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List of symbols

5×10 SE(B)
10×10 SE(B)

10×20 SE(B)

a

CMOD

LLD

p

BM

yy

yy(HRR)

yy(FEM)

ts

WM

a
a0

A
Apl

Atot

b

A SE(B) specimen with a thickness of 5 mm and width of 10 mm
A SE(B) specimen with a thickness of 10 mm and width of 10
mm
A SE(B) specimen with a thickness of 10 mm and width of 20
mm
Dimensionless constant from the Ramberg-Osgood relationship
Displacement
Crack extension
Strain
A dimensionless factor relating the measured work to the J-in-
tegral
-factor based on CMOD
-factor based on LLD
-factor based on plastic work

Angle between the initial crack plane and a plane going through
the crack tip and initiation site
Potential energy
Standard deviation or stress
Base material strength
Yield strength
Opening stress
Opening stress determined according to the HHR-solution
Opening stress determined from FEM analysis
Tensile strength
Weld metal strength
Poisson’s ratio
Crack length
Initial crack length
Area of the remaining ligament
The plastic part of the area under the load-displacement curve
Area under the load-displacement curve
Length of the remaining ligament
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b0

B
B0

dvertical

E
F
IN
J
J-R curve
J1mm

Jc

Jc( =0)

Jc( >0)

Jel

Jpl

JMAX

JQ

K
K0

KI

KJc

KJc(limit)

Kmin

m

M
Ms

N
PL

Pf

Q
r
T
T0

U
W

ABM
ASTM
BM
BS

Length of the initial ligament
Specimen thickness
Normalizing thickness = 25.4 mm
Vertical distance between the initiation site and the tip of the
initial crack
Elastic modulus
The work done by external forces
Strain hardening dependent constant
The J-integral describing fracture toughness
The tearing resistance of materials
J-integral at 1 mm of crack growth
J-integral corresponding to cleavage fracture initiation
J-integral when brittle fracture initiation occurs on the initial
crack plane
J-integral when brittle fracture initiation occurs outside the initial
crack plane
The elastic part of the J-integral
The plastic part of the J-integral
Defines the maximum J-integral capacity in the ductile region
for a specimen of a specific size.
J-integral at initiation of ductile fracture
The stress intensity factor, a fracture toughness parameter
The fracture toughness at a failure probability of 63.2 %,
Stress intensity factor in Mode I
Elastic plastic fracture toughness at brittle fracture initiation
Maximum KJc capacity
Lower limiting fracture toughness
Exponent describing the steepness of the tearing resistance
curve
Parameter in the blunting line
Strength mismatch
Strain hardening exponent
Limit load
Probability of fracture
Constraint parameter
Distance from the crack tip
Temperature
Ductile-to-brittle reference temperature
Strain energy stored in the body
Width

Austenitic base material
American Society for Testing and Materials
Base material
British Standard
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CDZ
CGHAZ
CMOD
C(T)
CTOD
DMW
FBM
FEM
HAZ
HRR
ISO
JSME
LAS
LLD
NG
NPP
PWHT
SE(B)
SEM
SE(T)
SS
WM

Carbon-depleted zone
Coarse-grained HAZ
Crack-mouth opening displacement
Compact notched tension specimen
Crack-tip opening displacement
Dissimilar metal weld
Ferritic base metal
Finite element method
Heat-affected zone
Hutchinson, Rice and Rosengren
International Organization for Standardization
Japan Society of Mechanical Engineers
Low-alloy steel
Load-line displacement
Narrow-gap
Nuclear power plant
Post-weld heat treatment
Single edge-notched bend specimen
Scanning electron microscopy
Single edge-notched tension specimen
Stainless steel
Weld metal
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1. Introduction

In this section, we describe the history and knowledge gaps related to experimental
characterization of fracture toughness and the objectives for the thesis, in addition
to the structure of the work and the original features.

1.1 Background and research environment

The safety shall be assessed for structural pressurized components, e.g. the reactor
pressure vessels or primary circuit piping. An important part of the safety analysis
is the assessment of the integrity of components with cracks that decrease the per-
formance. Two important concepts related to the safety analysis of cracked compo-
nents are fracture toughness and crack driving force. Crack driving force describes
the condition ahead of the crack as the crack is loaded. Fracture toughness de-
scribes the ability of material to resist crack propagation. [7,8]

In modern safety analyses, the fracture toughness of the material is determined
experimentally and the crack driving force is determined numerically or analytically.
If the crack driving force is smaller than the fracture toughness of the material, the
component is safe to use and the risk for fracture is insignificant. If the crack driving
force is larger than the fracture toughness, the crack can propagate and there is a
risk for fracture. The focus of the thesis is on fracture toughness.

The component can fracture by the ductile or the brittle fracture mechanism. The
brittle fracture mechanism is typically more severe, since after the crack driving
force exceeds the fracture toughness, the crack can grow instantly through the
whole component. The ductile fracture mechanism can also be severe. For ductile
materials with low fracture toughness, the crack can grow through the whole struc-
ture after the crack driving force increases above the initiation toughness. However,
typically for ductile materials with moderate and high toughness properties, the frac-
ture toughness increases as the crack grows leading to crack arrest. The depend-
ence between fracture toughness and crack growth is called a J-R curve, a tearing
resistance curve, Figure 1. [9]



15

Figure 1. The fracture toughness in the ductile region is described with J-R curves.
The J-R curve describes the tearing resistance, evolution of fracture toughness as
the crack grows.

For ferritic steels, typically used in structural components, the fracture mecha-
nism is ductile at high temperatures and brittle at low temperatures. In between,
there is the ductile-to-brittle transition region. In the transition region the material
can fail by the brittle fracture mechanism after some plastic deformation or crack
growth.

