adapted from [99])

5.2.2 Cohesive energy

Crack growth simulations are performed at -80, -70, -60°C and RT using the respective flow curves
determined in Section 4.2.3 and the triaxiality-dependent cohesive strength identified in Section 5.1.3.
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5 Cohesive zone parameter identification

The cohesive energy T is identified by means of the trial-and-error method, meaning that the value of
I. is changed after each simulation to fit the numerical results to the experimental data.

For the low temperature simulations, the fit is considered acceptable if the simulated Kj. is within

0.5 MPay/m of the median fracture toughness obtained from the Master Curve at the respective test
temperature (see Section 4.3.5.3). With this deterministic model it is not possible to simulate the frac-
ture toughness scatter observed experimentally, since no brittle fracture initiators are modeled within
the cohesive zone. The probabilistic CZM approach explained in Section 3.2 is used in Chapter 7 to
predict the fracture toughness scatter within the DBT region. In addition to using the triaxiality-
dependent cohesive strength, it is investigated whether unstable fracture can be predicted using a con-
stant o.

Regarding the stable crack growth simulations at RT, the aim is to predict the experimental force-
displacement curves and the J-R curve determined in Section 4.3.6 as accurately as possible. Again, the
trial-and-error method is used to identify I'. and modifications to the triaxiality dependence of o, are
carried out to improve the predictions.

5.2.2.1 Criterion for the onset of unstable fracture

Fracture mechanics tests within the lower transition region are usually terminated by cleavage initiation
and the fracture point can easily be determined by a sudden reduction of force registered by the load
cell. The mechanisms of cleavage fracture are not simulated by the model, so that brittle fracture in the
sense of a complete failure of the specimen in a very short time frame, starting from a distinct initiation
site, cannot be predicted. An alternative failure criterion is required that is compatible with the deter-
ministic CZM and can be regarded as the beginning of unstable crack extension.

Simulations using the low temperature MCT model with the triaxiality-dependent cohesive strength
show that at sufficiently low values of cohesive energy, the incremental crack growth rate
ba  Aa, —Aap_4
SLLD ~ LLD, — LLD,_,

(5.2)

starts to increase rapidly as the crack opening stress oy, reaches o, in front of the crack tip. The total

crack extension at the nth increment Aa,, is determined by the total area of all failed cohesive elements
divided by half the thickness of the specimen. In Figure 5.8, the crack growth rate is shown against the
load line displacement LLD for a simulation at -60°C using a I, of 2 N/mm. The crack starts to grow at
an LLD of 0.03 mm and the crack growth rate increases up to an LLD of about 0.2 mm. Beyond this
displacement, the crack growth rate remains constant until it starts to increase rapidly at an LLD of
0.3 mm. This increase is assumed to represent the onset of unstable fracture, as a large number of
cohesive elements begin to fail at the same time. The origin of this unstable crack propagation is always
the crack tip in the mid thickness of the specimen (z = 0) since the highest crack opening stress and
triaxiality are observed at this location (see Figure 4.31).
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Figure 5.8: Crack growth rate against LLD at -60°C using the triaxiality-dependent cohesive strength and a
cohesive energy of 2 N/mm

Crack propagation leads to a reduction of the model stiffness with increasing load and is therefore a
highly non-linear process. In addition to the plasticity calculations and geometric non-linearities, the
convergence behavior of the simulations is diminished with increasing crack growth rate to the point
where the simulation is terminated. A crack growth rate of 0.5 mm/mm is defined as the criterion for
the initiation of unstable crack extension and is applied to all simulations within the DBT region.

5.2.2.2 Parameter fitting within the DBT region

First, I, is calibrated using the triaxiality-dependent cohesive strength as identified in Section 5.1.3 for
the respective test temperatures. The linear triaxiality dependence is applied between the lowest and the
highest triaxiality values obtained from the tensile tests. Below and above these triaxialities, o is as-
sumed to be constant. It was explained in Section 2.4.3.1 that the triaxiality dependence of I. is weak in
comparison to that of g.. Therefore, the cohesive energy is assumed to be constant for the following
simulations.

An increase of T, causes the cohesive elements to require more separation before complete failure,
which delays crack propagation. Thereby, increasing I, leads to an increasing value for the numerically
predicted fracture toughness Kj.,um and vice versa. By comparing Kj.n,m to the median fracture
toughness Kj.mc, Which is obtained from the Master Curve at the respective test temperature, the nu-
merical result can be fitted iteratively to the experimental value by adjusting I.

The identified values for T are listed in Table 5.2 for -80, -70 and -60°C together with a comparison
between Kjc mc and the corresponding numerical results Kj. n,m. Using the triaxiality-dependent CZM,
the experimental fracture toughness results can be simulated with high accuracy. It is observed that T
decreases with decreasing temperature. This is according to expectations since ductile fracture is a high-
energy fracture mode and the amount of micro-void coalescence on the fracture surfaces of the tested
MCT specimens reduces with decreasing temperature (Section 4.4.2).
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Table 5.2:  Identified cohesive energy values for -80, -70 and -60°C using the triaxiality-dependent cohesive
strength and comparison between the median fracture toughness from the Master Curve and the nu-
merical results from the MCT simulations

T[°C] TI.[N'mm] Kjcmc [MPaVm]  Kjepum [MPavm]

-60 1.67 99.40 99.64
-70 1.60 88.40 88.72
-80 1.30 79.30 79.68

In addition to the fracture toughness results, the numerical force-displacement curves and the simulated
stable crack extension prior to unstable fracture are compared to the MCT tests to further validate the
calibrated CZM. In Figure 5.9, the numerical and experimental force-LLD curves (a-c) and the numeri-
cal J-R curves (d) are shown. The numerical curves end at the point at which the unstable fracture
criterion described in the previous section is fulfilled. Good agreement is observed between the simulat-
ed force-LLD curves and the average of the experimental curves. While the simulated force at -80°C is
slightly below the corresponding experimental average, the fit is considered acceptable. The simulated
LLD, force, crack extension and J-integral at the point of unstable fracture are listed in Table A.14.

The numerical J-R curves show that the J-integral at fracture increases with temperature and that the
stable crack extension prior to the onset of unstable fracture is very small with 19.8 to 26.7 um between
-80 and -60°C. Except for specimen MCT11, which was tested at -60°C and showed a stable crack
extension of 120 um (Table A.9), no significant ductile crack growth was observed from the MCT tests
below -45°C. From the SEM micrographs used for the determination of the cleavage initiation sites in
Section 4.4.1, it is estimated that the MCT specimens failed with a stable crack extension between 5 to
50 um, which is reflected in the numerical results. Furthermore, it is observed both experimentally and
numerically that the length of the ductile crack extension increases with increasing temperature. It is
concluded that the average fracture-mechanical behavior of the MCT specimens can be accurately
predicted by the triaxiality-dependent cohesive strength and a constant cohesive energy within the lower
transition region.

At least one SRB specimen and one NRB specimen are required to be tested at a given temperature to
obtain the linear triaxiality dependence of a. shown in Figure 5.5. Since one of the primary goals of this
research is to identify the model parameters using as few specimens as possible, it is investigated in the
following whether the macroscopic fracture mechanical behavior of the MCT specimens within the
DBT region can also be predicted using a constant value for g.. Calibration of a constant o. would
require only one round bar specimen test if the material is sufficiently homogeneous.
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Figure 5.9:  Numerical and experimental force-LLD curves (a-c) and numerical J-R curves (d) for the MCT
geometry at -80, -70 and -60°C ((a) adapted from [97], (c) adapted from [99])

MCT simulations are performed at -80°C using a constant o. of 2005.5 MPa, which is the cohesive
strength obtained from the single 0.1NRB test performed at -80°C (see Table A.13). As before, the
numerically predicted fracture toughness is compared to the Kj. ¢ at -80°C, and I is adjusted accord-
ing to the difference between these values to iteratively fit the numerical result to the experimental
value. Good agreement is obtained using I'; = 0.94 N/mm, which is lower than the cohesive energy of
1.3 N/mm obtained using the triaxiality-dependent cohesive strength. The lower I, is a consequence of
the overall higher level of o, causing the cohesive elements to require more external load for the same
separation. A numerical fracture toughness of 80.47 MPa+y/m is obtained with the constant o, while the
experimental value is 79.30 MPay/m. An even better match could be achieved using a slightly lower
value for I.. The force-LLD curve is equivalent to the curve shown in Figure 5.9 (c) and the ductile
crack extension prior to unstable fracture is 17 pum, which is close to the value of 20 um obtained with
the triaxiality-dependent cohesive strength. Thereby, it is confirmed that the macroscopic fracture
mechanical behavior of the MCT specimens can be successfully simulated using both a triaxiality-
dependent and a constant cohesive strength. Based on the literature review in Section 2.4.3.1 it is ex-
pected that, for the prediction of fracture toughness from standard-sized CT geometries in Chapter 6,
the triaxiality-dependent model will yield better results. The reason is that constraint differences be-
tween the miniaturized and the standard-sized geometries are taken into account by the triaxiality-
dependent CZM, while the model with constant o, is only calibrated for the MCT geometry. However,
if only the MCT geometry is of interest, the constant o, is sufficient for the simulation of unstable
fracture and the number of tensile tests required for the parameter identification can be reduced.

It is further investigated whether the fracture behavior of the MCT specimens in the transition region
can be simulated using a triaxiality-dependent cohesive strength that is extrapolated beyond the maxi-
mum triaxiality obtained from tensile testing. For this, simulations at -60°C with multiple values for T
between 0.5 and 2 N/mm are performed using the linear triaxiality dependence of ¢, up to h = 3. This
value is higher than the maximum triaxiality of 2.8 reached in front of the crack tip of MCT specimens.
With this model, it is not possible to obtain a result for Kj¢ ,um as the unstable fracture criterion is not
met regardless of the value of I.. Strong blunting of the crack tip is observed, followed by slow-stable
crack extension with a constant crack growth rate. As mentioned previously, unstable fracture is initiat-
ed once the crack opening stress in front of the crack tip reaches the cohesive strength in the mid thick-
ness of the specimen. Due to the high level of triaxiality in this region, o. is increased beyond the

85



5 Cohesive zone parameter identification

maximum crack opening stress reached during loading, resulting in the absence of unstable crack initia-
tion.

It is concluded that, while both the constant and triaxiality-dependent cohesive strength in combination
with a constant cohesive energy can be used to simulate the macroscopic fracture behavior of the MCT
specimens in the transition region, the triaxiality dependence must be limited to relatively low triaxiali-
ties in order to allow the crack opening stress to surpass the cohesive strength, thus facilitating unstable
crack growth. In the following, the same investigations are performed for the simulation of ductile crack
extension at RT.

5.2.2.3 Parameter fitting on the upper shelf

The MCT simulations at RT are performed to identify I'. for ductile crack growth, which is required for
the probabilistic CZM approach in Chapter 7. The same method as for the low temperature simulations
is applied, fitting the numerical results to the experimental curves from the MCT tests at RT (Sec-
tion 4.3.6) by adjusting the cohesive energy. Linear triaxiality dependence of o, is considered according
to the calibration in Section 5.1.3. This means that initially, o is not extrapolated beyond the triaxiali-
ties determined from the tensile test simulations. The cohesive strength is assumed to be constant out-
side of the interpolation range (h = 1.02 ... 1.86 for RT).

In Figure 5.10, the experimental force-LLD curves (a) and the J-R curve (b) are compared to the simu-
lated curves using a I, of 2.25 N/mm. Both the force-LLD curves and the J-R curves show good agree-
ment up to a displacement of about 1.9 mm and a stable crack extension of 0.54 mm. At this point,
unstable fracture is predicted according to the unstable fracture criterion defined in Section 5.2.2.1. The
maximum o, of 1783 MPa is reached by the crack opening stress close to the crack tip in the mid thick-
ness of the specimen (z = 0), causing rapid separation of the cohesive elements prior to the simulation
terminating.
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Figure 5.10: Experimental and simulated force-LLD curves (a) and J-R curves (b) at RT using the interpolated
triaxiality-dependent o, and I, of 2.25 N/mm

As discussed in Section 4.4.1.2, the triaxiality in front of the crack tip of an MCT specimen reaches
values of up to 2.8, which is considerably higher than the maximum triaxiality at fracture determined
from the tensile test simulations. It can be assumed that by increasing o, at high triaxialities, the simula-
tion will not terminate in unstable crack growth due to the higher fracture resistance. For the next simu-
lation, the linear triaxiality dependence of o, is extrapolated to h = 3, resulting in a maximum cohesive
strength of 2295 MPa.
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The simulated crack growth rates da/SLLD with and without extrapolation of o. are compared in
Figure 5.11. The curves are similar up to the point where unstable fracture is predicted by the model
without extrapolated o.. Beyond this point, the extrapolated model predicts a stable increase of the
crack growth rate, which is limited to a value of 0.6 mm/mm at a displacement of 2.75 mm. The crack
growth rate decreases with further displacement until the simulation is completed at an LLD of 4 mm.
This confirms that unstable crack extension can be prevented by increasing the o, beyond the maximum
triaxiality obtained from the tensile test simulations.
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Figure 5.11: Simulated crack growth rates with and without cohesive strength extrapolation

In Figure 5.12, the simulated force-LLD (a) and J-R (b) curves, which are obtained using the extrapo-
lated o, are compared to the experimental curves. The average force from the tests is well predicted by
the simulation up to a displacement of 2.5 mm. Above this displacement, the experimental force is
slightly underestimated by the numerical curve. A maximum force of 2006 N is obtained numerically,
while the average maximum force from the tests is 2025 N. The experimental J-R curve, which was
determined by means of a power law fit of the individual MCT test results at RT (Section 4.3.6.3), is
predicted with high accuracy. At the final LLD of 4 mm, a stable crack extension of 1.7 mm at a J-
integral of 813 N/mm is obtained numerically. Overall, the agreement between the curves is satisfactory
for the purpose of developing the probabilistic CZM.
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Figure 5.12: Experimental and simulated force-LLD curves (a) and J-R curves (b) at RT using the extrapolated
triaxiality-dependent o, and T, of 2.25 N/mm (adapted from [99])

The macroscopic results show that, with the applied calibration method, it is necessary for the simula-

tion of stable crack growth to define the triaxiality dependence of the cohesive strength throughout the
entire range of triaxialities observed in front of the crack tip. In addition to the force-LLD and J-R
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curves, the evolution of the shape of the crack front predicted by the simulation can be compared to the
experimental results for further validation of the cohesive parameters.

In Figure 5.13, optical micrographs of the regions of ductile crack extension at multiple levels of cross-
head displacement are compared to the numerically predicted regions of stable crack growth at equiva-
lent load levels. In the micrographs, stable crack extension is represented by the dark purple strips
between the fatigue pre-cracks and the glossy gray surfaces of the manually induced brittle fracture.
The blue regions in the bottom images show the areas of failed cohesive elements and therefore repre-
sent the simulated ductile crack extension. Additionally, the red regions show the remainder of the
cohesive zone that has not yet failed.

Comparing the shape of the ductile crack front at the respective load levels, it is observed that, while the
average crack extension is similar, the tunneling effect visible in the micrographs is not accurately
predicted by the simulation. Although both the experimental and the numerical fracture surfaces show
that the maximum crack extension is obtained at the mid thickness of the specimens, the difference
between the crack extension at the mid thickness and at the side surfaces is more pronounced on the
experimental fracture surfaces. The simulated crack extension is nearly constant along the thickness
direction and only reduces near the side surfaces, while the micrographs show a steady reduction of the
ductile crack length from the mid thickness to the side surfaces.

A considerable difference between physical MCT specimens and the model is introduced by assuming a
perfectly straight pre-crack front. The fatigue pre-cracks of the specimens tested at RT were shown to
be curved to varying degrees. Following Camas et al. (2012) [111], the crack front curvature has a
strong influence on the stress state along the thickness direction, decreasing the dominance of the plane
strain state with decreasing crack front radius. Thereby, the distance of the plane strain region from the
side surfaces is increased. This effect can be expected to cause decelerated crack extension near the side
surfaces due to the reduced constraint. The influence of the pre-crack shape is reflected in the experi-
mental and numerical crack front shapes in Figure 5.13.