The transition region is more significant for practical applications than the brittle
region. The transition region is characterized by the transition temperature T0 used
for obtaining the fracture toughness as a function of temperature for various proba-
bilities of fracture. A characteristic statistical distribution describes the fracture
toughness behavior of ferritic steels in the transition region, Figure 2.

Before the theory of fracture mechanics was developed for the ductile and the
ductile-to-brittle transition region, a safety analysis for a component was done by
conducting impact toughness testing to characterize the ductile-to-brittle transition
region. Figure 3 shows the principle behind impact toughness testing. Impact
toughness testing results in an impact energy-temperature plot. A characteristic
transition temperature value to describe the ductile-to-brittle transition temperature
is determined at an energy of 27 J or 41 J. If the application temperature is higher
than the transition temperature, the component is considered safe. Impact energy
is still used in safety analyses today, and the method has proven to be applicable
for analyses of steel quality in mass production, but the method has several weak-
nesses. [9]
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Figure 2. The fracture toughness in the ductile-to-brittle transition region is de-
scribed with the Master Curve. The temperature dependence and scatter of the
Master Curve are characteristic for structural steels.

Figure 3. Historically, impact toughness testing has been used for determining the
fracture properties. However, the result cannot be directly used as a measure of the
fracture toughness. The Charpy specimen will absorb kinetic energy as the speci-
men fractures. The absorbed energy is observed as a difference between the start
and final height of the pendulum.

The selection of the transition temperature at a specific impact energy is solely
based on experience, and impact toughness is qualitative in its nature. The impact

Pendulum
start height

The gauge
measures the en-
ergy absorbed by
the specimen

Pendulum finish
height

Charpy specimen
with a notch

10 mm

55 mm
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toughness based transition temperature is considered to be conservative, but that
is not always the case. The weaknesses of the method were already noticed in
1950’s. Something more precise was required to explain why and when materials
fracture, and how the fracture can be controlled. This ignited the scientific commu-
nity to develop the theory of fracture mechanics.

In 1950’s, G. Irwin developed the concept of stress intensity factor, K, used for
describing the fracture toughness of the material and the crack driving force. The
stress intensity factor can also be used for describing the stress state ahead of a
crack in a linear elastic material. The K factor is used for solving practical problems,
like the maximum load required for causing failure of a component with a crack
present. [9]

The restriction of the developed concept is that the K is applicable in the elastic
range and only a restricted amount of plastic deformation ahead of the crack is al-
lowed. Fracture mechanical analyses in the plastic region were enabled after J. Rice
developed the J-integral concept in 1968. The J-integral describes the behavior of
a non-linear elastic material ahead of a crack. The J-integral can be defined as the
energy release rate for an incremental crack extension enabling experimental char-
acterization of the J-integral, the fracture toughness. The J-integral is path inde-
pendent, and similarly to the K, the J-integral is used to describe the stress state
ahead of the crack. However, the J-integral concept would not be that widely known
had it not been to the demand of the nuclear industry in 1970’s. [9]

The state-of-the-art technology, e.g. fracture mechanics, to the design and safety
analysis of the NPPs was required during that time, due to the safety concerns and
political and public pressure. The difficulty in applying fracture mechanics back then
was that only the K concept based on linear elastic facture mechanics had been
developed and the effect of specimen size on fracture toughness was not well un-
derstood. Fracture mechanical testing of nuclear power plant materials according to
the requirements and knowledge during that time required testing of enormously
large specimens, Figure 4. Testing of large specimens causes high costs and is
impractical for characterizing the effect of irradiation on fracture toughness. Thus,
the J-integral concept was taken into use. Based on J-integral, fracture toughness
can be determined with smaller specimens. The J-integral can also be obtained
experimentally which is important for practical use. [9]

A common trend for the past decades in experimental characterization of the J-
integral has been the reduction in material volume to characterize the fracture
toughness, a need driven by the industry, especially the nuclear industry. In the
ductile region, the whole J-R curve can be determined with one specimen [10]. For
analyses of the fracture toughness in the ductile-to-brittle region, an analysis
method was developed by K. Wallin at VTT, the Master Curve method. The Master
Curve method enables testing of 6 specimens to determine the transition tempera-
ture and gives a probabilistic description of the lower boundary fracture toughness
in the transition region [11]. The Master Curve method allows characterization of
the transition temperature with 4 mm thick specimens.
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Figure 4. Evolution of specimen size for characterization of fracture toughness. In
1970’s the consensus was that large blocks were required to obtain size independ-
ent values. However, with today’s understanding of the size effect, fracture tough-
ness can be obtained with specimens not larger than a thumbnail.

Today, the cost-effective methods for characterizing fracture toughness in the
ductile-to-brittle transition region and in the ductile region are standardized. The
standardized procedures for characterization of the J-R curve or the initiation frac-
ture toughness in the ductile region are described in ASTM E1820, BS 7448, ISO
12135, and JSME S 001 [10,12,13]. The standardized procedure for characterizing
the ductile-to-brittle transition temperature is described in ASTM E1921 [11]. The
ASTM standards are the most advanced standards for characterization of fracture
toughness.

However, the standards and the corresponding equations are developed for mac-
roscopically homogeneous materials [8]. This causes a problem for welds with var-
ious materials, and especially, dissimilar metal welds, a safety critical component in
NPPs [14]. The various materials of DMWs or normal welds have different strength
properties. For materials with high strength mismatch, the developed standard frac-
ture toughness solutions are not necessarily directly applicable. Another difference
compared to homogeneous materials is that the cracks in DMWs do not necessarily
grow straight [15,16]. The cracks can deviate from the original crack plane compli-
cating the interpretation of the results.

The main focus of this thesis is to investigate the effect of crack path on fracture
toughness and the applicability of current standard equations to determine fracture
toughness for a crack near or at an interface region of a DMW with high strength
mismatch.
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1.2 Dissimilar metal welds and fracture

In NPPs, dissimilar metal welds connect the ferritic pressure vessel to the austenitic
piping. Ferritic materials can fail by the brittle fracture mechanism at low tempera-
tures and by the ductile fracture mechanism at high temperatures, whereas the aus-
tenitic materials are ductile. The ferritic pressure vessel steel, a low-alloy steel
(LAS), has a higher strength than the austenitic stainless steel pipe material. The
weld metal of the DMW is also an austenitic material and has typically intermediate
properties compared to the two base materials. Without the gradual change in ma-
terial properties, high residual stresses may form reducing significantly the perfor-
mance of the weld, e.g. by increasing the susceptibility to crack formation. Despite
the protective efforts, dissimilar metal welds are susceptible for crack formation, and
cracks have been detected in dissimilar metal welds. [14,17]

In addition to the weld and the base materials, DMWs consist of the heat-affected
zones, HAZs, and even narrower microstructural zones formed during welding in
the interface regions, Figure 5 [17]. The microstructure changes rapidly in the inter-
face region over only 1 mm [18,19]. In the interface region, the mechanical proper-
ties of the various zones differ from those of the adjacent zones or bulk material.
The narrow zones in the interface region and the global mismatch in mechanical
properties together affect the global mechanical behavior of the weld [20].

Figure 5. The various microstructures typically forming in DMWs in the interface of
the ferritic base material and austenitic weld metal after welding. The mechanical
properties of the various regions differ.

For fracture mechanical testing, manufacturing of the initial crack in the target
microstructure, typically the weakest location, can be challenging. Microstructurally
small deviations in the crack location may lead to large variations in the fracture

Ferritic base metal Austenitic weld metal

HAZ
Fusion boundary

Carbon-depleted zone (CDZ)

Grain-coarsening region (GC)

Grain-refined region (GR)

Partially grain-refined region (PGR)
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toughness. Thus, the lower boundary properties are not necessarily obtained lead-
ing to a non-conservative safety analysis and making DMWs difficult to characterize.
Usually, the goal is to manufacture the crack at the weakest location, typically the
fusion boundary between the ferritic steel and the austenitic weld metal.

Due to the local and global strength mismatch of the different zones/materials
and the various microstructures the crack may deviate to an adjacent zone from the
original crack growth plane, Figure 6. For example, in Alloy 52 narrow-gap DMWs,
HAZ cracks initially farther away from the fusion boundary can deviate from the ini-
tial crack plane to the fusion boundary [21,22]. In the ductile region, the crack can
propagate along the fusion boundary for the most part of the fracture toughness
testing, but the crack may initiate in another microstructure, which affects the meas-
ured J-R curve [22]. The J-R curve, in case of crack deviation from one region to
another, describes the measured crack path and not the tearing resistance along
the initial crack growth plane. [21]

Figure 6. The cracks in DMWs can deviate from the initial crack plane. The initial,
fatigue pre-crack is located in the grain-coarsening region of the HAZ, but the crack
deviates to the fusion boundary and continues the growth along the fusion bound-
ary. [23]

Manufacturing of the crack in the weakest region may require several specimens,
which reduces the cost efficiency of the characterization procedure. Thus, methods
for analyzing the obtained fracture toughness results of the weakest region are re-
quired. In previous investigations, the dependence between fracture toughness and

Fusion
boundary
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cracks deviating to the weakest region from various locations has not been investi-
gated [21,24–26]. Understanding of this effect is needed to improve the cost effi-
ciency of the characterization methods for DMWs.

In contrast to the ductile material properties of DMWs, the brittle fracture proper-
ties and crack path effects have not been investigated as extensively as in the duc-
tile region [27,28]. Testing of the brittle fracture toughness properties of the HAZ can
lead to a scatter larger than predicted by the normal Master Curve analysis devel-
oped for macroscopically homogeneous materials. The larger scatter originates
from varying crack location within the HAZ. In addition, the assumption in the Master
Curve approach is that the brittle fracture initiation occurs in the process zone ahead
of the crack. In the HAZ, the fracture toughness properties and strength varies, and
the fracture can systematically initiate in the weakest zone of the HAZ, like the fusion
boundary region, instead of initiating anywhere in the process zone. The current
analysis methods do not provide guidelines for analyzing such behavior. Therefore,
these aspects are investigated in this study.

The crack path/location can have a significant effect on the fracture toughness of
DMWs in the ductile and ductile-to-brittle transition region. In addition, the strength
mismatch affects the equations used for determining the fracture toughness, which
is discussed in the next section.