CHD =1 mm CHD = 2 mm

e 131

Figure 5.13: Evolution of the shape of the crack front from the MCT tests at RT (top) and corresponding numeri-
cal predictions (bottom)

Even though the exact crack growth behavior of the MCT specimens could not be replicated by the
simulation, it was shown that the results of the deterministic triaxiality-dependent CZM are according to
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theoretical expectations. In addition, the average fracture-mechanical behavior of the material at RT, as
represented by the numerical force-LLD and J-R curves, could be predicted with high accuracy.

It is noted that the calibrated I. of 2.25 N/mm is considerably lower than the cohesive energies used for
the simulation of ductile crack growth in other structural steels for nuclear applications. Mahler &
Aktaa (2021) [112] used a I, of 11 N/mm to simulate ductile crack extension of Eurofer97-2 steel in
KLST and 0.5T CT specimens at RT and Mahler (2016) [86] used a I, of 10 N/mm to simulate tests on
KLST and standard-sized SENB specimens of T91 steel at RT. Comparing the crack growth resistance
of the materials, they obtained a J-integral of 614 N/mm at a crack extension of 0.5 mm for Eurofer97-2
and a value of 497 N/mm for T91 using KLST specimens, while a J-integral of 451 N/mm is obtained
from the MCT tests on SA-508 CI.3 performed in this work. Although the J-integral of SA-508 CI.3 is
27% lower than the value for Eurofer97-2 and 9% lower than T91, these differences alone do not justify
the significantly lower cohesive energy determined for SA-508 CI.3.

Another aspect that might be responsible for the deviation in the calibrated values of I is the numerical
modeling. The simulations should be as similar as possible to ensure that the results are comparable. As
with the MCT simulations carried out in this work, the FE solver ABAQUS/Standard in conjunction
with the cohesive element implementation by Scheider (2006) [60] was used by Mahler to perform
fracture-mechanical simulations. To improve the comparability of the results, the meshing strategy
applied by Mahler for simulating T91 tests on KLST specimens is adopted, and the cohesive energy is
calibrated once more for SA-508 CI.3 using the MCT test results obtained in Section 4.3.5. For the
MCT simulations described in this chapter, an increasing element length of 3 to 6 um in crack growth
direction, starting from the initial crack tip, was used. In crack opening direction, an element length of
3 um was applied in the vicinity of the cohesive zone. In comparison, an increasing element length
starting from 5 um at the initial crack front to 25 um at the end of the cohesive zone and an element
length of 9 um in crack opening direction was used by Mabhler. In addition, 10 elements in thickness
direction were employed in this work, as opposed to 5 elements used by Mahler.

Applying Mahler’s discretization to the MCT model described in Section 5.1.1, the cohesive energy is
calibrated, resulting in a value of 6 N/mm. This result is considerably closer to the value of 10 N/mm
for T91 as compared to the original value of 2.25 N/mm for SA-508 CI.3. A comparison between the
numerical force-displacement and J-R curves using the respective meshing strategies is shown in Figure
5.14. It can be seen that the fracture-mechanical behavior of the material is described well by both
simulations and the curves are nearly identical.

A mesh dependence of the numerical results is indicated by the significant increase in I. from
2.25 N/mm to 6 N/mm. In his dissertation, an extensive convergence study was performed by Mah-
ler [86] and mesh convergence was confirmed. Since shorter element lengths in all spatial directions are
used in this work, the applied discretization can also be expected to yield converged results. The numer-
ical cause of the deviation in the calibrated cohesive energies is not further investigated in this work. It
was shown that, using Mahler’s discretization, the cohesive energy of SA-508 Cl.3 is comparable to the
I, he obtained for Eurofer97-2 and T91. This result is a verification of the applied parameter identifica-
tion methodology.
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Figure 5.14: Experimental and simulated force-LLD curves (a) and J-R curves (b) at RT using the discretization
described in this chapter with I, = 2.25 N/mm and Mahler’s discretization with I, = 6 N/mm

5.2.3 Summary of the cohesive zone parameter identification

The objective of this chapter was to calibrate the cohesive strength . and cohesive energy T for the
simulation of fracture-mechanical tests within the DBT region and at RT for the development of the
probabilistic CZM approach in Chapter 7. For the calibration of g, which is assumed to be equal to the
maximum axial stress at fracture, the tensile tests performed in Chapter 4 were simulated. By using
different geometries of round bar specimens, o. was identified at different levels of triaxiality, whereby
a linear relationship was found at all test temperatures. Due to manufacturing constraints limiting the
minimum notch root radius of the NRB specimens, this relationship is limited to a triaxiality range of
approximately 0.9 to 1.8, while the triaxiality in front of the crack tip of MCT specimens reaches values
of up to 2.8.

MCT simulations at -60, -70 and -80°C were performed to identify I using a triangular TSL with the
aforementioned cohesive strength calibration. An unstable fracture criterion based on the simulated
crack growth rate was introduced to obtain numerical fracture toughness predictions. On the basis of
these predictions, I, was adjusted iteratively to fit the numerical results to the respective median frac-
ture toughness values from the Master Curve. Good agreement between the numerical and experimental
fracture toughness results, as well as the force-LLD curves, was achieved for cohesive energies between
1.3 and 1.67 N/mm, increasing with temperature.

It was further investigated whether the fracture behavior of the MCT specimens in the transition region
can be simulated using both a constant g, and the linearly triaxiality-dependent . extrapolated to a
triaxiality of 3. While satisfactory results were achieved at -80°C using a constant ¢. of 2005.5 MPa
and I', = 0.87 N/mm, unstable fracture could not be simulated with the extrapolated o, regardless of the
choice of I.. It was found that unstable fracture is initiated by the crack opening stress reaching o, in
front of the crack tip. This condition is not met when using the extrapolated o, as the cohesive strength
is too high at the high level of triaxiality present in front of the crack tip. It was concluded that the
fracture behavior of the MCT specimens in the transition region can be predicted using both the con-
stant and the triaxiality-dependent o, as long as the maximum o is sufficiently small to facilitate unsta-
ble fracture initiation.

In addition to the MCT simulations within the DBT region, simulations were performed at RT to cali-
brate I, for ductile crack growth. As with the low temperature simulations, the numerical force-LLD
and J-R curves were fitted to the experimental results by adjusting I.. It was shown that, using the
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triaxiality-dependent o, without extrapolation, unstable fracture is predicted by the model as o, is
reached by the crack opening stress in front of the crack tip. The initiation of unstable fracture could be
prevented by using an extrapolated o.. Thereby, good agreement between the numerical and experi-
mental results is obtained with I, = 2.25 N/mm.

Apart from the macroscopic fracture-mechanical behavior, it was found that the tunneling of the ductile
crack front observed on the fracture surfaces of the MCT specimens tested at RT cannot be replicated
by the simulation. This is considered to be due to the fact that a straight initial crack front is used in the
FE model, whereas fatigue pre-cracks in physical specimens show considerable curvature, altering the
stress state in the vicinity of the crack front.

The triaxiality-dependent CZM is used in the next chapter to simulate unstable fracture of standard-
sized CT specimens within the DBT region. Thereby, the loss of constraint observed in MCT specimens
is assessed by comparing the mechanical fields in front of the crack tip with the large geometries.
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Simulations of standard-sized CT specimens are performed within the DBT region to investigate
whether the triaxiality-dependent CZM can be used for geometries other than the MCT, and to evaluate
differences in the mechanical and fracture-mechanical behavior of different sizes of CT specimens. This
is an important objective for validating the MCT geometry for fracture-mechanics testing within the
transition region. The FE-models of a 0.5T CT geometry with 12.5 mm thickness and a 1T CT geome-
try with 25 mm thickness are described in Section 6.1. In Section 6.2, the simulated force-displacement
curves, the predicted stable crack extension prior to unstable fracture and the predicted fracture tough-
ness values from the standard-sized models are compared to the MCT simulations carried out in Chap-
ter 5. Additionally, the mechanical fields in the vicinity of the crack front are compared between the
geometries to assess their influence on the numerically predicted fracture behavior. In Section 6.3, the
influence of the crack tip constraint on the numerical fracture toughness results is discussed.

6.1 FE-models of the standard-sized CT geometries

The FE-models of the standard-sized specimens represent geometrically upscaled versions of the MCT
model described in Section 5.2.1. This means that all model parameters apart from the dimensions and
number of elements are identical. In Figure 6.1, the quarter model of the 1T CT specimen is shown with
the stiff loading pin. As with the MCT model, the element length in the cohesive zone is set to 1.5 pm
in crack growth direction, but instead of 10 elements in thickness direction, 14 elements are used for the
standard-sized models. This is to prevent the aspect ratio of the elements in the mid thickness of the
specimens to become too large, causing numerical problems. The 0.5T CT model consists of 32700
elements with 196300 degrees of freedom, while the 1T CT model consists of 35000 elements with
210000 degrees of freedom. Both models also consist of 966 cohesive elements located in a strip of 0.1
mm length in front of the initial crack tip.

l
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Figure 6.1: Quarter model of the 1T CT specimen with the stiff loading pin shown in brown

6.2 Numerical results

Elasto-plastic simulations with the standard-sized CT models are performed at -60, -70 and -80°C using
the respective flow curves determined in Section 4.2.3. Crack growth is simulated by means of the
CZM using a triangular TSL with the triaxiality-dependent cohesive strength and constant cohesive
energy calibrated in the previous chapter. To facilitate the initiation of unstable fracture, the cohesive
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6 Simulation of standard-sized CT specimens

strength is not extrapolated beyond the maximum triaxialities obtained from the tensile test simulations.
As with the MCT simulations, the unstable fracture criterion based on the numerical crack growth rate
is employed to be able to predict numerical fracture toughness values.

6.2.1 Force-displacement and J-R curves

In Figure 6.2, the simulated force-LLD and J-R curves from the MCT model (a, b), the 0.5T CT model
(c, d) and the 1T CT model (e, f) are shown. All simulations terminate shortly after meeting the unstable
fracture criterion. The initiation of unstable fracture predicted by the models is reflected in the flatten-
ing of the J-R curves near the maximum stable crack extension.

The force-LLD curves from the MCT simulations were already described in Section 5.2. Inelastic
behavior prior to unstable fracture is shown by the 0.5T CT curves at all temperatures, albeit with a
significantly smaller fraction of macroscopic plastic deformation as compared to the MCT results. In
comparison, the force-LLD curves obtained from the 1T CT simulations show even less inelastic behav-
ior, with the -80°C curve ending almost within the linear-elastic regime. The force-displacement curves
indicate differences in the constraint of macroscopic plastic deformation between the geometries. These
constraint differences are studied in detail in Section 6.2.2 by comparing the size of the plastic zone
around the crack front relative to the specimen size.

The numerical J-R curves obtained from the three models are similar at the individual temperatures. In
all cases, the largest stable crack extension before unstable fracture is predicted at -60°C, while the
crack extensions at -70 and -80°C are almost identical. Overall, the crack extensions predicted by the
0.5T and 1T CT models are slightly larger than the MCT predictions. The largest J-integral values at
fracture are obtained from the 1T CT geometry, followed by the 0.5T CT and finally the MCT model.
The simulated LLD, force, crack extension and J-integral at fracture are listed for each model and
temperature in Table A.14.

In the next section, the constraint differences between the geometries are studied based on the mechani-
cal fields in the vicinity of the crack front, including the crack opening stress, triaxiality and equivalent
plastic strain. Assessment of the constraint loss in MCT specimens is important for validating the ge-
ometry for use in future surveillance programs. This is done by showing under which conditions the
mechanical and fracture-mechanical behavior of MCT specimens is similar to that of standard-sized
specimens.
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Figure 6.2: Simulated force-LLD and J-R curves from the MCT model (a, b), the 0.5T CT model (c, d) and the
1T CT model (e, f) at -60, -70 and -80°C

6.2.2 Mechanical fields in front of the crack tip

Apart from the statistical size effect, the constraint level near the crack front is considered to influence
the results obtained from fracture-mechanical testing. Loss of constraint is assumed to lead to a reduc-
tion of the overall stress level in front of the crack tip, causing a reduction in J,;. On the other hand, the
increased plastic deformation will lead to an increase in Jp;, which in turn leads to an increase in Kj..
The force-displacement curves in Figure 6.2 showed that both the 0.5T and 1T CT models predict little
macroscopic plastic deformation prior to unstable fracture, particularly at -80°C. It may therefore be
assumed that both geometries fail under similarly high constraint conditions. Constraint loss of the
MCT geometry is indicated by an increased macroscopic plastic deformation prior to unstable crack
growth. By analyzing and comparing the mechanical fields in front of the crack tip, the constraint
differences between the CT geometries are further assessed.

The field quantities describing the mechanical behavior of the geometries in front of the crack tip are
the crack opening stress oy, as the driver of crack growth and unstable fracture, the triaxiality h as a

constraint parameter describing the stress state and the equivalent plastic strain &p ¢q, Which is used in

conjunction with the triaxiality to describe loss of constraint with increasing load and temperature. The
accumulated equivalent plastic strain

t
€p,acceq ZJ €peqdt (6.1)
0
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6 Simulation of standard-sized CT specimens

is a scalar measure of the inelastic deformation of the material, with the equivalent plastic strain rate

&p,eq Tor von Mises plasticity defined by
2
%m=/§%$w (6.2)

where &, denotes the plastic strain rate tensor. In the case of monotonic proportional loading, the equiv-
alent plastic strain is equal to &, 5cceq- T0 determine the mechanical fields, simulations with the MCT,
0.5T and 1T CT models were carried out applying the cohesive zone parameters calibrated in Sec-
tion 5.2.2. Size-adjustment of the cohesive energy was not considered for this study.

In the following diagrams, x denotes the distance from the initial crack tip in crack growth direction and
z/B is the distance from the mid thickness towards the side surface normalized by the initial thickness
of the respective geometry. The field quantities in the mid thickness and along the thickness direction
are obtained from the simulations at -60 and -80°C. The x-position of each z/By-curve is the position of
the maximum of the respective field quantity along the mid thickness.

First, the field quantities are compared for a moderate crack tip load of K; = 35 MPa+/m. In Figure 6.3,
the crack opening stresses are shown at the positions and temperatures mentioned above. All models
predict similar curves at both temperatures. The highest values of oy, are obtained from the MCT simu-

lation with 1756 MPa at -60°C and 1856 MPa at -80°, while the 1T CT model yields the lowest values
with 1743 and 1843 MPa. For all geometries, the maximum g, is reached in the mid thickness at a

distance of about 10 to 12 pm from the initial crack tip.
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Figure 6.3: Crack opening stress in the mid thickness (a, b) and along the thickness direction at the x-position of

the maximum o, (c, d) for K; = 35 MPavm
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The crack opening stress remains approximately constant over most of the thickness for all geometries.
At 75% of the distance from the mid thickness towards side surface, the o, of the MCT begins to de-
crease rapidly towards the side surface. With the 0.5T and 1T CT geometries, this reduction only begins
at 90 and 95% of the distance respectively.

Regarding the triaxiality, which is shown in Figure 6.4, the standard-sized models predict similar max-
imum values with 2.90 at -60°C and 2.85 at -80°C, while the maxima predicted by the MCT model are
slightly lower with 2.88 and 2.83. The locations of the triaxiality maxima are offset from the peaks of
the crack opening stress by about 2 um in crack growth direction. As with the crack opening stress, all
geometries show a region of constant h starting from the mid thickness, followed by a strong decrease
near the side surface. For the MCT, the reduction starts at about half the thickness, while for the 0.5T
and 1T CT the decrease begins at 85 and 90% of the thickness respectively. Similar minimum triaxiali-
ties between 0.6 to 0.7 are observed at the side surfaces for all geometries at both temperatures.
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Figure 6.4: Triaxiality in the mid thickness (a, b) and along the thickness direction at the x-position of the
maximum h (c, d) for K; = 35 MPaym

The equivalent plastic strain is shown in Figure 6.5. In the mid thickness, the highest ¢, .4 is obtained
for the MCT, followed by the 0.5T and 1T CT geometries. An overall increase of &, .4 from -80 to
-60°C is observed. At -60°C, the plastic zone size along the ligament is 457 um for the MCT, 344 pm
for the 0.5T CT and 270 um for the 1T CT. At -80°C, the plastic zone sizes reduce to 391, 287 and
247 um. Thereby, a relative decrease of the plastic zone size by 14% is observed for the MCT, while a
decrease of 17% is found for the 0.5T CT and 9% for the 1T CT.
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6 Simulation of standard-sized CT specimens

All &, .4 curves along the thickness direction decrease with increasing distance from the mid thickness.
While the curves from the large specimen simulations are similar, the MCT shows lower &, .4 above
85% of the distance towards the side surface and higher &, .4 closer to the mid thickness.
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Figure 6.5: Equivalent plastic strain in the mid thickness (a, b) and along the thickness direction at the x-position
of the maximum &, .4 (c, d) for K; = 35 MPaym

From the numerical results at K; = 35 MPay/m, it is concluded that the mechanical behavior of the
geometries is comparable at this moderate load level at both -60 and -80°C. Similar levels of maximum
crack opening stress and maximum triaxiality are observed throughout most of the normalized thickness
starting from the mid thickness. However, the MCT differs from the other geometries by its behavior
near the side surfaces. Both the crack opening stress and triaxiality are significantly reduced above 75%
of the distance from the mid thickness, showing that some constraint is lost already at this load level.
Additionally, an increased plastic zone size is observed for the MCT, which is particularly noticeable at
-60°C. This confirms that plastic deformation is less constrained in the MCT compared to the standard-
sized geometries. However, the MCT can still be regarded as a high constraint geometry at this load
level.

In the next step, K; is increased to 70 MPay/m, and the resulting mechanical field quantities are com-
pared again. The crack opening stress curves are shown in Figure 6.6. At -60°C, the maximum oy, from

the MCT simulation is 1789 MPa, while the 0.5T and 1T CT models yield 1775 and 1765 MPa respec-
tively. With the increased loading, the difference between the MCT and the 1T CT maxima is increased
from 13 MPa to 26 MPa. In contrast, it is found that the difference in the maximum oy, is decreased at

-80°C. At this temperature, the MCT simulation yields a maximum ay of 1871 MPa, while 1872 MPa is
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6.2 Numerical results

obtained from the 0.5T and 1864 MPa from the 1T CT simulation. Here, the difference between the
maxima from the MCT and the 1T CT simulations is only 7 MPa.
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Figure 6.6: Crack opening stress in the mid thickness (a, b) and along the thickness direction at the x-position of
the maximum o, (c, d) for K; = 70 MPavm

The curves along the thickness direction show that the region of constant oy, is reduced for all geome-
tries compared to Kj = 35 MPav/m. At -60°C, the crack opening stress of the MCT begins to decrease

already at 45% of the distance from the mid thickness to the side surface compared to 75% at the lower
crack tip load. For the 0.5T CT, the region of constant oy is reduced from 90 to 70% of the distance

from the mid thickness. The smallest decrease is observed for the 1T CT geometry from 95 to 80%.

In Figure 6.7, the triaxiality curves are shown for K; = 70 MPaym. With the increased loading, a
reduction of the maximum h in front of the crack tip from 2.88 to 2.70 is observed for the MCT at
-60°C. At the same time, the maximum triaxiality values from the standard-sized geometries reduce
only slightly from 2.90 to 2.88. At -80°C, the maximum h from the MCT is reduced from 2.83 to 2.69,
which is a smaller reduction compared to -60°C. Again, a minor reduction from 2.85 to 2.82 is observed
for the standard-sized geometries.

The standard-sized geometries are shown to maintain a high level of triaxiality over a large part of the
normalized thickness at both temperatures. With the 0.5T CT, the region of constant h extends to half
the thickness, while at Kj =35 MPa+y/m it was 85% of the thickness. In case of the 1T CT, the region of
constant h is reduced from 90 to 75% of the thickness with increased crack tip load. The curves of the
MCT show that at K; = 70 MPay/m, the region of constant triaxiality has vanished entirely with a
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6 Simulation of standard-sized CT specimens

reduced h along the entire thickness. A monotonous decrease in h is observed starting from the mid
thickness, while at K; = 35 MPay/m the region of constant h covered half the thickness.
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Figure 6.7: Triaxiality in the mid thickness (a, b) and along the thickness direction at the x-position of the
maximum h (c, d) for K; = 70 MPavm

Regarding the equivalent plastic strain in Figure 6.8, a significant increase is observed for the MCT
compared to the standard-sized geometries in the mid thickness. The equivalent plastic strain from the
MCT simulation is about 2.4-times larger than the &, oo from the 1T CT model at a distance of 0.1 mm
from the initial crack tip at both temperatures. At K; = 35 MPay/m, the €p,eq Of the MCT was only 1.6-

times larger than the 1T CT value at the same distance from the crack tip. The equivalent plastic strain
of the 0.5T CT is comparable to the 1T CT in crack growth direction.

Similar curves are obtained in thickness direction for all geometries. As with the results at
K = 35 MPay/m, the equivalent plastic strain of the MCT is slightly higher than the &, o of the stand-
ard-sized geometries near the mid thickness but lower close to the side surface.
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Figure 6.8: Equivalent plastic strain in the mid thickness (a, b) and along the thickness direction at the x-position
of the maximum &, .4 (c, d) for K; = 70 MPaym

Compared to the results at K; = 35 MPa+/m, a greater overall difference of the mechanical field quanti-

ties between the MCT and the standard-sized geometries is observed at K; = 70 MPayvm. The evolution
of the triaxiality in front of the crack tip shows that at high crack tip loading, the constraint level of the
MCT specimen decreases throughout the entire thickness. Simultaneously, the constraint level of the
standard-sized geometries is maintained throughout most of the thickness and only reduces near the side
surfaces. That being said, the decrease in triaxiality of the MCT in the mid thickness is small with 0.18
at -60°C and 0.14 at -80°C. Additionally, the crack opening stress was shown to remain comparable to
the standard-sized geometries throughout half the thickness. Regarding the inelastic behavior, a signifi-
cant increase of the equivalent plastic strain was observed for the MCT in crack growth direction com-
pared to the large geometries. In the following, the plastic zone sizes are compared for K; = 70 MPav/m
to further assess the extent of macroscopic plastic deformation.

In Figure 6.9, the plastic zones (g, q > 107*) are shown in red on the MCT, 0.5T and 1T CT geome-
tries at -60°C. While the plastic zones of both the 0.5T and 1T CT are limited to a region around the
crack tip, the size relative to the specimen dimensions is significantly larger for the 0.5T CT compared
to the 1T CT geometry. Additional plastic deformation is observed at the backside and the pin holes of
the 0.5T CT due to compressive stresses. Regarding the crack plane, it is found for both the 0.5T and
the 1T CT that the plastic zone is more pronounced close to the side surfaces than in the mid thickness.
This shows that, at the given crack tip load, plastic deformation is constrained in the mid thickness due
to the plain strain condition.
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6 Simulation of standard-sized CT specimens

Contrary to the standard-sized geometries, large-scale plastic deformation that extends from the initial
crack tip to the specimen backside is observed for the MCT geometry. At the side surfaces, the crack tip
plastic zone is merged with the region of plastic deformation resulting from the compressive stresses at
the specimen backside. Halfway along the ligament, where the rotation point of the specimen halves is
located, a boundary of elastic deformation remains between the plastically deformed regions. The view
onto the crack plane shows that the crack tip plastic zone extends almost as far in the mid thickness as
near the side surfaces, indicating loss of constraint. The plastic zones at -80°C are not shown here, but
correspond to those at -60°C.

05T CT 1ITCT

(a) mid thickness

(b) side surface

(c) crack plane

Figure 6.9:  Simulated plastic zone sizes of the MCT, 0.5T and 1T CT models for K; = 70 MPay/m at -60°C

The extent of the plastic zone ahead of the crack tip can be estimated using Irwin’s stress relaxation
model [113], which, for an elastic-perfectly plastic material, yields

2
Ry =3<K‘) . 63)

*
T \%ys

In this equation, oy is equal to the yield strength of the material for plane stress and equal to 1_—121}O'YS
for plane strain. The calculated plastic zone sizes for plane stress and plane strain using Irwin’s model
are plotted against K; at -60°C in Figure 6.10. The curves are compared to the simulated lengths of the
plastic regions starting from the crack tip in the mid thickness of the MCT, 0.5T and 1T CT geometries.
At crack tip loads below 20 MPa+/m, the simulated plastic zone sizes of the respective geometries are
approximately equal to the calculated R, for plane strain. This is further confirmation that the MCT can
be viewed as a high constraint geometry at low load levels. At crack tip loads beyond 20 MPa+/m, all

simulated curves begin to deviate from Irwin’s plane strain estimation towards larger plastic zone sizes.
This deviation, while similar for the 0.5T and 1T CT geometries, is pronounced in the case of the MCT.
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At 40 MPay/m, the plastic zone of the MCT is almost double the size of the 1T CT plastic zone. It is
clear that the plane strain condition is lost at lower K; in case of the MCT as compared to the standard-
sized geometries. While the growth of the plastic zone continues to accelerate for the large geometries
beyond 40 MPay/m, a deceleration is observed for the MCT. This is due to the plastic zone no longer
being small compared to the dimensions of the MCT and the crack tip stress field being influenced by
the compressive stresses around the specimen backside. At a K of 40 MPay/m, the size of the plastic
zone in the mid thickness is 21% of the initial crack length for the MCT, while being 4% and 2% for the
0.5T and 1T CT respectively.
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Figure 6.10: Simulated mid thickness plastic zone sizes along the ligament for the MCT, 0.5T and 1T CT geome-
tries at -60°C compared to the analytical plastic zone sizes for plane stress and plane strain

Based on the evaluation of the mechanical fields in front of the crack tip and the plastic zone sizes, it is
concluded that, contrary to the large geometries, the MCT experiences constraint loss on a global scale
under high crack tip loading. The primary factors for this assessment are a decrease in triaxiality
throughout the entire thickness and large scale yielding from the crack front to the specimen backside at
high crack tip loads. It is found that this constraint loss is comparable at -60 and -80°C. As the triaxiali-
ty in the mid thickness is reduced only slightly, it is presumed that a relatively high level of constraint is
maintained within the region experiencing the maximum crack opening stress. It is to be expected that
the differences between the geometries in their mechanical behavior will become more pronounced as
the loading is increased further.

6.2.3 Fracture toughness

In Table 6.1, the numerical fracture toughness results K;¢ ,um from the simulations and the correspond-
ing median fracture toughness values Kj. v from the Master Curve, which was determined experimen-
tally in Section 4.3.5, are listed. The Kj. ¢ values are size-adjusted from the 1T CT geometry to the
respective smaller geometries by means of Equation (2.18). As before, the Kjc,um Values are deter-

mined at the point where the unstable fracture criterion (Equation (2.19)) is met. The predicted fracture
toughness values are similar at the respective temperatures. However, an increase with specimen size is

observed at all temperatures. With an average increase of 8.0 MPa+/m, the difference is greater between
the MCT and 0.5T CT compared to the 0.5T and 1T CT with an average increase of 2.9 MPay/m.

The results of the MCT simulations are consistent with their corresponding Kj v values, as the cohe-
sive energy was calibrated for this geometry. In contrast, the Kjc num results from the 0.5T and 1T CT
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models are significantly larger than their corresponding Master Curve values. Since no fracture-
initiating particles are modeled in front of the crack tip, weakest-link statistics and the related size effect
are not accounted for by the CZM. Of course, it would be possible to calibrate the cohesive energy
separately for the 0.5T and 1T CT geometries to fit their numerical results to the corresponding Kjc mc
values. However, this would require additional tests on standard-sized specimens and the goal of this
study is to predict the fracture toughness using miniaturized specimens only.

Table 6.1:  Numerical fracture toughness Kj. ., and median fracture toughness from the experimental Master
Curve Kj¢ v (size-adjusted for MCT and 0.5T CT)

Geometry T [°C] Kjcnum [MPavm]  Kjcmc [MPavm]

-60 99.6 99.4

MCT -70 88.7 88.4
-80 79.7 79.3

-60 107.9 79.7

0.5TCT -70 97.8 715
-80 86.2 64.6

-60 111.6 70.2

1ITCT -70 100.3 63.3
-80 88.7 57.5

6.3 Influence of constraint on the numerical fracture
toughness

In Section 6.2.2, it was confirmed that the MCT geometry is subject to loss of constraint on a global
scale with increasing crack tip load. An overall decrease of the crack opening stress and triaxiality was
observed along the thickness direction, starting from the side surfaces. This means that in a physical
MCT specimen, the area susceptible to cleavage initiation decreases with increasing load. As a conse-
guence, the median size-corrected fracture toughness obtained from small specimen tests is expected to
be larger than the fracture toughness obtained from standard-sized specimens. This was confirmed in an
experimental study conducted by Scibetta et al. in 2002 [6], who compared the reference temperatures
obtained from MCT and standard-sized CT specimens. They found that on average, the T, determined
from MCT tests is 8.5°C lower than the reference temperature obtained from standard-sized specimens.
Regarding the deterministic CZM, it was explained in Section 5.2.2 that the condition for the initiation
of unstable crack growth is the crack opening stress reaching the cohesive strength in front of the crack
tip. It was shown by the simulations that the highest oy, is present in the mid thickness. Therefore,
unstable crack growth in the simulations is always initiated at this location and, as a consequence, the
numerical fracture toughness results are not influenced by the loss of constraint near the side surfaces.

In Table 6.1, it was shown that the Kj.n,m Values from the 0.5T and 1T CT simulations are slightly
larger than the results from the MCT simulations. This can be explained by the loss of constraint in the
mid thickness of the MCT geometry at high crack tip loads. The decreased triaxiality results in a reduc-
tion of the cohesive strength in the vicinity of the crack tip (see Section 5.1.3), which in turn facilitates
unstable crack initiation in the MCT. Additionally, the cohesive energy was calibrated by fitting the
numerical fracture toughness results from the MCT simulations to the median fracture toughness values
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from the Master Curve, which were size-adjusted to the MCT geometry. This means that the constraint
loss in the mid thickness of the MCT is included in the calibrated T.. In other words, the calibrated T, is
too high for the large geometries as they do not experience constraint loss in the mid thickness. Conse-
quently, the Kjcnum results from the standard-sized models are overestimated. In order to obtain lower
Kjcnum Values from the large geometries, a triaxiality-dependent cohesive energy would have to be
used in addition to the triaxiality-dependent cohesive strength. However, developing a method to cali-
brate a triaxiality-dependent cohesive energy is beyond the scope of this work.

To conclude, the fracture toughness bias between MCT and standard-sized CT geometries observed by
Scibetta et al. could not be predicted by the deterministic CZM as the numerical fracture toughness is
not influenced by the loss of constraint near the side surfaces. To accurately simulate the constraint
effect, it would be necessary to introduce statistically distributed microstructural features across the
cohesive zone that can act as unstable fracture initiators. Thereby, a dependence of the numerical frac-
ture toughness results on the reduced crack opening stress and triaxiality near the side surfaces could be
established. In addition, the Kj. n,m results were shown to increase with increasing triaxiality in the mid
thickness, leading to overestimated values from the standard-sized models. To improve the predictions,
it is suggested to use a triaxiality-dependent cohesive energy.

6.4 Summary of the standard-sized CT simulations

The triaxiality-dependent cohesive zone parameters for unstable crack growth identified in Chapter 5
were used to simulate a 0.5T and a 1T CT geometry within the DBT region. Thereby, the objective was
to predict fracture toughness values for the standard-sized geometries and compare them to the MCT
results. In addition, the crack opening stresses, triaxialities and equivalent plastic strains in front of the
crack tip were studied in detail to evaluate constraint differences between the geometries.

The investigation of the mechanical field quantities showed that, at moderate crack tip load, the me-
chanical behavior of the MCT is similar to that of the large geometries. However, differences between
the geometries regarding the plastic zone size were observed, indicating that inelastic deformation is
less constrained in the MCT. In addition, a reduced triaxiality near the side surfaces was obtained for
the MCT. Significant differences between the MCT and the standard-sized geometries were found for
all mechanical field quantities at a crack tip load of 70 MPay/m. The MCT simulations show a decrease
in triaxiality along the thickness direction starting from the mid thickness and large scale yielding
between the crack front and the backside, confirming that constraint is lost on a global scale. However,
a high crack opening stress and a high level of triaxiality are maintained in the mid thickness, showing
that the mechanical behavior in this region remains similar to the large geometries.