1.3 The -factor for strength mismatched materials

Experimentally fracture toughness in form of the J-integral is determined according
to

= (1)

Equation (1), expressed in a general form, defines J-integral as the energy absorbed
by the specimen, A, divided by the remaining cross-sectional area (b = remaining
ligament, B = thickness), times a dimensionless constant -factor, the eta factor.
The equation enables experimental characterization of the J-integral for a cracked
component in a practical manner. The energy absorbed by the specimen is deter-
mined from the displacement and force record. Solutions for the -factor are given
in standards for various geometries. [29,30]

The -factor can be determined for perfectly plastic materials with equation (2):

= /

( ) (2)

where PL is the limit-load solution. Typically, the -factor can also be determined by
the finite element analysis where the strain hardening of the material is accounted
for [31]. In the most established fracture toughness standards, like ASTM E1921,
1820 and BS7910, the current  solutions are developed based on numerical anal-
yses for homogeneous specimens [8,30,32]. However, heterogeneous weld com-
ponents contain different material zones with strength mismatch. The strength mis-
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match between two materials affects the -factor and can lead to a remarkable de-
viation from -factors given in the testing standards. Deviations in the -factor affect
the fracture toughness determined experimentally from the measured absorbed en-
ergy. [33,34]

The strength mismatch of welds alters the dependence between the work done
to the specimen and the resulting J-integral, leading to a change in the -factor.
These changes require determination of weld specific -factors. For homogeneous
specimens, the plastic deformation in the specimen distributes symmetrically on
both sides of the crack and without discontinuities in the plastic strain. However, in
specimens with strength mismatched welds, the deformation can concentrate to soft
regions causing unsymmetrical or discontinuous plastic zone ahead of the crack,
Figure 7. [14]

Figure 7. The strength mismatch causes an unsymmetrical or discontinuous plastic
zone ahead of the crack. The plastic zone is symmetrical for homogeneous speci-
mens. [14]

The previous studies on the -factor for strength mismatched welds have focused
on cracks located at the symmetry line (centreline cracked) of similar metal welds
in compact tension (C(T)), single edge-notched bend (SE(B)) and single edge-
notched tension (SE(T)) specimens [34–38]. In contrast to centreline weld cracks,
the -factors for cracks at soft/hard interfaces have not been investigated that ex-
tensively [36,39]. In addition, the variations in the -factor have not been investi-
gated by varying the crack location relative to the fusion boundary so that the plastic
zone is finally outside the influence zone of the hard/soft interface. This type of work
is required for gaining further understanding of strength mismatch and -factor. Note
that in this study the -factor refers to the plastic part of the parameter.
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1.4 Objectives and scope of the thesis

The objective is to investigate the effect of crack path and strength mismatch on
fracture toughness. The objectives of the research are summarized as the following
research questions:

1. Can the -factors developed for homogeneous materials be used for
cracks at an interface region between a soft and a hard material including
narrow hard zones? And what is the effect of crack location relative to the
hard/soft interface on -factor?

2. How much and why does crack path/location affect the fracture toughness
in the ductile and ductile-to-brittle transition region.

The work contains both an experimental and a numerical part. The experimental
research is focused on a specific type of DMW, namely, an Alloy 52 narrow-gap
dissimilar metal weld consisting of a ferritic low-alloy steel SA 508, stainless steel
316L, and weld metal Ni-base Alloy 52. Two different Alloy 52 DMWs were investi-
gated. One is a plate mock-up and the other is a pipe mock-up. The pipe mock-up
is a full-scale pipe. The PWHT is different for the two mock-ups and the pipe mock-
up is thermally aged at 400 °C for 5 000 h, and 10 000 h. For both mock-ups, the
weld is strength under-matched respective to the ferritic base material. The experi-
mental investigations focus on the interface region between the hard ferritic steel
and the soft Ni-base weld metal, the weakest region of the studied DMW.

The fracture toughness properties in the ductile and ductile-to-brittle region (J-R
curves and T0) were characterized, in addition to the crack path, and the microstruc-
ture, hardness and tensile strength in the interface region. The T0 characterization
was done for the pipe mock-up with 5x10 SE(B) specimens. The J-R characteriza-
tion was done for the plate mock-up with 10x10 and 10x20 SE(B) specimens. In
specimens used for characterization of T0, the cracks were located in the HAZ of
the ferritic steel, but for the J-R curve characterization, the cracks were also located
in the weld metal. The tensile properties were characterized with miniature size ten-
sile specimens in the interface region. Finally, the crack path was characterized
using sectioned specimens for the J-R curve specimens, and for the T0 specimens,
the crack path is characterized at the brittle fracture initiation site.

The numerical work focuses on determining the CMOD- and LLD-factors in the
interface region between a hard and soft material based on finite element analyses.
The -factors were determined for different crack locations, relative to the fusion
boundary. A detailed numerical model of the DMW specimen consisting of the base
material, weld metal and two HAZ layers was used. To get further insight into the
mechanism causing variations in -factor due to variations in crack location, the
equivalent plastic strain maps of the specimens were also investigated.
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1.5 Dissertation structure and research methodology

This thesis is divided into the following sections; introduction, theory, materials and
methods, results, and discussion. In the introduction, the development of the exper-
imental fracture toughness methods is described and the justification for investiga-
tion of fracture toughness of DMWs is given. The theoretical basis section describes
the theoretical background for determining fracture toughness in the ductile and
brittle regions. The result section summarizes the essential results related to the
use of -factor for DMWs and to the effect of crack path on fracture toughness in
the ductile and ductile-to-brittle transition regions. Finally, the significance of the
results is discussed from the scientific and technical point of view.

Several methods were used during the research process. The fracture mechani-
cal testing was performed according to the ASTM standards at the accredited test-
ing facilities at VTT. The J-R curve testing was done according to ASTM E1820.
The T0 testing was done according to ASTM E1921. The numerical simulations were
made with Abaqus following general good practices to determine the -factor. The
microstructure and crack paths of the materials were investigated by following typi-
cal procedures for metallurgical characterization; sample preparation, imaging,
hardness testing, and data analysis. The tensile testing was done according to ISO
6892-1.