It was found that the numerical fracture toughness values from the standard-sized models are slightly
increased compared to the MCT results. The Kj¢ ,um results were shown to increase with increasing
triaxiality in the mid thickness due to the triaxiality-independence of the cohesive energy. It was further
concluded that the constraint effect observed in experiments cannot be simulated by the deterministic
CZM since the numerical fracture toughness results remain unaffected by the loss of constraint near the
side surfaces.

In the next chapter, the probabilistic CZM is described, which is aimed at simulating the statistical
nature of the fracture behavior of ferritic steels within the DBT region. Statistically distributed fracture
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6 Simulation of standard-sized CT specimens

toughness values are predicted to determine the reference temperature numerically and the result is
compared to the experimental T, from the MCT tests in Chapter 4.
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7  Probabilistic CZM approach

The motivation for the probabilistic CZM approach is to improve the predictive capabilities of the
deterministic CZM in terms of fracture toughness by modeling the cohesive zone on the mesoscale.
Thereby, regions of lower and higher fracture resistance are introduced that may act as initiators or
inhibitors of unstable fracture. By randomly generating the layout of the cohesive zone for each simula-
tion based on the quantitative fractographic results from Section 4.4.2, the statistical nature of the
fracture behavior of ferritic steels within the transition region is reproduced. An introduction to the
development and applications of the probabilistic CZM was given in Section 3.2.

The modeling of the cohesive zone on the mesoscale based on quantitative fractographic results is
described in Section 7.1. In Section 7.2, multiple MCT simulations with randomly generated cohesive
zones are carried out within the DBT region. It is first shown how the ductile and brittle cohesive ele-
ments in front of the crack tip interact and the numerical mechanism leading to unstable crack extension
is explained. The Master Curve approach is applied to the numerical fracture toughness results in Sec-
tion 7.3 to obtain a reference temperature prediction, which is then compared to the experimental result
from the MCT tests performed in Chapter 4. The capability of the probabilistic CZM to predict the
experimentally observed fracture toughness scatter within the DBT region is studied in detail. Addition-
ally, the material volume required by the probabilistic CZM approach is evaluated and compared to the
material requirement of the experimental Master Curve approach.

7.1 Mesoscale modeling of the cohesive zone

Cohesive elements with either brittle or ductile fracture properties are distributed throughout the cohe-
sive zone based on the ductile fracture ratio DFR determined by means of quantitative fractography. It
was shown in Section 5.2 that the fracture behavior of the MCT specimens at RT can only be accurately
simulated using a triaxiality-dependent cohesive strength, while the unstable fracture behavior within
the transition region could be simulated using both a triaxiality-dependent and a constant cohesive
strength. The UEL subroutine by Scheider, which is used for incorporating cohesive elements into the
FE-model (see Section 2.4.4), is not designed to handle multiple definitions of triaxiality dependence
for separate sets of cohesive zone parameters. This means that, without significant modifications to the
subroutine, triaxiality dependence could only be modeled for either the brittle or ductile cohesive ele-
ments. Therefore, a constant o, of 2005.5 MPa and I'. of 0.94 N/mm, as identified in Section 5.2.2.2 at
-80°C, are used in conjunction with a triangular TSL for the brittle cohesive elements. For the ductile
cohesive elements, the trapezoidal TSL with the triaxiality-dependent o, calibrated in Section 5.1.3 and
I, of 2.25 N/mm calibrated in Section 5.2.2.3 is used. The first shape parameter §; is set to 0.001 to
match the brittle TSL and the second shape parameter &, is kept at 0.3.

In Figure 7.1, the TSLs used for the brittle and ductile cohesive elements are shown. The trapezoidal
TSL used for the ductile elements is plotted for multiple levels of triaxiality. While the cohesive
strength increases with triaxiality, the critical separation decreases since the cohesive energy remains
constant. Above a triaxiality of 2.36, the brittle cohesive strength is surpassed by that of the ductile
cohesive elements. In addition, due to the greater cohesive energy at RT, the critical separation of the
ductile elements is larger at all triaxialities. Consequently, the ductile elements exhibit an increased
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resistance to separation and fracture at high triaxialities compared to the brittle elements. At low triaxi-
alities, the ductile elements show a lower resistance to initial separation. The interaction between the
brittle and ductile elements near the crack front is investigated in the next section.
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Figure 7.1: TSLs for the brittle and ductile cohesive elements

The quantitative analysis of the fracture surfaces of the MCT specimens in Section 4.4.2 showed that
the average size of the ductile fracture regions is about 50 pum in thickness direction and 18 um in crack
growth direction, independent of temperature. For the initial simulations with the probabilistic model,
the cohesive elements are grouped into clusters that are of the same size as the average size of the
experimental ductile fracture regions. To achieve this, the element length in thickness direction is set to
50 um, resulting in a total of 40 elements between the mid thickness and the side surface. The element
length in crack growth direction is kept at 1.5 um, meaning that a single cluster consists of 12 elements.
Additionally, the length of the cohesive zone is set to 288 pum, so that 12 clusters fit into the cohesive
zone in crack growth direction. This results in a total of 480 element clusters with 18x50 pum size across
the cohesive zone.

In the next step, a specified number of clusters are randomly assigned ductile cohesive properties based
on the DFR. For instance, at -60°C a DFR of 0.0706 is obtained from Equation (4.13), meaning that
7.1% of clusters are assigned ductile properties. The remaining clusters are assigned brittle properties.
A new spatial distribution of ductile and brittle clusters is generated for each simulation. In Figure 7.2,
examples of probabilistic cohesive zones are shown for -80°C (a) and -45°C (b) with the ductile ele-
ment clusters shown in red and the brittle clusters shown in blue. As before, the x-coordinate denotes
the distance from the initial crack front in direction of the specimen backside, while the z-coordinate
indicates the distance from the mid thickness of the specimen to the side surface. It is clear that at
-45°C, due to the increased DFR, considerably more ductile clusters are generated compared to -80°C.
In some locations, the ductile clusters are connected to form larger clusters. These are expected to have
a greater influence on the fracture behavior of the specimen than small clusters. The cohesive zones
shown in the figure represent the simplest method to distribute the cohesive zone parameters. A more
sophisticated method is introduced in Section 7.3.1 to improve the capability of the model to accurately
predict the statistical distribution of fracture toughness within the transition region.
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Initial crack front
(@) T = —80°C; DFR = 0.0360

Initial crack front

(b) T = —45°C; DFR = 0.0965

Figure 7.2: Probabilistic cohesive zones for -80°C (a) and -45°C (b) with 18x50 pum element cluster size [99]

7.2 Probabilistic MCT simulations

Simulations are performed within the DBT region at -45, -60, -70 and -80°C. These temperatures are
equivalent to the temperatures used for the experimental Master Curve evaluation in Section 4.3.5. For
each temperature, the corresponding flow curve and DFR are used, while the CZM parameters for
ductile and brittle fracture remain the same. The DFR values for the respective temperatures obtained
from Equation (4.13) are listed in Table 7.1.

First, a single simulation is regarded to study the behavior and interaction of the ductile and brittle
cohesive elements in front of the crack tip. The mechanism of unstable crack extension observed in the
simulations is described in detail. Subsequently, the influence of the location of the ductile cohesive
element clusters on the resulting numerical fracture toughness is investigated based on multiple simula-
tions.

Table 7.1:  DFRs at the temperatures used for the MCT simulations

T[°C] DFR[]

-45 0.0965
-60 0.0706
-70 0.0533
-80 0.0360

7.2.1 Initiation of unstable crack growth

In the following, a simulation at -60°C with a randomly generated cohesive zone is regarded. A section
of the cohesive zone with a length of 108 um in x-direction starting from the initial crack front is shown
in Figure 7.3 (a). The simulation terminated shortly after reaching the unstable fracture criterion defined
in Section 5.2.2.1 due to the rapid failure of a number cohesive elements in front of the crack tip. The
location of the initiation of unstable crack growth is marked by the orange ellipse. It is noticeable that
this area is not located in the mid thickness of the specimen, as was the case in all previous simulations
with the deterministic CZM, but between several ductile clusters close to the mid thickness. In Figure
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7.3 (b), the normal separation of the cohesive elements at the onset of unstable crack growth is shown,
with the gray area representing the elements that have already exceeded the critical separation of the
brittle elements 5., = 0.94 um. An increased separation is observed in the initiation region. Further-
more, the largest crack opening stress of 1927 MPa and a triaxiality of approximately 2 are obtained in
this area, as shown in Figure 7.3 (c) and (d). At this triaxiality level, the cohesive strength of the ductile
elements is around 1850 MPa, which is considerably lower than the o of the brittle elements, which is
2005.5 MPa.

It is evident that the fracture behavior of the brittle elements is influenced by the surrounding ductile
elements, since the brittle elements fail even though their g, has not yet been reached by the crack
opening stress. The interaction observed between the ductile and brittle elements is explained in the
following.

z
(a) Cohesive zone with region of unstable crack initiation (orange ellipse)

(c) Crack opening stress at unstable crack initiation

T NOROUFNOWOTFTNOOT

(d) Triaxiality at unstable crack initiation

Figure 7.3:  Section of the cohesive zone starting from the initial crack tip showing the distribution of ductile and
brittle elements (a) and the normal separation (b), crack opening stress (c) and triaxiality (d) at the
point of unstable crack initiation

In Figure 7.4, the cohesive stress (a) and separation (b) of a ductile cohesive element and an adjacent
brittle element located within the initiation region are displayed against the crack opening displacement
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COD. A steep drop in cohesive stress is observed for both elements shortly before the simulation is
terminated, indicating rapid fracture. Separation of the ductile element is initiated prior to the separation
of the brittle element. Since the separation between the elements must be continuous, the brittle element
is forced to separate prematurely due to the ductile element separating.
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Figure 7.4: Cohesive stress (a) and separation (b) of a ductile cohesive element and an adjacent brittle element in
the initiation region against COD

Upon initial separation of the ductile element, a considerable reduction of the triaxiality is observed,
which is shown in Figure 7.5 (a). This is followed by a proportional reduction of the cohesive stress due
to the linear triaxiality dependence of the ductile cohesive strength. Thereby, the resistance against
further separation of the ductile element is drastically lowered compared to the brittle element up to a
separation of 0.5 um, as shown in Figure 7.5 (b). The accelerated separation of the ductile elements
surrounding the initiation region is assumed to lead to the fracture of the adjacent brittle elements due to
continuity.
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Figure 7.5: Cohesive stress and triaxiality of the ductile element against separation (a) and cohesive stress
against separation for both the ductile and brittle element (b)

To verify the observed influence of the ductile elements on the fracture behavior of the brittle elements,
a simulation was performed where the ductile elements around the initiation region were replaced by
brittle elements. It is found that separation of the brittle elements located at the same position as before,
but surrounded by other brittle elements, begins at a significantly higher COD than in the previous
simulation. Based on this finding, it is confirmed that the ductile element clusters may act as “weak
links” within the cohesive zone by facilitating separation and fracture of the adjacent brittle elements.
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It was shown in Section 7.1 that the fracture resistance of the ductile elements is higher than that of the
brittle elements due to their 2.4 times higher cohesive energy. The introduction of ductile elements into
the cohesive zone consequently increases the total fracture resistance of the model from an energetic
point of view. However, in this work, the criterion for failure of a simulated specimen is not complete
fracture, but an accelerated crack growth rate exceeding a pre-defined limit, which is used as an indica-
tor for local crack instability.

A number of simulations with randomly distributed ductile and brittle cohesive element clusters were
carried out and it is found that unstable crack growth is always initiated within a region where brittle
elements are surrounded by ductile clusters. This further strengthens the assumption that the interaction
between the ductile and brittle elements is responsible for the rapidly increasing crack growth rate. Of
course, the numerical process of fracture described above cannot directly be compared to the mecha-
nisms of cleavage fracture observed experimentally within the transition region. Nonetheless, it can be
exploited to obtain statistically distributed numerical fracture toughness values that may depend on the
location, shape and size of the ductile element clusters within the cohesive zone.

7.2.2 Influence of ductile cluster location on fracture toughness

In Figure 7.6, a randomly generated cohesive zone at -60°C is shown where the number of ductile
clusters near the mid thickness (z = 0 mm) is comparatively low. A simulation with this cohesive zone
is performed (PCZ18 -60_2) and the region of unstable crack initiation is identified in the middle of the
group of ductile clusters highlighted by the orange ellipse. The coordinates of this location and the
numerical fracture toughness value Kjcnum Predicted by the simulation are listed in Table 7.2 and
compared to the simulation discussed in the previous section (PCZ18 -60_1). PCZ18 -60_1 vyields a
considerably lower Kj¢ num than PCZ18_-60_2, which suggests that Kj. n,m depends on the distance of
the initiation region from the mid thickness and from the initial crack front.

z

Figure 7.6: Randomly generated cohesive zone of simulation PCZ18_-60_2 with a low number of ductile
element clusters near the mid thickness; initiation marked by ellipse

Table 7.2:  Location of initiation region and K num for simulations PCZ18_-60_1 and PCZ18_-60_2

Simulation  x [um] z [UM]  Kjcnum [MPayvm]
PCz18 60 1 557 205 108.1
PCZ18 -60 2 743 675 137.1

To investigate further, eight more simulations were carried out at -60°C and the respective Kj¢num
results are plotted in Figure 7.7 against the x-coordinates (a) and z-coordinates (b) of the unstable
fracture initiation regions. On average, the simulated initiation regions are located at z = 379 um. This
is in good agreement with the average distance of the experimental initiation sites to the mid thickness,
which is 414 um (see Section 4.4.1.1). As with the experimental initiation sites, all of the numerical
initiation regions are located within 1 mm from the mid thickness.
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7.3 Numerical Master Curve prediction

Linear regression is performed on both data sets shown in Figure 7.7 and a weak correlation between
Kjc,num and the z-coordinate is found with a coefficient of determination of R? = 0.21. Simultaneously,
Kjc,num appears to be almost completely uncorrelated to the x-coordinate of the initiation regions with
R? = 0.04.
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Figure 7.7:  Correlation of Kj.,,m and x- (a) and z-coordinates (b) of ductile fracture regions predicted by ten
probabilistic simulations at -60°C

The precondition of this study was that all simulation parameters apart from the spatial distribution of
the ductile clusters are constant, so that the influence of the location of the clusters on the predicted
fracture toughness values can be studied isolated from other factors. It was shown that the dependence
of Kjc num ON the location of the initiation regions relative to the initial crack front and mid thickness is
weak, which means that the differences in Kj.n,m must be either due to the position of the ductile
clusters relative to each other, their size or both. The simulations show that unstable crack growth is
initiated earlier if several ductile clusters in the highly stressed region are located in close proximity to
each other, forming a larger cluster. Additionally, lower fracture toughness values are obtained when-
ever a region of brittle elements is surrounded by several ductile clusters. Consequently, the initiation of
unstable crack growth is less influenced by the distribution of the ductile clusters on a global scale, but
more on the relative position of a few ductile clusters within the highly stressed region and their size.

7.3 Numerical Master Curve prediction

In this section, the Kjc,um Values obtained from a set of probabilistic simulations between -45 and
-80°C are used to predict a numerical reference temperature based on ASTM E1921 and subsequently
compare the resulting Master Curve to the experimental result from the MCT tests performed in Sec-
tion 4.3.5. As before, a constant size of 18x50 um is used for the ductile and brittle cohesive element
clusters distributed throughout the cohesive zone. Each simulated fracture toughness result is treated
like a physical test, including data censoring if the Kj.imi; is exceeded at the respective temperature
due to excessive plastic deformation. Size correction of the numerical results is performed to obtain
Kjc1t,num- T0 be able to predict a reference temperature that is comparable to the experimental T, the
same number of simulations are carried out at each temperature as the number of MCT tests that were
performed within the DBT region.

A numerical reference temperature T ,,,m 0f -32.3°C is predicted, which is in good agreement with the
experimental T, of -31.5°C. The individual Kj¢ nym and Kj¢ 11 num results are listed in Table A.15. All
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predicted Kjcnum Values at -45°C and two values at -60°C exceed the respective K imi; and are there-
fore censored. In Figure 7.8, the experimental Master Curve (a) is compared to the numerical result (b).
As with the experimental fracture toughness results, the numerical values increase on average with
increasing temperature. A large increase is observed from -70 to -60°C, while the increases from -80 to
-70°C and from -60 to -45°C are comparably small. This is assumed to be due to the strong decrease of
the strain hardening capability of the material from -70 to -60°C, which was determined in Section 4.2.3
and shown in Figure 4.12.
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Figure 7.8: Comparison between the experimental Master Curve (a) and the numerically predicted Master Curve
using a constant cluster size of 18x50 um (b) (adapted from [99])

Furthermore, it is clear that the scatter of the numerical fracture toughness values is significantly lower
than the experimentally observed scatter at all temperatures. The experimental and numerical average
and median fracture toughness values and corresponding standard deviations OK;qr A€ compared in

Table 7.3. Apart from -60°C, the simulations yield lower average and median values than the experi-
ments. Due to the two outliers at -60°C exceeding the 95% tolerance bound, the experimental median
fracture toughness is significantly lower than the average value. No outliers are observed in the simula-
tions, resulting in similar median and average values. The standard deviations are compared in the last
column. As expected, the experimental standard deviations are considerably higher at all temperatures.
This is particularly pronounced at -45°C, where the experimental OKjear is more than eight times the

numerical value.

As explained in the previous section, the numerical scatter is exclusively a result of the spatial distribu-
tion and size of the ductile cohesive element clusters within the highly stressed region of the cohesive
zone. It appears that the statistical effect of this random distribution on K¢ ,um is not strong enough to
fully describe the experimentally observed scatter. In the case of real experiments, a number of uncer-
tainties contribute to the fracture toughness scatter. These include the dimensions of the individual
specimens, the length and asymmetry of the fatigue pre-crack, the loading conditions and, most im-
portantly, the location and size of brittle cleavage-initiating particles in the vicinity of the crack front.
These uncertainties are not considered in the simulations but are expected to significantly affect the
fracture toughness result of an individual test. The introduction of additional statistically distributed
input parameters would drastically increase the complexity of the FE-model and is therefore not consid-
ered in this work.
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In summary, it was shown that the reference temperature predicted by the probabilistic CZM with
constant size of the ductile and brittle cohesive element clusters is in good agreement with the experi-
mental value. It was further found that the statistical effect introduced by the random spatial distribution
of the ductile clusters within the cohesive zone is not strong enough to match the experimental scatter.
In the next section, variable cluster sizes are introduced to the model to obtain a better representation of
the fracture surfaces observed by means of SEM.

Table 7.3:  Average and median experimental and numerical fracture toughness values and corresponding
standard deviations at each temperature [99]

T [QC] K]c,lT,avg [MPa\/E] K]c,lT,med [Mpa\/a] UK]c,lT [MP&\/E]

Exp. 45 101.21 99.93 27.62
Num. 88.12 90.11 3.40
Exp. 60 82.17 76.64 23.45
Num. 81.04 81.06 5.60
Exp. 20 61.29 62.16 6.81
Num. 55.92 56.35 1.33
Exp. 80 55.75 54.08 9.28
Num. 45.80 44.85 3.69

7.3.1 Variable size of the ductile cohesive element clusters

For the basic investigations carried out in the previous sections, the probabilistic cohesive zone was
designed to be as simple as possible by using element clusters of a constant size. However, the quantita-
tive fractographic analysis in Section 4.4.2 showed that the size and shape of the ductile fracture regions
across an individual fracture surface vary considerably. Furthermore, it was established in Section 7.2.2
that the numerical fracture toughness results depend on the size of the ductile element clusters. It is
therefore investigated whether the use of clusters of different sizes can increase the scatter of the nu-
merical fracture toughness results.

Four cluster sizes are considered, which are listed in Table 7.4. As before, the length of the clusters in
thickness direction is kept at 50 pum, while the length in crack growth direction is doubled for each size,
starting at 9 um. To determine the number of ductile cohesive elements for each size, the surface areas
of 100 randomly selected ductile fracture regions from the SEM micrographs were measured. The
individual measurements are assigned to the appropriate segments listed in the table. The combined area
of the ductile fracture regions in each segment is used to determine the segment’s fraction of the total
ductile fracture area. Based on these fractions, the number ductile cohesive elements available for each
cluster size is determined. For instance, the clusters of 9x50 um size are assigned 23.2% of the total
number of ductile cohesive elements since 23.2% of the total ductile fracture area consists of fracture
regions with an area below 675 pmz2.
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Table 7.4:  Cohesive element cluster sizes and corresponding ductile fracture area segments with fractions of the
total ductile fracture area

Cluster size  Cluster area Ductile fracture area Avg. area of ductile Fraction of total ductile
[um] [um?] segment [um?] fracture regions [um?] fracture area [%0]
9x50 450 <675 424.8 23.2
18x50 900 675-1350 949.8 29.9

36x50 1800 1350-2700 1854.9 21.4
72x50 3600 >2700 3464.3 25.5

In Figure 7.9, a cohesive zone with variable cluster size is shown for -60°C. According to the fractions
defined in Table 7.4, a relatively even distribution of cluster sizes is obtained. In some locations, adja-
cent clusters are merged to form larger clusters. Based on the observations from the previous simula-
tions, it is expected that the locations of the large clusters will have a noticeable influence on the result-
ing Kjcnum values.

As in the previous section, simulations are performed to determine T, With the number of simula-
tions at each temperature corresponding to the number of tests performed for the experimental Master
Curve evaluation. The numerical reference temperature obtained from the simulations with variable
cluster size is -35.1°C, which is about 3°C below the T, ,,, predicted by the simulations with constant
cluster size. This difference is due to an increased number of censored Kj¢ ,um Values at -60°C coming
from the simulations with variable cluster size, which can be considered coincidental.

£ttt ottt

Initial crack front

Figure 7.9: Cohesive zone with variable size of the element clusters at -60°C

In Figure 7.10, the predicted Master Curve using cohesive element clusters of constant size (a) is com-
pared to the curve determined using clusters of variable size (b). While the fracture toughness scatter is
increased at -70°C, it is reduced at -80°C, -60 and -45°C. As most data points are available at -60°C, the
average and median Kj¢ ;1,num Values and corresponding standard deviations are compared in Table 7.5
for this temperature. While the average and median values are similar, the standard deviation is slightly
lower in the case of the simulation with variable cluster size. It is concluded that there is a systematic
decrease of numerical fracture toughness scatter when using clusters of variable size as opposed to
clusters of constant size. The large proportion of small clusters results in a more even distribution of
ductile elements throughout the cohesive zone and a homogenization of the fracture-mechanical proper-
ties, which means that outliers are less likely to occur. Therefore, to increase the numerical fracture
toughness scatter, cluster sizes should be skewed towards larger clusters.
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Figure 7.10: Master Curve predicted using cohesive element clusters of constant size (a) and Master Curve
determined using variable cluster size (b)

Table 7.5:  Average and median numerical fracture toughness values and corresponding standard deviations at
-60°C using cohesive element clusters of constant and variable size

K]c,lT,avg [MPa\/E] K]c,lT,med [Mpa\/ﬁ] O-K]C_l-r [MPa\/E]
Constant cluster size 81.04 81.06 5.60
Variable cluster size 81.63 82.74 5.17

7.3.2 Statistical distribution of the numerical fracture toughness

It was observed in the previous sections that the scatter of the numerical fracture toughness values is
considerably lower than the experimental scatter. In the following, a statistical analysis of 50 Kj¢ 11,num
results at -60°C, which were obtained by means of the probabilistic CZM with variable cluster size, is
performed to determine the probability distribution that best describes the numerical data set. The
numerical distribution is then compared to the distribution of the MCT tests performed at -60°C and the
distribution assumed in the ASTM E1921 standard. Based on a large number of fracture-mechanical
tests on ferritic steels, it is specified in the standard that the scatter follows a three-parameter Weibull
distribution with a Weibull modulus of m = 4 and a threshold parameter of K,,;, = 20 MPaym.

A histogram of the 50 Kjc i num results at -60°C is shown in Figure 7.11. The values are scattered
between 73 to 99 MPa+/m and the highest relative frequency is obtained at 81 MPay/m with 16% of the
total data set. An increased relative frequency is observed between 76 and 83 MPay/m, while Kjc1T,num
values above 91 MPay/m are only reached by a few outliers. Several common probability density func-
tions (PDFs) were used to describe the distribution of the data set, and the y? statistic was applied to

test how the individual PDFs match the observed scatter. The test is only passed by the three-parameter
Weibull distribution with its PDF given by

m (K — Kpin\™* K — Ko\
f(K]c,lT,num) — K_( ]c,lT,nuIr(n mln) exp (_ ( ]c,lT,m}I(n mm) ) (7.1)
0 0 0

The parameters of the PDF, namely the Weibull modulus m, scale parameter K, and threshold parame-
ter Knin, are obtained by fitting and the resulting curve is plotted in the histogram, showing that the
numerical fracture toughness scatter is well described.
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Figure 7.11: Histogram of 50 Kj11num results at -60°C and corresponding three-parameter Weibull PDF with
fully fitted parameters [99]

In Table 7.6, the parameters of the numerical distribution are compared to the experimental distribution
of the nine MCT tests performed at -60°C and the distribution assumed in the ASTM standard. The
parameters of the numerical and experimental distributions deviate strongly from their corresponding
ASTM values. The Weibull moduli and scale parameters are significantly lower, while the threshold
parameters are higher. In the standard, a threshold parameter of K,,;, = 20 MPay/m is specified for all
temperatures. Based on the experimental Kj ;7 results determined in Section 4.3.5, it is to be expected
that at -60°C, MCT specimens of the given material will not fail at this load level. Therefore, it can be
assumed that the standard underestimates the lower limit of the fracture toughness scatter at tempera-
tures close to T,,. Regarding the experimental distribution, the Weibull modulus is similar to the numer-
ical value, while the other parameters are midway between the numerical and the ASTM values. It is
noted that the experimental distribution may not accurately represent the statistical fracture-mechanical
behavior of the material due to the small data set size of nine Kj. results.

Table 7.6:  Parameters of the numerical and experimental three-parameter Weibull distributions and the distribu-
tion assumed in the ASTM E1921 standard at -60°C [99]

Distribution m[-] K, [MPaym] K, [MPavm]

Numerical 1.7 11.8 724
Experimental 1.6 37.3 49.0
ASTM E1921 4.0 75.5 20.0

The differences between the three-parameter Weibull distributions are highlighted by their cumulative
failure probability curves, which are shown in Figure 7.12. Compared to both the experimental and the
ASTM distribution, the simulated fracture toughness scatter is significantly reduced. Specifically, at
high cumulative failure probabilities, a large deviation is observed between the numerical and the
experimental distribution due to the outliers present in the experimental data set. The fracture toughness
corresponding to a cumulative failure probability of 90% is 92 MPa+v/m for the simulated distribution,
while a value of 113 MPay/m is obtained for the experimental distribution. Regarding a 50% cumula-
tive failure probability, both the numerical and the experimental distribution are shifted towards lower
fracture toughness values compared to the distribution assumed in the standard. A median Kjc 17 num Of

82 MPav/m is predicted by the simulations, while the median Kj 11 from the MCT tests is 79 MPavm.
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7.3 Numerical Master Curve prediction

Meanwhile, a median Kj¢,r of 89 MPay/m is obtained from the ASTM distribution. This confirms that
the average fracture-mechanical behavior of the material is well described by the probabilistic model.

In an attempt to improve the numerical cumulative failure probability curve to better match the experi-
mental curve, the threshold parameter of the numerical distribution is set to the experimental value of

Kmin = 49 MPaym. The Weibull modulus and scale parameter are again fitted using the 50 Kj¢ 17 num

values from the probabilistic simulations, leading to m = 5.5 and K, = 85.6 MPay/m. The resulting
cumulative failure probability curve is represented by the dashed green line in Figure 7.12. Compared to
the original numerical distribution, the curve as a whole is slightly closer to both the experimental and
the ASTM curve. The fracture toughness scatter is increased at cumulative failure probabilities below
0.2 due to the reduction of the threshold parameter. The difference between the curves is minimal at
higher cumulative failure probabilities, but a slight reduction in scatter can be observed above 0.9.
Overall, the effect of reducing the threshold parameter on the fracture toughness distribution is relative-
ly small.

As explained before, the probabilistic CZM in its current form cannot be expected to match the scatter
obtained in experiments since no fracture initiating particles are present in the cohesive zone. So far, the
numerically predicted scatter is exclusively due to the random spatial distribution of the ductile cohe-
sive element clusters. By introducing a randomly located “weakest link” to the cohesive zone, consist-
ing of a few elements with very low cohesive energy, it should be possible to further increase the frac-
ture toughness scatter predicted by the model. Additional statistically distributed model parameters,
such as the initial crack length and crack shape, can also be expected to yield a wider range of
Kjc11,num results. These advanced modeling strategies are beyond the scope of this work.
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Figure 7.12: Cumulative failure probabilities determined experimentally by means of ASTM E1921 and numeri-
cally for -60°C (adapted from [99])

7.3.3 Material requirement

The motivation for developing the probabilistic CZM approach is the high material requirement for the
experimental determination of the Master Curve according to ASTM E1921. As stated in the Introduc-
tion, the availability of irradiated material for fracture mechanics testing is severely limited. Therefore,
the probabilistic CZM aims to predict the reference temperature with less material than is required for a
purely experimental determination.

For the experimental determination of T, a minimum of six uncensored K results are required using
the multi-temperature method. In practice, this is only possible if an approximate reference temperature
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is known before testing, which is usually not the case. If no approximation is available, several speci-
mens are required to find the appropriate test temperature range, which is particularly difficult when
testing miniaturized specimens (see Section 4.3.5.4). Even when testing in the optimal temperature
range, it is likely that several Kj. results from small specimens require censoring due to their inherently
low Kjc1imit- Furthermore, it is possible that some specimens within a testing program do not meet the
fatigue pre-crack straightness requirement or other dimensional requirements of the standard, invalidat-
ing the corresponding Kj. results. Consequently, it is usually necessary to perform significantly more
tests than the minimum number specified in the standard.

Within the framework of the FRACTESUS project, a round robin exercise was performed to investigate
the differences between the T, results obtained by four European institutes using MCT specimens of
SA-508 CI.3 RPV steel, including the low-temperature MCT tests performed in this work. The individ-
ual Master Curve evaluations following ASTM E1921 were analyzed by Naziris et al. (2023) [102],
revealing that of a total of 71 tests, 64 Kj results were valid, of which 55 (77% of total) required no
censoring. The average contribution of each uncensored test result to the data set size criterion defined
in Equation (2.19) was 0.132. This means that, based on this data set, a minimum of eight uncensored
test results and 11 total MCT tests are required for the experimental determination of the reference
temperature. It is noted that within this round robin, an approximate T, was given prior to testing as an
orientation for selecting the initial test temperature. Without this knowledge, it can be assumed that at
least three additional tests may be required for finding the optimal test temperature range. Consequent-
ly, a total of 14 MCT specimens should be considered as the minimum for determining T,, experimen-
tally.

Regarding the probabilistic CZM approach, smooth and notched round bar specimens (SRB, NRB) are
required in addition to MCT specimens to determine the plastic flow curves and to calibrate the cohe-
sive strength. In Table 7.7, the minimum required number of specimens for calibrating the probabilistic
CZM at three temperatures within the DBT region is listed for each specimen type. It is assumed here
that the material is homogeneous. The plastic flow curves are required at each temperature of interest
within the transition region and at RT, while the calibration of the CZM parameters is only necessary at
the temperature closest to the lower shelf and at RT. As it was shown in Section 5.2.2.2 that the fracture
behavior at low temperatures can be simulated using a constant cohesive strength, only a single 0.1NRB
specimen is required to be tested near the lower shelf. At RT, the SRB specimen tested for generating
the flow curve can be used in addition to a 0.1NRB test to determine the linear triaxiality dependence of
o.. Close to the lower shelf, three MCT specimens are required to obtain a statistically meaningful
value for the cohesive energy. An additional MCT test is required at RT to determine the J-R curve
based on the resistance curve method specified in ASTM E1820. If the basic procedure is followed,
more MCT tests are necessary for this purpose. The J-R curve is required for the calibration of the
upper shelf cohesive energy. Lastly, in addition to the three MCT tests close to the lower shelf, at least
three more MCT specimens should be tested at an intermediate temperature within the DBT region to
determine the temperature dependence of the ductile fracture ratio (DFR). The DFR is used to deter-
mine the number of randomly distributed ductile cohesive elements across the cohesive zone. In total, at
least seven MCT tests are required for the calibration of both I, and the DFR.