The work started with a literature review related to fracture of DMWs to summa-
rize the sate-of-the-art. DMWs were investigated both experimentally and numeri-
cally including characterization of fracture toughness and determination of -factor.
Statistical approaches were applied to form dependencies between various varia-
bles and to compare to trends from the literature. Also modelling of the experimental
data was done by deriving a model from a theoretical framework. Most of the anal-
yses were quantitative in nature, e.g. the effect of crack location on fracture tough-
ness, but also qualitative analyses were performed for determining the effect of
plastic zone size on the -factor.

Three articles following the typical structure for scientific publications were written
[I-III]. The results confirm the applicability of previous theories for DMWs, like the
applicability of -solutions developed for homogeneous materials for cracks at an
interface between a hard and a soft material. Also new understanding is obtained,
e.g. by predicting the effect of crack location on facture toughness near a weak
region.

1.6 New results

The effects of crack path and strength mismatch on fracture toughness of dissimilar
metal welds were investigated. The following features are believed to be unique:

o For SE(B) specimens, the CMOD- and LLD-factors determined at an inter-
face between a hard and a soft material, with an additional strength mis-
match due to the HAZ, yield the same result as a homogeneous specimen.
[III]
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o Variations in -factor occur when distance between the crack and
the soft/hard interface increases. The biggest change in  occurs
as the outer parts of the equivalent plastic strain zone ahead of
the crack extend to the soft/hard interface. [III]

o The test results show that for cracks that deviate towards the same weak
region, the fusion boundary, the farther the crack is from the weakest re-
gion, the larger is the fracture toughness. This applies both in the brittle
and ductile region. [I, II]

o Cracks in a zone with strength mismatch do not only grow to-
wards the zone with lower strength. The crack can continue the
growth along a weak region, even if there is a softer zone adja-
cent to the weak zone. [II]

o When the crack is far enough from the fusion boundary, the crack
does no longer deviate to the fusion boundary. [II]

o A model for predicting the effect of crack location relative to the weakest
region on fracture toughness was derived and validated. The model was
applied to fracture toughness data in the ductile-to-brittle transition region.
[II]
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2. Materials and methods

We applied both numerical and experimental methods in this study. We analyzed
the effect of crack path on fracture toughness for a NG Alloy 52 DMW, both in the
ductile-to-brittle transition and ductile regions. The numerical analysis was based
on FEM analyses of cracks at and near a hard/soft weld interface. The investigations
focus on characterization of the weld interface region between the hard ferritic steel
and soft austenitic weld metal.

2.1 Test materials - the dissimilar metal welds

Two narrow-gap Alloy 52 DMW mock-ups were characterized. Both mock-ups con-
sist of similar ferritic low-alloy steels, SA 508 or 18MND5, austenitic stainless steel
AISI 316L and Ni-base weld metal, Alloy 52, Figure 8. The welds were manufac-
tured by gas tungsten arc welding (GTAW). The other mock-up originated from a
European collaboration project called MULTIMETAL and the other from a Nordic
collaboration project called NIWEL. We compare the mock-ups in Table 1. Table 2
shows the chemical compositions of the NIWEL materials. The MULTIMETAL
mock-up was manufactured from 18MND5 (RCC-M) similar to SA 508 (ASME).

Table 1. The differences between two types of Alloy 52 DMW mock-ups.

MULTIMETAL NIWEL
Mock-up Plate Pipe (actual NPP pipe

material)
PWHT 595-620°C for 3 h at 550°C for 15 h and at

610°C for 8 h
Weld width 9 mm
Beads per layer two one
Material condition As-received PWHT con-

dition
The material is investi-
gated in three different
conditions: 1) as-re-
ceived PWHT condition,
2) 5 000 h aged at 400
°C, and 3) 10 000 h aged
at 400 °C. The thermal
ageing was performed
for metal blocks in a fur-
nace in air.

Mechanical properties
characterized

True stress-strain, and J-
R curves, hardness

T0, hardness

Metallography Crack path, and micro-
structure

Crack path, and micro-
structure
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Ageing of the NIWEL DMW mock-up for 10 000 h at 400 °C corresponds to 60
years of operation in nuclear power plant conditions, when intergranular phospho-
rous segregation in the HAZ of a low-alloy pressure vessel steel is considered to be
the main ageing mechanism [27].

Figure 8. The narrow-gap Alloy 52 DMW. a) Cross-section of the weld. b) Section
cut from the full-scale pipe mock-up.

Table 2. Chemical compositions of the materials used in NIWEL and MULTIMETAL
mock-ups. The MULTIMETAL mock-up was manufactured from 18MND5 (RCC-M).
[I,II]

Material C P Si Mn S Ni Cr Co Mo Fe

SA 508 0.18 0.005 0.19 1.44 0.001 0.77 0.11 0.49

18MND5 0.2 0.005 0.23 1.29 0.001 0.56 0.2 0.49

AISI 316L 0.021 0.020 0.40 1.62 0.002 11.5
6

17.2
3 2.34

Alloy 52 0.023 < 0.005 0.15 0.26 0.000
7

58.8
6

29.9
3

<0.0
1

<0.0
1

10.4
3

2.2 Test matrix and specimens for the experimental testing
program

The investigations on the fracture toughness properties in the ductile and ductile-to-
brittle transition region were done with single edge-notched bend (SE(B)) speci-
mens, Figure 9. The cracks of the specimens were manufactured in the interface
region between the soft weld metal and the hard ferritic steel. The exact crack loca-
tions are determined in Section 3.2 and are used for identifying the different SE(B)
specimens. The specimens were manufactured by cutting the specimens out from
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the DMW mock-ups with an electro-discharge wire cutter (EDWC). Table 3 shows
the test matrix.