Given that the round bar specimen geometries require approximately 13% less material volume than a
standard MCT geometry, it can be assumed that the minimum volume required for calibrating the
probabilistic CZM at three temperatures within the DBT region is equivalent to 12 MCT specimens.
Therefore, the material volume needed is slightly lower than that required for the experimental determi-
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nation of T,. If flow curve data within the transition region and/or the J-R curve at RT is known before-
hand, the material requirement for the probabilistic CZM can be reduced further. Likewise, it can be
reduced if less than three temperatures within the DBT region are considered for the calibration of the
model. However, the material requirement may also increase considerably if the material properties of
the steel are inhomogeneous, which is also the case for the experimental determination of Tj,.

It is noted that the minimum required number of specimens in Table 7.7 is based on the best-case sce-
nario where all calibrations are performed without the use of spare specimens. This assessment may be
considered too optimistic since in practice, some spare specimens are always needed. However, this is
the case for all mechanical testing methods and is therefore also valid for the experimental Master
Curve evaluation following ASTM E1921.

Table 7.7:  Minimum required number of specimens for calibrating the probabilistic CZM at three temperatures
within the DBT region [99]

Specimen type  Niests [-] Determination purpose

- Flow curves (DBT region and RT)
- Cohesive strength (RT)

0.INRB 2 - Cohesive strength (lower shelf and RT)

- Cohesive energy (lower shelf and RT)
- Ductile fracture ratio (DBT region)

SRB 4

MCT 7

7.4 Summary of the probabilistic CZM approach

The experimental and numerical groundwork performed in Chapters 4 and 5 was used to develop the
probabilistic CZM approach, which is based on a random spatial distribution of cohesive elements with
either ductile or brittle properties throughout the cohesive zone. A detailed analysis of the mechanical
behavior of a ductile element connected to a brittle element showed that unstable crack initiation of the
brittle elements is facilitated by the separation of surrounding ductile elements. The accelerated separa-
tion of the ductile elements was found to be accompanied by a reduction in cohesive strength, which in
turn is caused by a decreasing triaxiality. Furthermore, it was observed that the numerical fracture
toughness results are influenced by the size and relative distance of the ductile element clusters. How-
ever, only a weak dependence of the Kj.,,m Values on the position of the initiation regions relative to
the initial crack front and mid thickness was found.

In the next step, the probabilistic CZM was used to determine a numerical reference temperature for the
material, which was shown to be in good agreement with the experimental T, determined in Sec-
tion 4.3.5. The scatter of the numerical fracture toughness results was found to be significantly reduced
compared to the experimentally observed scatter. In an attempt to increase the numerical scatter, ductile
cohesive element clusters of variable size were introduced, which were shown to have the opposite
effect by further decreasing the scatter. This effect was attributed to the large proportion of small ductile
clusters homogenizing the fracture-mechanical properties throughout the cohesive zone. In addition, a
statistical characterization of the fracture toughness results from 50 simulations with variable cluster
size was performed to quantify the differences between the numerically predicted scatter, the scatter of
the nine MCT test results at -60°C and the scatter assumed in the Master Curve approach according to
ASTM E1921. As with the experimental results, the numerical fracture toughness values were found to
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follow a three-parameter Weibull distribution. A significant deviation of the fitted parameters of the
numerical distribution compared to the distribution assumed in the standard was obtained. The agree-
ment with the experimental distribution, however, was shown to be better. A comparison of the cumula-
tive failure probabilities confirmed that, while the average fracture-mechanical behavior of the material
is well described by the model, additional uncertainties are required to be modeled in order to increase
the numerical fracture toughness scatter.

Lastly, the material volume required for the experimental determination of T, using MCT specimens
was compared to the minimum material requirement for a numerical T,, determination with the proba-
bilistic CZM approach. It was concluded that, assuming a homogeneous material, the average amount
of material required is slightly lower for the numerical approach.
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Several research goals for this PhD program were specified in the Introduction. On the experimental
side, the main objective was to generate material parameters to be used for the development of the
numerical crack growth simulations with the cohesive zone model. Another aim of the MCT tests
within the transition region was to demonstrate the use of miniaturized specimens for determining the
reference temperature following the ASTM E1921 standard. Thereby, it was investigated whether the
fracture-mechanical behavior of the MCT geometry is comparable to that of standard-sized CT geome-
tries in order to verify the geometry for use in future surveillance programs.

The numerical objectives include the continued development of the cohesive zone parameter identifica-
tion method introduced by Mahler & Aktaa (2014) [11] and application of the calibrated parameters to
the simulation of standard-sized CT geometries. Here, the aim was to predict the fracture toughness
obtained from large geometries and to characterize the loss of constraint observed in sub-sized speci-
mens by comparing the mechanical fields in front of the crack tip to those determined with the standard-
sized models. The main focus of the numerical activities, however, was the development of a probabil-
istic CZM approach for predicting statistically distributed fracture toughness values within the DBT
region and use of the predicted values for determining a numerical reference temperature based on
ASTM E1921. Besides an accurate prediction of the reference temperature, the main concern in devel-
oping this approach was to reduce the material volume required for fracture-mechanics characterization
of ferritic steels.

In the following, it is discussed whether the experimental and numerical goals set in this work were
achieved, how the findings can benefit research projects related to small specimen test technique, and if
the developed numerical models are suited for application within the nuclear power industry.

8.1 Viability of the MCT geometry

In the past two decades, a number of authors advocated the MCT specimen as a promising geometry for
future surveillance programs [8,9,16,43-45]. A key benefit of the MCT is that eight specimens can be
machined from a single broken Charpy specimen [6]. However, when testing according to ASTM
E1921, the problem of an inherently narrow test temperature window of small specimens, resulting
from loss of constraint at temperatures close to T,, remains unresolved [8,9,16].

The experimental results generated in this work confirm the findings of previous research programs and
strengthen confidence in the MCT geometry. A valid reference temperature was obtained for the RPV
steel SA-508 CI.3 from 24 MCT specimens, whereby two test results were deemed invalid due to pre-
crack asymmetry and four fracture toughness values required censoring for exceeding the plasticity
limit specified in the standard. This showed that it is possible to determine the reference temperature
from miniaturized specimens without excessively generating censored test results. However, most
specimens were tested within a temperature range where the contribution of each test result towards the
data set size requirement of the standard is reduced. It was shown that a narrow temperature window
exists for the investigated steel, in which the expected proportion of uncensored test results is reasona-
bly low, while simultaneously an increased contribution of each test towards the data set size criterion
can be achieved. Therefore, to reduce the number of specimens required, the main concern is to find
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this optimal test temperature range. If no approximation of the reference temperature is available prior
to testing, this is a process that may itself require a sizable number of tests. Based on the fracture tough-
ness results obtained from the MCT tests, it is recommended to select a test temperature corresponding
to a median size-corrected fracture toughness of 90 MPay/m.

The MCT tests within the transition region confirm that a valid reference temperature can be obtained
using a reasonable number of specimens, as long as most tests are performed within the optimal test
temperature range. To further verify the MCT geometry, the fracture surfaces of broken specimens were
studied to show that the fracture-mechanical behavior of the MCT is similar to that expected from
standard-sized specimens. Detailed fractographic analysis was carried out to locate and characterize the
cleavage initiation sites and correlate their location to numerical stress and triaxiality fields in front of
the crack tip. It was found that most initiation sites are located near the mid thickness of the specimens
within the region of high triaxiality. This means that cleavage fracture is initiated under high constraint
conditions, which is an essential prerequisite of the Master Curve approach.

The mechanical behavior of the MCT specimens was further assessed by comparing the numerical
stress, strain and triaxiality fields in front of the crack tip with those obtained from 0.5T and 1T CT
geometries at 30 and 50°C below T,. At a crack tip load of 35 MPay/m, the behavior of the geometries
was found to be similar, indicating that the MCT is a high-constraint geometry at moderate displace-
ments. However, an overall decrease in triaxiality and strong increase in plastic strain was observed for
the MCT at a crack tip load of 70 MPay/m, while the mechanical behavior of the 0.5T at 1T geometries
remains mostly the same. Still, the MCT was shown to maintain a high level of triaxiality and crack
opening stress near the mid thickness. Large scale plastic deformation of the MCT was observed from
the initial crack front to the specimen backside, whereas plasticity of the standard-sized geometries is
confined to the crack tip region even at this high load level. It is concluded that, while the MCT main-
tains high constraint conditions within the highly stressed region close to the mid thickness, the area
susceptible to cleavage fracture is reduced significantly due to large scale plastic deformation. It is to be
expected that the differences between the geometries continue to increase with increasing loading.

Overall, the experimental, fractographic and numerical results generated in this work support the view
of the MCT geometry as a viable candidate for future surveillance programs. The mechanical and
fracture-mechanical behavior of the geometry at temperatures sufficiently below T, was shown to be in
line with expectations. The narrow range of optimal test temperatures remains the main deficiency of
the geometry. However, this disadvantage is shared by all miniaturized geometries.

8.2 Evaluation of the probabilistic CZM approach

A step towards the complete numerical description of the statistical fracture-mechanical behavior of
ferritic steels within the transition region was made by introducing the probabilistic CZM approach. The
approach is based on the random spatial distribution of cohesive elements with brittle or ductile fracture
properties throughout the cohesive zone based on a ductile fracture ratio (DFR). It was shown that the
interaction between the ductile and brittle cohesive elements allows for the determination of statistically
distributed numerical fracture toughness values depending on the randomized layout of the cohesive
zone. The numerical fracture toughness follows a three-parameter Weibull distribution, which is the
same distribution assumed in the ASTM E1921 standard to describe the statistical fracture behavior of
ferritic steels within the transition region. From a materials science perspective, however, the fracture
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behavior predicted by the probabilistic CZM does not yet accurately represent the mechanisms of
cleavage fracture observed in ferritic steels. In ferritic steels, unstable fracture is usually initiated from
brittle second-phase particles such as carbides. Without the presence of such initiators in the cohesive
zone, the fracture toughness scatter obtained from simulations with the probabilistic CZM is significant-
ly underestimated compared to the experimentally observed scatter. It can be assumed that the introduc-
tion of small regions of significantly reduced fracture resistance, which are distributed throughout the
cohesive zone, may contribute to an increased scatter of the numerical fracture toughness results. Aside
from the prediction of the scatter, the median fracture toughness was found to be similar to the experi-
mental results, demonstrating the capability of the probabilistic CZM approach to predict the reference
temperature of the material.

The purpose of most of the experimental and numerical activities performed in this work was to cali-
brate the parameters necessary for the probabilistic CZM. Therein lies a significant drawback of the
approach. The identification of several flow curves, sets of cohesive zone parameters and the ductile
fracture ratio (DFR) requires considerable resources, including the testing of multiple types of speci-
mens, detailed quantitative fractographic analysis and complex numerical simulations in 3D. An in-
creased likelihood of inaccuracies and errors is introduced by this complexity. In particular, the quanti-
tative fractographic analysis required for determining the DFR is susceptible to operator bias. This
means that a systematic difference in the identified DFR may be introduced depending on the person
performing the analysis. This is in addition to the natural statistical variation of the DFR. In comparison
to the probabilistic approach, the experimental determination of T, is significantly faster and easier to
perform. However, the numerical determination of T, is not the sole objective of the probabilistic
approach. The main goal is to be able to accurately simulate the statistical fracture mechanisms of
ferritic steels within the transition region, thus enabling detailed material characterization.

For the nuclear energy industry in particular, an advantage of the probabilistic CZM approach is the
possibility of reducing material requirements for the evaluation of the reference temperature of RPV
steels in the future. Based on several independent T,, evaluations of SA-508 CI.3 RPV steel from MCT
specimens within the framework of the FRACTESUS project [102], it was concluded that on average,
14 MCT specimens are required to obtain a valid reference temperature experimentally. Assuming a
homogeneous material, it was shown in this thesis that the approximate material volume of 12 MCT
specimens is the minimum required for a numerical T, determination by means of the probabilistic
CZM. This number may be reduced further if flow curve data and/or the J-R curve of the material at RT
in the considered condition is available. However, it should be noted that the material requirements
stated are based on the best-case scenario in which all tests provide usable results, which may be diffi-
cult to achieve given the high complexity of the calibration methods.

To conclude, the probabilistic CZM is considered to be a promising approach for the detailed numerical
characterization of the statistical fracture-mechanical behavior of ferritic steels within the transition
region. With the first iteration of the model presented in this thesis, the mean fracture behavior of the
investigated RPV steel can already be predicted with high accuracy. That being said, the model offers a
number of opportunities for improving its predictive capabilities regarding the numerical fracture
toughness scatter. Measures for increasing the scatter that have not been applied in this work include the
introduction of statistically distributed model parameters, such as the DFR, and the modeling of “weak-
est links” distributed throughout the cohesive zone. In addition, a variable starting crack length and
crack shape can be considered. It is noted that these measures, while certainly effective, would further
increase the complexity of the model.
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9 Summary and outlook

For the safe long-term operation of nuclear reactors, it is essential to monitor the evolution of the frac-
ture-mechanical behavior of the structural steels used for the reactor pressure vessel (RPV) under the
influence of neutron irradiation. The location of the ductile-to-brittle transition (DBT) region is of
particular importance due to its safety relevance. Since the availability of irradiated material is severely
limited, it is necessary to develop small specimen test techniques for fracture-mechanical testing within
the DBT region. In the past decades, the miniaturized compact tension specimen (MCT) has been
shown to be a promising geometry for future surveillance programs. However, further demonstration of
the viability of the geometry is required due to the effect of loss of constraint observed during testing,
and additional efforts are necessary to further reduce the material requirement of established testing
standards.

In the present work, an experimental-numerical method introduced by Mahler & Aktaa (2014) [11] was
applied and developed further to calibrate a novel probabilistic cohesive zone model (CZM) to be used
for fracture-mechanical simulations of MCT specimens within the transition region. The objective was
to use the calibrated CZM in conjunction with a finite-element-model of the MCT to demonstrate the
numerical prediction of the reference temperature of the RPV steel SA-508 CI.3 based on the Master
Curve methodology. The developed approach was evaluated based on the accuracy of the predicted
reference temperature and the material volume required for the identification of the model parameters.

First, plastic flow curves of the material SA-508 CI.3 were determined at room temperature and multi-
ple temperatures within the transition region between -80 and -30°C to be used as elasto-plastic material
model for the simulations. For this, smooth round bar specimens were tested and the diameter reduction
during testing was recorded by a camera system to later identify the true stresses and true strains. The
same setup was applied to test notched round bar specimens, which were later used to numerically
determine the triaxiality dependence of the cohesive strength, which is the first parameter for the CZM.

MCT specimens of the same material were tested within the DBT region to determine a reference
temperature of -31.5°C and to evaluate the fracture toughness Master Curve following the ASTM
E1921 standard. The individual MCT test results were required for the calibration of the second cohe-
sive zone parameter, which is the cohesive energy. Of a total of 22 valid fracture toughness results, 4
required censoring according the limit specified in the standard. Based on this result, the optimal test
temperature for using as few specimens as possible was determined to be located where the median
fracture toughness is 90 MPa+v/m. Extensive fractographic analysis of the tested MCT specimens was
performed to locate and characterize the cleavage initiation sites and correlate their positions to numeri-
cally determined stress and triaxiality fields. It was found that most initiation sites are located within the
region of high constraint and that 56% of initiation sites show the characteristics of particle initiation,
while 44% are positioned at grain boundaries. Furthermore, quantitative fractographic analysis was
carried out to identify the temperature dependence of the ductile fracture ratio (DFR), which is defined
as the ratio between the total area of the ductile fracture regions visible on the fracture surfaces and the
total area of the fracture surfaces. The average DFR, which increases from 3.6% to 9.7% between -80
and -45°C, was required as an input parameter for the probabilistic CZM. In addition to the transition
region, MCT specimens were tested at room temperature to determine the J-R curve of the material,
which was required to calibrate the cohesive energy on the upper shelf.