Table 3. Experimental test matrix. The cutting plan is detailed in [43] and [52] for
the NIWEL and MULTIMETAL specimens, respectively.

Mock-up Property Specimen Number of
specimens

Stand-
ard

Orientation
of the speci-
men

Multimetal
DMW

J-R 10×20
SE(B),
thickness =
10 mm,
width = 20
mm

6 ASTM
E1820

Transverse
- short (T-S)

J-R 10×10
SE(B),
thickness =
10 mm,
width = 10
mm

ASTM
E1820

Transverse
- short (T-S)

True
stress-
strain
curve

Thickness
1 mm,
width 2
mm, gauge
length 8
mm

Longitudi-
nal

Hardness Cross-sec-
tion of the
weld

NIWEL
DMW

T0 5×10
SE(B),
thickness =
5 mm,
width = 10
mm

For each
condition,
15 speci-
mens were
tested

ASTM
E1921

Transverse
- longitudi-
nal (T-L)

Hardness Cross-sec-
tion of the
weld
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Figure 9. The J-R curve and T0 characterization were based on SE(B) specimens.
For T0 testing, specimens with B = 5 mm and W = 10 mm were applied. For J-R
curve testing, specimens with B = 10 mm and W = 10 mm and 20 mm were applied.

2.3 The computational model and test matrix for the
numerical analyses

Finite element method analysis was applied for determining the -factor for cracks
at different locations near and at the interface between the hard and soft material.
The -factor was determined for a/W ratios of 0.50 and 0.75 to investigate the effect
of crack location and crack length on the -factor, Table 5.

The computational model applied in the FEM analysis was based on the Alloy 52
DMW. The multi-metal DMW was divided in 5 material zones: ferritic base material
(FBM), weld metal (WM), austenitic base material, and heat-affected zones (HAZ)
1 and 2 of the FBM, Figure 10. The stress-strain behavior of the different material
zones was based on the tensile measurements. The stress-strain behavior of each
zone was described with the Ramberg-Osgood model. Table 4 shows the Ramberg-
Osgood parameters for the various zones.

Figure 10. The dimensions of the model used for numerical simulations. The differ-
ent material zones and the dimensions of the SE(B) specimen. The diameter of the
roll and supports was 6 mm. The width of HAZ 1 and 2 is 1 mm. The width of the
weld metal was 16 mm. The crack was collinear or parallel to the interface.
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Table 4. Ramberg-Osgood parameters, = + , for the different mate-
rial zones.

E [GPa] 0 [MPa] n

ABM 195 0.35 230 5.0
WM 195 1.45 265 5.0
FBM 205 0.79 490 10.3
HAZ 1 205 0.95 635 13.5
HAZ 2 205 0.72 590 13.5

Table 5 Test matrix for the FEM simulations of the multi-metal specimen. The dif-
ferent crack locations are identified by the surrounding material of the crack and
distance to fusion boundary. The cracks are collinear with the fusion boundary.

Analyzed

Crack loca-
tion

Distance to fu-
sion boundary

(mm)

Specimen
identification

a/W =
0.50

a/W =
0.75

FBM 8 FBM-8 x

FBM 7 FBM-7 x

FBM 5 FBM-5 x

FBM 3 FBM-3 x x
FBM 2.5 FBM-2.5 x x

HAZ 2 1.5 HAZ 2-1.5 x x
HAZ 2/HAZ
1 1 HAZ

2/HAZ1-1 x x

HAZ 1 0.5 HAZ 1-0.5 x x

HAZ 1/WM 0 HAZ 1/WM-0 x x

WM 0.5 WM-0.5 x x
WM 1 WM-1 x x

WM 2 WM-2 x

2.4 Numerical FEM analyses for determining the -factor

The FE simulations were performed with the finite element software Abaqus ver-
sion 6.14-3. The simulations were based on a structured two-dimensional mesh
consisting of linear plane-strain elements (CPE4 in Abaqus). In the crack tip region,
the mesh consisted of rectangular elements with edge length of 0.1 mm. Figure 11
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shows the global mesh and a close-up of the crack. The simulations were performed
assuming small displacements to obtain better convergence in the contour integrals
and to comply with the definition of J-integral. The small displacement assumption
was confirmed with a few nonlinear geometry analyses.

The J-integral was computed by using the contour integral technique available in
Abaqus that enables a strong path independence for domains defined outside the
highly strained material near the crack tip. Beyond the few initial contours, the vari-
ations in the contour integral results of different integration paths was consistently
less than 0.05 %. Nevertheless, the average of the contours between 20 and 40
was used as the J-integral value. Noticeably, the different material regions and
strength mismatch can lead to mixed mode loading, even though Mode I is the dom-
inant one. The effect of mixed mode is discussed in Section 4.3.

Figure 11. Global mesh and close-up of the crack tip.

To obtain the -factor, we need to determine the total J-integral, its plastic and
elastic components, Jpl and Jel, and the plastic part of the area under the load-dis-
placement curve, Apl. First, we computed the total J-integral as a function of load.
The computation was then repeated, using a linear-elastic assumption for the ma-
terials, to obtain the Jel as a function of the applied load. For equal magnitudes of
the applied load, the Jpl was calculated by subtracting the elastic contribution from
the total J-integral value. We obtained the plastic work done by the specimen, Apl,
from the applied load and CMOD or LLD displacement histories. By inserting Jpl and
Apl into equation (1), the -factor was obtained for all simulated values of load and
displacement.

The simulations were continued to a LLD of 10 mm. Finally, a load-independent
-factor was determined by calculating the average -factor of all points where

Apl/Atot > 0.95 (i.e., by excluding the calculation points where the elastic contribution
is > 5 %). The initial points below 5 % are not taken into consideration because at
low deformation levels the elastic component of the area under the load-displace-
ment curve, A , has a magnitude comparable to the corresponding magnitude of
A , thereby causing large fluctuations in the -factor.
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2.5 Tensile testing across the fusion boundary

The tensile properties across the interface region between the ferritic steel and weld
metal were characterized. The tensile testing was performed using miniature-sized
flat bar specimens with cross-section of 1×2 mm2, and a gauge length of 8 mm. The
specimens were extracted in the longitudinal direction of the weld. The specimens
were used for investigating the local mechanical properties of the different zones
across the interface. For each zone 3-5 measurements were made.

The tensile testing was done with a 100 kN universal servo-hydraulic testing ma-
chine in room temperature. The load and displacement were automatically recorded
during tensile testing. The displacement was measured with two displacement
gauges attached on both sides of the grips of the tensile testing machine, Figure
12. The average displacement at each moment was calculated from the data pro-
vided by the gauges. The load-displacement data was used for calculating the en-
gineering stress-strain curve used for determination of the yield and tensile strength.

Figure 12. a) The tensile testing apparatus with associated instrumentation, b) di-
mensions of the tensile specimen.

2.6 Metallography and hardness across the fusion boundary

For both DMW mock-ups the microstructural changes in the interface region be-
tween the weld metal Alloy 52 and SA 508 steel were characterized from cross-
sections of the weld and test specimens. The cross-sections were ground with SiC
papers up to 2 000 grit, polished with diamond polishing paste up to 0.25 m, and
finally polished in a vibratory polisher using colloidal silica suspension. The surface
was etched with 3 % nital to reveal the interface between the ferritic pressure vessel
steel and the Ni-base alloy weld metal. The microstructure of the fusion boundary
region between the Ni-base alloy weld metal and ferritic low-alloy steel was charac-
terized by optical and scanning electron microscopy (SEM). Electron backscatter
diffraction (EBSD) was used for grain size measurement.
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The hardness was determined with microhardness and nanohardness measure-
ments. The microhardness measurements were performed with the Vickers tip with
an indentation load of 1000 mN (HVIT). The hardness was measured at an area of
2.1×4.2 mm2. The area extends 2.6 mm towards the ferritic base material and 1.6
mm towards the weld metal from the fusion boundary. The cross-section diameter
of the indentations was ~ 25 m and the indent spacing was ~ 100 m. The results
are presented in Section 3.1.

The nanoindentation measurements were performed with the Berkovich tip with
an indentation load of 10 mN (HVIT) and the analysis was made using the Oliver
and Pharr method [40]. The hardness was measured at an area of 0.4×0.05 mm2.
The area extends 0.2 mm towards the ferritic base material and 0.2 mm towards
the weld metal from the fusion boundary. The cross-section diameter of the inden-
tations ranged between 1.5 and 2.5 m and the indent spacing was ~ 10 m.

2.7 J-R curve testing

SE(B) specimens extracted from the narrow-gap weld mock-up were prepared and
analyzed according to ASTM E1820–13 [10]. The specimens were fatigue pre-
cracked to the initial crack length using a resonant testing machine with load ratio
R = 0.1 and maximum stress intensity factor was less than 21 MPa m. The target
ratio between the initial crack length and specimen width (a0/W ratio) was 0.5. After
pre-cracking, the specimens were side-grooved. The depth of the side-grooves was
10 % of the thickness. The testing temperature was 26 °C.

In the J-R curve tests of the pre-cracked SE(B) specimens, the unloading com-
pliance method was applied [10]. The SE(B) specimens were loaded in three-point
bending to induce stable crack extension. During the measurements the applied
load and the crack-mouth opening displacement (CMOD) were measured. The
specimens were loaded in a universal servo-hydraulic testing machine.

After testing, the specimens were heat tinted and broken in liquid nitrogen into
two halves to measure the crack size. The initial and final crack size was measured
by using a measuring microscope. For initial and final crack length measurements,
the 9-point measuring technique was employed. The measured crack size was used
to verify the calculated crack size derived from the compliance. The J-R curves were
calculated based on the load and CMOD, and the compliance data according to
Annex A1 of ASTM E1820–13.

2.8 T0 testing

Fracture toughness testing and T0 analyses were performed according to ASTM
E1921-15 “Standard Test Method for Determination of Reference Temperature, T0,
for Ferritic Steels in the Transition Range”. Before testing, the specimens were fa-
tigue pre-cracked to the initial crack length over specimen width ratio, a0/W, of 0.5,
using RUMUL resonant testing machine. The fracture toughness tests were per-
formed using MTS universal servo-hydraulic testing machine equipped with a 10 kN
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load cell. During testing, the load, CMOD and temperature were recorded. The load-
ing rate was in the quasi-static range, 0.3-0.6 MPa m/s. The CMOD-load curve was
used to calculate the fracture toughness, JC and KJc, as described in ASTM E1921.

After the measurements, the specimens were broken in liquid nitrogen into two
halves to measure the crack lengths corresponding to the load instability point and
the possible ductile crack growth. The crack length was determined from the frac-
ture surface according to ASTM E1921. The quality of the KJc data was checked
before calculation of T0. In the analyses, elastic modulus of 205 GPa and Poisson’s
ratio of 0.3 were used.

Since the fusion boundary region is inhomogeneous, the SINTAP [7] and Master
Curve analysis accounting for inhomogeneous material behavior [41] were also per-
formed for the data.