127



9 Summary and outlook

The numerical part of the parameter identification procedure included the simulation of the smooth and
notched round bar specimen tests to calibrate the triaxiality dependent cohesive strength, whereby a
linear triaxiality dependence was obtained for all temperatures. The MCT tests within the transition
region and at room temperature were simulated by using the cohesive energy as a fitting parameter. For
the low-temperature simulations, a failure criterion was defined to identify the initiation of unstable
crack growth based on the crack growth rate. It was shown that the low-temperature tests can be simu-
lated with either a triaxiality dependent or a constant cohesive strength, while the J-R curve at room
temperature can only be simulated with a triaxiality dependent cohesive strength.

The calibrated CZM was used to simulate a 0.5T CT and a 1T CT specimen to predict the fracture
toughness obtained from large geometries and to evaluate differences between the mechanical and
fracture-mechanical behavior of the MCT and the standard-sized geometries. Weakest-link statistics
were applied to size-adjust the cohesive energy and a good agreement between the numerical fracture
toughness values and the experimental results from the Master Curve was achieved. The mechanical
behavior of the MCT was found to be similar to the large geometries at low crack tip loading, however
loss of constraint of the MCT was observed at high crack tip loading. Nevertheless, the MCT was
shown to maintain a high level of constraint within the highly stressed region close to the mid thickness
of the specimen. Large-scale plastic deformation of the MCT was observed while the plastic zone
remains confined to the crack tip region for the standard-sized geometries.

For predicting statistically distributed fracture toughness values within the DBT region, the cohesive
zone in front of the crack tip was divided into randomly spatially distributed clusters of cohesive ele-
ments with ductile fracture properties and clusters with brittle fracture properties. The cohesive zone
parameters obtained from the -80°C calibration were used for the brittle elements, while the room
temperature calibration was used for the ductile elements. The two parameter sets form the basis of the
probabilistic CZM approach. Based on the DFR, which was determined by means of quantitative frac-
tography, the total number of ductile elements across the cohesive zone was determined. Simulations
with randomly generated cohesive zones were performed to study the interaction of the ductile and
brittle elements. It was found that the ductile elements cause the adjacent brittle elements to separate
and fail prematurely, resulting in the unstable crack growth criterion being met at lower fracture tough-
ness values than in simulations with only brittle elements. Furthermore, it was observed that the numer-
ical fracture toughness results are not correlated to the location of the ductile clusters on a global scale,
but rather to the size of the clusters and their relative position.

The probabilistic CZM was used to predict a numerical reference temperature using the same number of
simulations at each temperature as the number of MCT tests performed within the DBT region for the
experimental Master Curve determination. Thereby, the numerical fracture toughness results were
treated as physical test results according to the ASTM E1921 standard. The calibrated model was
shown to predict a reference temperature of -32.3°C, which is in good agreement with the experimental
value of -31.5°C. However, the scatter of the numerical fracture toughness values is significantly re-
duced compared to the test results. An attempt was made to increase the numerical scatter by introduc-
ing ductile element clusters of variable size, which proved to have the opposite effect due to a homoge-
nization of the cohesive parameters throughout the cohesive zone. A statistical analysis of 50
probabilistic simulations at -60°C revealed that the numerical fracture toughness values follow a three-
parameter Weibull distribution with a Weibull modulus of 8.9, which is substantially higher than the
value of 4 specified in the ASTM standard, indicating the reduced scatter of the numerical results.
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Lastly, the amount of material required for the numerical determination of the reference temperature
with the probabilistic CZM approach was compared to the material required for an experimental deter-
mination. It was found that, in case of a homogeneous material, the probabilistic CZM requires a mini-
mum material volume of 12 MCT specimens in the best-case scenario, while the experimental determi-
nation requires 14 MCT specimens on average.

The probabilistic CZM approach has been shown to be an effective method for predicting the median
fracture-mechanical behavior of the RPV steel SA-508 CI.3 within the transition region. It can be
assumed that the method is applicable to other ferritic steels, although this was not investigated in this
work. Improvements to the predictive capabilities of the model are required to increase the numerical
fracture toughness scatter to better match experimental results. The introduction of randomly distributed
unstable fracture initiators throughout the cohesive zone is expected to contribute to an increased scat-
ter. As an additional result, it was confirmed that the material requirement for the numerical determina-
tion of T, is slightly lower than for the experimental determination of the reference temperature follow-
ing ASTM E1921.
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Appendix

A.1 Material block dimensions and cutting plans
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Figure A.1: SA-508 CI.3 forging dimensions and orientations (dimensions in mm) with location of extracted

block in red
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Figure A.2: SA-508 CI.3 block used for specimen fabrication (dimensions in mm)
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Figure A.3: Cutting plan for the fabrication of the specimens used for the development of the deterministic CZM
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Figure A.4: Cutting plan for the fabrication of the specimens used for the development of the probabilistic CZM

A.2 Specimen geometries and dimensions
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Figure A.5: Smooth round bar specimen geometry

Table A.1:  Measured dimensions of the smooth round bar specimens

Specimen T [°C] L[mm] D [mm]
First fabrication
SRBO01 RT 27.055  1.993
SRBO02 -85 27.053  2.008
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HE

SRB03 -125  27.075 1.994
SRB04 -80 27.071 1.999
SRBO05 -60 27.050 2.007
SRB06 -60 27.046 2.000
SRBO07 -70 27.091 1.999
SRBO08 -80 27.032 1.991
SRB09 -60 27.105 1.995
Second fabrication
SRB10 -70 26.99 2.000
SRB11 -80 26.98 1.991
SRB12 -60 26.98 1.998
SRB13 RT 26.96 1.997
SRB14 RT 26.98 1.995
SRB15 -70 26.98 1.989
SRB16 -80 26.98 2.000
SRB17 -70 26.96 2.006
SRB18 -30 27.00 2.007
SRB19 RT 26.97 1.997
SRB21 -45 26.94 2.012
SRB22 -45 26.99 1.999
SRB23 -60 26.97 1.992
SRB24 -45 26.94 2.002
SRB25 -80 27.01 1.993
SRB26 -30 26.98 1.996
270,05
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Figure A.6: Notched round bar specimen geometry with 0.1 mm notch root radius

Table A.2:

Measured dimensions of the notched round bar specimens with 0.1 mm notch root radius

Specimen T [°C] L[mm] D [mm] Dy[mm] ry[mm]
First fabrication (flat notch)
0.INRBO1 RT 27.066 2.515 1.520 0.140
0.INRB02 -60 27.042 2.494 1.525 0.145
0.INRB04 -60 27.042 2.510 1.521 0.143
0.INRBO5 -70  27.068  2.497 1.566 0.138
0.INRBO6 -80 27.049  2.507 1.543 0.141
0.INRBO7 -70  27.059  2.500 1.557 0.143
0.INRBO08 -80 27.104 2.487 1.493 0.147
0.INRBO09 RT 27.057 2.492 1.550 0.140
0.INRB10 -70 27.056 2.492 1.526 0.141
Second fabrication (round notch)
0.1INRB11 RT 27.019 2.497 1.512 0.110
0.INRB12 -60 27.099 2.514 1.525 0.100
0.INRB13 RT 27.063 2.504 1.585 0.117
0.INRB14  -80 27.061 2.499 1.540 0.110




A.2 Specimen geometries and dimensions
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Figure A.7: Notched round bar specimen geometry with 0.2 mm notch root radius
Table A.3:

Measured dimensions of the notched round bar specimens with 0.2 mm notch root radius

96+0,02

Specimen T [°C] L[mm] D [mm] Dy[mm] ry[mm]
First fabrication (flat notch)
0.2NRBO1  -60  27.071  2.477 1.563 0.208
0.2NRB02  -70  27.094 2.484 1.547 0.208
0.2NRB0O3  -80 27.049 2479 1.529 0.204
0.2NRB0O4 -80 27.039 2.482 1.524 0.206
0.2NRBO5 -60  27.030 2.474 1.560 0.211
0.2NRBO6 -70  27.049 2481 1.550 0.213
0.2NRBO7 RT  27.074  2.490 1.514 0.206
0.2NRB08 RT  27.032  2.488 1.550 0.211
Second fabrication (round notch)
0.2NRB10 RT  27.064  2.500 1.438 0.225
0.2NRB11 RT 27.064 2.518 1.514 0.204
0.2NRB12 -60 27.078 2.494 1.501 0.204
0.2NRB13  -70  27.094 2.478 1.542 0.206
0.2NRB14  -80 27.066 2.514 1.575 0.208
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Figure A.8: Miniaturized CT specimen geometry
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Table A.4: Measured dimensions of the miniaturized CT specimens

Specimen T [°C] W [mm] B[mm] H[mm] c[mm] a,[mm] auotcn [MM]

First fabrication

MCTO01 -80 8.013 3.992 9.600 3.391 3.932 2.585
MCTO02 -80 8.002 3.993 9.596 3.452 3.957 2.549
MCTO03 -80 8.017 3.989 9.599 3.597 3.890 2.450
MCTO04 -80 8.065 3.998 9.598 3.394 4.232 2.526
MCTO05 -80 8.036 4.003 9.598 3.525 3.878 2.382
MCTO06 -80 8.010 4.002 9.598 3.397 3.899 2.490
MCTO07 -70 8.010 3.979 9.598 3.401 3.930 2.513
MCTO08 -70 8.017 4.006 9.598 3.501 3.935 2.425
MCTO09 -60 8.004 3.995 9.593 3421 4.036 2.495
MCT10 -60 7.958 4.004 9.597 3.634 3.982 2.300
MCT11 -60 8.010 4.003 9.597 3.382 4.042 2.517
MCT12 -60 7.995 3.996 9.598 3.389 4.046 2.504
MCT13 -60 7.981 4.002 9.597 3.496 4.012 2.428
MCT14 -60 8.022 3.999 9.599 3.394 4,128 2.499
MCT15 -60 8.000 3.997 9.597 3.392 3.987 2.504
MCT16 -60 7.994 4.004 9.599 3.505 3.896 2.405
MCT17 -70 8.024 4.002 9.599 3.409 3.983 2.513
MCT18 -70 7.997 4.006 9.599 3.378 4.000 2.562
MCT19 -60 8.006 3.996 9.599 3.419 3.962 2.539
MCT20 -60 8.010 4.006 9.597 3.523 4.054 2.463
MCT21 -60 7.956 3.991 9.599 3.434 4,116 2.526
Second fabrication
MCT23 RT 7.959 3.974 9.471 3.458 4.107 2.448
MCT25 RT 7.976 3.975 9.564 3.478 4.086 2.456
MCT26 RT 7.937 3.980 9.550 3.481 3.877 2.446
MCT27 RT 7.965 3.981 9.523 3.480 3.996 2.452
MCT28 -45 7.976 3.982 9.538 2.470 4.056 2.463
MCT29 -30 7.983 3.985 9.602 3.475 4.033 2.462
MCT30 -45 7.979 3.987 9.569 3.483 4.040 2.450
MCT31 -30 7.979 3.988 9.595 3.463 3.918 2.459
MCT32 -30 7.968 3.994 9.556 3.479 4.069 2.450
MCT33 -45 8.036 3.990 9.560 3.530 3.909 2.475
MCT34 RT 7.983 3.986 9.568 3.481 3.958 2.470
MCT35 RT 7.984 3.993 9.605 3.487 4.014 2.466
MCT36 RT 8.017 3.994 9.592 3.494 3.969 2.475
MCT37 RT 7.980 3.993 9.582 3.502 3.973 2.452

144



A.3 Experimental results

A.3 Experimental results

Force [N]

Force [N]

Force [N]

Displacement [mm]

(e) -70°C

. ——SRB13
——SRB14
0 0.5 1 15 2 2.5
Displacement [mm]
(@ RT
1 SRB21
—— SRB22
——SRB24
0 0.5 1 1.5 2 2.5
Displacement [mm]
(c) -45°C
] SRBO07
) SRB15
1 —— SRB17
0 0.5 1 1.5 2 2.5

2000

1500

[EEN
o
o
o

Force [N]

500

Force [N]

2000
1500

1000

Force [N]

500

: SRB18
J SRB26
0 0.5 1 1.5 2 25
Displacement [mm]
(b) -30°C
i SRB06
—— SRB09
0 0.5 1 15 2 2.5
Displacement [mm]
(d) -60°C
1 —— SRB08
T ——SRB16
T ——SRB25
0 0.5 1 15 2 25

Displacement [mm]

(f) -80°C

Figure A.9: Force-CHD curves obtained from the SRB tests
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Figure A.10: Uniaxial true stress — true plastic strain curves for all SRB specimens used for the direct flow curve
determination

Table A.5:  Flow curve data used as material input for the FE-simulations

RT -30°C -45°C -60°C -70°C -80°C
0, [MPa] &cpi [-] o [MPa] &cpi [-] o, [MPa] &cpi [-] o [MPa] & [-] o [MPa] i [-] o, [MPa] &cp [-]
434.9 0.00000 454.3 0.00000 460.0 0.00000 466.4 0.00000 484.4 0.00000 498.4 0.00000
4359 0.00018 455.1 0.00017 460.8 0.00017 467.1 0.00017 485.2 0.00017 499.2 0.00017
437.0 0.00039 456.0 0.00036 461.6 0.00036 468.0 0.00036 486.1 0.00036 500.2 0.00037
438.2 0.00064 457.1 0.00057 462.7 0.00057 469.0 0.00058 487.1 0.00057 501.2 0.00060
439.7 0.00092 458.3 0.00083 463.8 0.00083 470.1 0.00084 488.3 0.00083 502.5 0.00086
441.3 0.00124 459.7 0.00112 465.2 0.00112 471.4 0.00114 489.7 0.00112 503.9 0.00116
443.2 0.00161 461.3 0.00145 466.7 0.00145 472.9 0.00148 491.3 0.00145 505.6 0.00150
4454 0.00204 463.1 0.00184 468.5 0.00184 474.7 0.00187 493.1 0.00184 507.4 0.00190
4479 0.00253 465.3 0.00228 470.5 0.00228 476.6 0.00232 495.2 0.00228 509.6 0.00236
450.8 0.00310 467.7 0.00279 472.9 0.00279 478.9 0.00284 497.6 0.00279 512.1 0.00289
4541 0.00375 470.5 0.00338 475.6 0.00338 481.6 0.00344 500.4 0.00338 515.0 0.00350
4579 0.00450 473.7 0.00405 478.7 0.00405 484.6 0.00413 503.6 0.00405 518.3 0.00420
462.2 0.00536 477.4 0.00483 482.3 0.00483 488.1 0.00492 507.3 0.00483 522.0 0.00501
467.1 0.00636 481.6 0.00573 486.4 0.00573 492.0 0.00583 511.4 0.00573 526.3 0.00594
472.6 0.00751 486.4 0.00676 491.0 0.00676 496.6 0.00689 516.2 0.00676 531.2 0.00701
478.8 0.00883 491.9 0.00795 496.4 0.00795 501.8 0.00810 521.7 0.00795 536.8 0.00824
485.8 0.01034 498.1 0.00932 502.5 0.00932 507.8 0.00949 527.9 0.00932 543.1 0.00966
4935 0.01209 505.2 0.01089 509.4 0.01089 514.6 0.01109 5349 0.01089 550.3 0.01129
501.9 0.01411 513.0 0.01271 517.2 0.01271 522.3 0.01294 542.8 0.01271 558.2 0.01318
511.0 0.01643 521.9 0.01480 526.0 0.01480 531.0 0.01507 551.6 0.01480 567.1 0.01534
520.8 0.01910 531.6 0.01720 535.8 0.01720 540.8 0.01752 561.4 0.01720 576.9 0.01784
531.1 0.02217 542.4 0.01997 546.7 0.01997 551.8 0.02034 572.2 0.01997 587.6 0.02071
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541.7 0.02571
552.5 0.02979
563.3 0.03448
573.8 0.03989
583.9 0.04611
593.5 0.05327
602.4 0.06152
610.9 0.07102
618.9 0.08196
626.7 0.09455
634.5 0.10905
642.4 0.12574
650.6 0.14496
659.3 0.16709
668.3 0.19257
677.5 0.22190
686.2 0.25568
694.7 0.29457
703.4 0.33935
711.9 0.39091
720.6 0.45028
730.4 0.51863
741.2 0.59733
754.7 0.68795
767.2 0.79229
784.3 0.91242
795.8 1.05074
804.3 1.21000
1006.7 5.00000

554.0
566.5
579.7
593.5
607.4
621.3
634.8
647.5
659.1
669.6
679.1
687.8
696.1
704.3
712.5
721.0
729.8
739.3
749.1
759.1
769.0
779.2
791.6
804.6
818.2
836.2
851.3
865.4

0.02316
0.02684
0.03106
0.03593
0.04154
0.04799
0.05542
0.06398
0.07383
0.08517
0.09823
0.11327
0.13058
0.15052
0.17347
0.19990
0.23032
0.26536
0.30570
0.35215
0.40562
0.46720
0.53809
0.61973
0.71371
0.82193
0.94653
1.09000

1248.8 5.00000

558.6
571.6
585.5
600.1
615.1
630.2
644.9
658.9
671.7
683.2
693.4
702.6
711.3
719.7
728.0
736.4
745.2
754.7
764.3
774.0
783.6
793.8
806.9
820.4
834.5
854.5
870.1
885.1

0.02316
0.02684
0.03106
0.03593
0.04154
0.04799
0.05542
0.06398
0.07383
0.08517
0.09823
0.11327
0.13058
0.15052
0.17347
0.19990
0.23032
0.26536
0.30570
0.35215
0.40562
0.46720
0.53809
0.61973
0.71371
0.82193
0.94653
1.09000

1294.4 5.00000

563.9
577.1
591.3
606.3
621.9
637.6
653.0
667.6
680.9
692.7
703.2
712.6
721.4
729.9
738.2
746.5
755.4
764.9
774.4
784.0
793.3
803.9
817.8
831.3
846.7
867.7
882.8
899.7
1351.4

0.02359
0.02733
0.03163
0.03659
0.04230
0.04887
0.05644
0.06515
0.07518
0.08673
0.10003
0.11535
0.13298
0.15328
0.17665
0.20356
0.23455
0.27023
0.31131
0.35861
0.41307
0.47577
0.54797
0.63110
0.72681
0.83701
0.96390
1.11000
5.00000

584.0
596.7
610.3
624.5
639.2
654.1
669.1
683.8
697.8
711.1
7235
735.2
746.6
758.0
769.4
780.5
791.2
801.6
811.5
821.1
831.8
843.4
857.6
872.5
890.3
911.0
931.3
951.6

0.02316
0.02684
0.03106
0.03593
0.04154
0.04799
0.05542
0.06398
0.07383
0.08517
0.09823
0.11327
0.13058
0.15052
0.17347
0.19990
0.23032
0.26536
0.30570
0.35215
0.40562
0.46720
0.53809
0.61973
0.71371
0.82193
0.94653
1.09000

1504.8 5.00000

599.1
611.5
624.5
638.2
652.2
666.6
681.3
695.9
710.4
724.4
738.0
751.2
764.3
777.5
790.9
803.9
815.8
826.9
837.1
846.8
858.2
870.8
885.5
901.0
921.1
941.5
964.8
988.2

0.02401
0.02782
0.03220
0.03725
0.04306
0.04975
0.05746
0.06633
0.07654
0.08830
0.10184
0.11742
0.13537
0.15604
0.17983
0.20723
0.23878
0.27510
0.31692
0.36507
0.42051
0.48434
0.55784
0.64247
0.73991
0.85209
0.98127
1.13000

1598.4 5.00000

Table A.6:  Average true stresses and average true strains at fracture obtained from the SRB tests used for the
cohesive strength calibration

Specimen T [°C] Oiavg [MPa]  €cavg [-]
First fabrication
SRBO06 -60 1179.6 1.1835
SRBO7 -70 1216.3 1.1514
SRBO08 -80 1311.9 1.2140
SRB09 -60 1186.0 1.1209
Second fabrication
SRB13 RT 1066.6 1.2281
SRB14 RT 1053.4 1.2245
SRB16 -80 1229.0 1.1837
SRB17 -70 1179.4 1.1226
SRB25 -80 1207.3 1.1749

Table A.7:  Average true stresses and average true strains at fracture obtained from the 0.1NRB tests used for the
cohesive strength calibration

Specimen T [°C] Oiavg [MPa]  &¢ayg [-]
First fabrication (flat notch)
0.INRB0O2 -60 1256.1 0.4057
0.1NRBO04 -60 1232.5 0.4717
0.INRBO5  -70 1256.5 0.5038
0.INRBO6  -80 1320.8 0.4985
0.INRBO7  -70 1333.7 0.3906
0.INRB0O8  -80 1307.2 0.3115
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0.INRB0O9 RT 1193.9 0.5802
0.INRB10  -70 1307.6 0.4435
Second fabrication (round notch)
0.INRB11 RT 1219.8 0.5247
0.INRB12  -60 1329.2 0.4875
0.INRB13 RT 1286.2 0.5276
0.INRB14  -80 1485.0 0.4407

Table A.8: Average true stresses and average true strains at fracture obtained from the 0.2NRB tests used for the
cohesive strength calibration

Specimen T [°C] Otavg [MPa]  &¢ayg [-]
First fabrication (flat notch)
0.2NRBO1  -60 1201.7 0.5449
0.2NRB02  -70 1209.5 0.5683
0.2NRB03  -80 1265.7 0.5597
0.2NRB04  -80 1263.8 0.5179
0.2NRB05  -60 1269.7 0.5278
0.2NRB06  -70 1253.5 0.5042

0.2NRB0O7 RT 1031.6 0.5042
0.2NRB08 RT 1023.7 0.5218
Second fabrication (round notch)
0.2NRB11 RT 1189.9 0.5716
0.2NRB12 -60 1312.8 0.5703
0.2NRB13  -70 1325.7 0.5016
0.2NRB14  -80 1357.4 0.5839

Table A.9: Results of the valid MCT tests within the DBT region following ASTM E1921

Specimen T LLD/FFD Aa e Kjc Kjcar Kiclimit &
[°C] [-] [(mm] [N/mm] [MPaym] [MPaym] [MPavm] [-]
MCTO01  -80 0.604 0.00 2457 75.12 54.84 12519 1
MCT02  -80 0.605 0.00 39.24 94.93 67.37 124.66
MCT03  -80 0.604 0.00  13.95 56.60 43.13 125.78
MCT04  -80 0.614 0.00  23.00 72.68 53.32 121.39
MCTO05  -80 0.603 0.00  40.12 96.00 68.07 126.33
MCT06  -80 0.604 0.00 17.77 63.89 47.76 125.61
MCT07  -70 0.604 0.00 21.10 69.51 51.27 123.48
MCT08  -70 0.605 0.00 4223 98.34 69.56 123.56
MCT09  -60 0.607 0.00 59.76 116.81 81.21 120.35
MCT10  -60 0.605 0.00 2717 78.76 57.17 120.51

MCT11  -60 0.607 0.12 196.39 211.74 141.29 120.48
MCT12  -60 0.607 0.00  43.83 100.03 70.60 120.07
MCT13  -60 0.607 0.00  89.23 142.73 97.63 119.90
MCT15 -60 0.606 0.00 53.72 110.74 77.38 121.07
MCT16  -60 0.603 0.00 5255 109.53 76.64 122.38

MCT17  -70 0.606 0.00 36.18 91.01 64.92 122.92
MCT18 -70 0.606 0.00  29.57 82.28 59.40 122.23
MCT19 -60 0.605 0.00 3522 89.67 64.05 121.53

MCT20  -60 0.608 0.00  48.03 104.71 73.60 120.21
MCT28  -45 0.608 0.05 94.26 146.36 99.83 117.25
MCT30  -45 0.608 0.19 18151 203.10 135.71 117.53
MCT33  -45 0.605 0.00  40.62 96.08 68.09 120.30
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A.4 Fractography results

Table A.10: Results of the MCT tests on the upper shelf following ASTM E1820

Specimen T [°C] CHD [mm] LLD/FFD[-] Aa[mm] Corr.fact.[-] J[N/mm]
MCT23 RT 2.50 0.633 0.81 0.943 219.69
MCT25 RT 3.50 0.633 0.94 0.906 279.22
MCT26 RT 1.50 0.628 1.42 0.978 368.82
MCT27 RT 2.00 0.631 0.32 0.965 478.83
MCT34 RT 1.25 0.630 0.50 0.986 602.95
MCT35 RT 6.00 0.632 0.21 0.840 688.24
MCT36 RT 1.00 0.631 2.64 0.988 774.82
MCT37 RT 3.00 0.631 0.17 0.916 996.11

A.4 Fractography results

Table A.11: Cleavage initiation site locations and numerical maximum principal stress and triaxiality values at

the fracture points

Specimen T —T, [°C] Kjc i1 [MPayvm] LLD[mm] x[um] z[mm] o,[MPa] h[]
MCTO1 -48.5 54.84 0.136 26.95  0.338 17107 171
MCTO02 -48.5 67.37 0.196 8291  0.148 1888.7  2.49
MCTO05 -48.5 68.07 0.198 66.21  0.648 18514 231
MCTO06 -48.5 47.76 0.113 60.94  0.515 1726.8 254
MCTO07 -38.5 51.27 0.125 28.42  0.200 17405 2.04
MCTO08 -38.5 69.56 0.206 132.40 0.912 15511 2.0
MCT10 -28.5 57.17 0.153 35.16  0.460 17126  2.02
MCT13 -28.5 97.63 0.384 185.20 0.145 1816.8  2.26
MCT15 -28.5 77.37 0.248 221.20 0.457 1550.3 2.18
MCT16 -28.5 76.63 0.249 72.66  0.673 1750.8 2.10
MCT17 -38.5 64.91 0.184 58.01  0.239 1830.2 2.26
MCT18 -38.5 59.40 0.158 68.85  0.661 17752 251
MCT19 -28.5 64.05 0.179 4482  0.755 17159  2.06
MCT20 -28.5 73.59 0.241 4775 0.013 16449 1.70

Table A.12: Distribution of the fracture modes on the fracture surfaces of the MCT specimens tested within the

DBT region and corresponding ductile fracture ratios

Specimen T — T, [°C] Transgr. Ductile 2nd.crack Oxide/Damage Intergr. DFR [-]
MCTO01 -48.5 226 10 2 2 0 0.0420
MCTO02 -48.5 223 10 1 1 3 0.0422
MCTO03 -48.5 213 5 1 21 0 0.0228
MCTO05 -48.5 226 10 1 1 2 0.0418
MCTO06 -48.5 230 5 0 1 0 0.0213
MCTO7 -38.5 220 9 5 2 4 0.0378
MCTO08 -38.5 219 12 4 3 2 0.0506
MCTO09 -28.5 207 18 4 0 3 0.0776
MCT10 -28.5 217 17 2 2 2 0.0714
MCT11 -28.5 210 21 4 0 5 0.0875
MCT12 -28.5 214 19 4 2 1 0.0798
MCT13 -28.5 223 13 2 0 2 0.0542
MCT15 -28.5 220 20 0 0 0 0.0833
MCT16 -28.5 219 13 2 3 3 0.0549
MCT17 -38.5 219 15 0 3 3 0.0633
MCT18 -38.5 222 15 0 3 0 0.0633
MCT19 -28.5 219 19 0 0 1 0.0792
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MCT20 -28.5 219 17 2 2 0 0.0714
MCT28 -135 216 23 0 0 0 0.0962
MCT30 -13.5 216 21 0 2 1 0.0882
MCT33 -13.5 217 22 0 0 1 0.0917

A.5 Numerical results

Table A.13: Cohesive strength and maximum triaxiality at fracture obtained from the SRB and NRB simulations

Specimen T [°C] o, [MPa] hpax [-]
SRB06 -60 1487 0.947
SRB09 -60 1459 0.926

0.2NRBO01 -60 1736 1.4473

0.2NRB05  -60 1801 1.6338

0.2NRB12 -60 1823 1.6273

0.1NRB02 -60 1881 1.7852

0.1NRB04 -60 1880 1.7254

0.1NRB12 -60 1947 1.9334
SRBO07 -70 1555 0.921
SRB17 -70 1525 0.902

0.2NRB02 -70 1807 1.4193

0.2NRB06  -70 1798 1.4419

0.2NRB13  -70 1873 1.6403

0.INRB0O5  -70 1970 1.7265

0.1INRBO7 -70 1927 1.7775

0.INRB10  -70 1963 1.7529
SRBO08 -80 1635 0.932
SRB16 -80 1603 0.914
SRB25 -80 1603 0.914

0.2NRB03  -80 1859 1.4294

0.2NRB04  -80 1855 1.4469

0.2NRB14  -80 1938 1.6101

0.INRB0O6  -80 2006 1.7014
SRB13 RT 1402 1.016
SRB14 RT 1402 1.016

0.2NRBO07 RT 1598 1.4572

0.2NRB08 RT 1651 1.6209

0.2NRB11 RT 1671 1.615

0.1NRBO09 RT 1720 1.6362

0.1NRB11 RT 1803 1.8523

0.1INRB13 RT 1752 1.8629
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A.5 Numerical results

Table A.14: Load line displacement LLD, force F, crack extension Aa and J determined at the point of unstable
fracture from the MCT, 0.5T and 1T CT simulations at -60, -70 and -80°C

T[°C] LLD [mm] F [KN] Aa[um] J[N/mm]

MCT
-60 0.214 1.89 26.7 43.5
-70 0.177 191 20.0 34.4
-80 0.150 1.92 19.8 27.6
05T CT
-60 0.341 16.6 31.3 51.0
-70 0.299 16.3 24.0 41.7
-80 0.257 154 23.5 32.4
ITCT
-60 0.473 56.6 28.1 54.5
-70 0.419 53.0 23.1 44.0
-80 0.366 48.1 24.1 34.3
15 X 40
=10 £l
o z
5 -60°C = — -60°C
— -70°C 10 — -70°C
— -80°C —_ .80°C
0.0 0.1 0.2 0.3 0.000 0.005 0.010 0.015 0.020
LLD [mm] Aa [mm)]
(@) 0.5T CT model (b) 0.5T CT model
50 25
40 N 20 /
= E)
30 g sV
= Z
= 20 —_ _60°C :10 -60°C
10 = -70°C 5 — -70°C
— -80°C — -80°C
0.0 0.1 0.2 0.3 0.000  0.005 0010  0.015
LLD [mm] Aa [mm]
(c) 1T CT model (d) 1T CT model

Figure A.11: Simulated force-LLD and J-R curves from the 0.5T CT model (a, b) and the 1T CT model (c, d) at
-60, -70 and -80°C using the size-adjusted cohesive energy

Table A.15: Numerical fracture toughness results from the probabilistic simulations with a constant cluster size
of 18x50 um

Simulation T [°C] Kjcpum [MPavVm]  Kjc11num [MPavm]

PCZ18 -45 1 -45 132.14 90.92
PCZ18 -45 2  -45 120.15 83.34
PCZ18 -45 3  -45 130.85 90.11
PCZ18 -60_1  -60 117.10 81.41
PCZ18 -60 2  -60 111.66 77.97
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PCZ18_-60_3
PCZ18_-60_4
PCZ18_-60_5
PCZ18_-60_6
PCZ18_-60_7
PCZ18_-60_8
PCZ18_-60_9
PCZ18_-70_1
PCZ18_-70 2
PCZ18_-70 3
PCZ18_-70_4
PCZ18_-70 1
PCZ18_-70 2
PCZ18_-70_3
PCZ18_-70_4
PCZ18 -70 5

-60
-60
-60
-60
-60
-60
-60
-70
-70
-70
-70
-80
-80
-80
-80
-80

118.73
104.60
137.33
116.54
113.43
121.07
108.09
76.31
78.64
73.56
78.68
54.71
59.28
69.67
55.10
65.20

82.44
73.51
94.21
81.06
79.09
83.92
75.71
55.61
57.08
53.88
57.12
41.96
44.85
51.42
42.20
48.59
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