2.9 Crack path characterization for specimens broken in the
ductile and brittle region

The crack path characterization for the specimens broken in the ductile and brittle
regions was determined in different ways. For the specimens broken in the ductile
region, the crack growth path and the microstructure of the interface region between
the weld metal and ferritic steel was characterized by optical and scanning electron
microscopy (SEM). Crack growth paths were analyzed from sectioned specimens.
The specimens were sectioned with a precision cutter in the crack growth direction
as shown in Figure 13 a. The sectioned specimens were molded in plastic with a
mounting press. The same metallographic preparation procedure was applied for
the molded specimens as for the microstructure samples, as described in Section
2.6. The crack growth path was characterized by optical and scanning electron mi-
croscopy (SEM).

Figure 13. Principle for crack path analysis. a) Fracture surface. The yellow line
shows the location where the specimen was sectioned. b) The cross-section. The
crack grows from left to right.
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From the optical and SEM cross-section images, quantitative data of the crack
growth path was obtained through three measures, distances A, B, and C, Figure
13 b. Distance A is the distance from the fatigue pre-crack tip, initial crack tip, to the
fusion boundary. Distance B is the horizontal distance from the fatigue pre-crack tip
to the location where the crack has deviated to the fusion boundary. Distance C is
the vertical change in crack growth path after the crack has deviated to the fusion
boundary.

For the specimens broken in the ductile-to-brittle transition region, the initiation
site and the profile of the crack path were characterized. The initiation location of
brittle fracture was determined with the SEM from the fracture surface. The profile
of the crack path going through the initiation site was characterized. The profile of
the crack path was characterized with an optical profilometer relying on a non-con-
tact, dual-technology sensor. From the profile, the vertical distance between the
initiation site and the fatigue pre-crack tip was determined.
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3. Results

In this section, we present the results from the microstructural and mechanical char-
acterization of the two Alloy 52 DMWs, in addition to the obtained -factors. The
mock-ups consist nominally of the same materials, SA 508, AISI 316L, and Alloy
52. The testing program includes characterization of T0, J-R curves, crack path,
microstructure, hardness and strength profiles in the interface region between the
hard ferritic steel and soft austenitic weld metal.

3.1 Microstructure, hardness and tensile properties

We investigated the microstructure, hardness and tensile properties of two different
mock-ups. The investigations focused on the fusion boundary region between SA
508 and AISI 316L steels. The results are similar for the two mock-ups, regarding
the main microstructural features and the strength behavior in the fusion boundary
region. This section presents the hardness and strength results as well as the main
microstructural features.

A strength peak is observed in the HAZ next to the fusion boundary, Figure 14 a
and b. The strength decreases gradually towards the ferritic base material and more
abruptly across the fusion boundary. Figure 14 a shows also the strength mismatch
of each zone. The strength mismatch of each zone was calculated by dividing the
yield strength of a zone, zone, with the yield strength of the ferritic base material,

BM. The weld metal is strength under-matched compared to the ferritic pressure
vessel steel, M = 0.79. Figure 14 b shows that the strain hardening is greatest in
the soft weld metal, Alloy 52.

a)
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Figure 14. a) Strength across the fusion boundary and b) the stress-strain curves.
Each point describes the average strength of a 1 mm thick zone, of 3-5 measure-
ments. The distance to fusion boundary is determined from the specimen center.

The microhardness behaves similarly as the strength across the fusion boundary,
Figure 15. The microhardness increases gradually from the ferritic pressure vessel
steel towards the fusion boundary. The peak hardness is observed in HAZ, 0.5 mm
from the fusion boundary. After the peak hardness, the hardness decreases to the
weld metal hardness. The large scatter in hardness in HAZ is a consequence of
macrosegregation banding of the pressure vessel steel, Figures 16 and 17.

Figure 15. Microhardness across the fusion boundary. Peak hardness is measured
in HAZ, 0.5 mm from the fusion boundary. 18MND5  SA 508.

b)
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The peak hardness and strength are obtained in the grain-refined region, Figure
18. Whereas, the decrease in hardness and strength near the fusion boundary is
connected to the grain-coarsening region with a larger grain size. Figure 19 shows
the connection between the grain size and hardness. The grain size and hardness
are not significantly affected by thermal ageing for 10 000 h in 400 °C.

Figure 16. Microhardness across the fusion boundary. The elongated areas of
higher hardness are associated to the macrosegregation banding of the ferritic pres-
sure vessel steel. 18MND5  SA 508.

Figure 17. The microstructure of the HAZ next to the fusion boundary. The total
width of the HAZ is ~2.4 mm.
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Figure 18. The microstructure of the HAZ adjacent to the fusion boundary.

The microstructure varies abruptly next to the fusion boundary, and the smallest
microstructural zones are less than 100 m. The finest changes in the material prop-
erties are not always captured with the miniature tensile specimens with a thickness
of 1 mm and microhardness indenter. For 1 mm thick tensile specimens, especially
near the fusion boundary, the measured strength is a combination of material prop-
erties of the different regions. Nanoindentation measurements capture the finest
variations in mechanical properties of the various zones [18,42].

The nanoindentation measurements show a local soft zone in the HAZ between
the hardness peak and fusion boundary and a local hard zone in the weld metal
adjacent to the fusion boundary, Figure 20. This local hardness mismatch forms
due to carbon depletion. Figure 18 shows that the carbon-depleted zone (CDZ) is
next to the fusion boundary.
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Figure 19. The change in hardness and grain size in SA 508 HAZ adjacent to the
fusion boundary between SA 508 low-alloy steel and Alloy 52 weld metal. Further
details for grain size measurements are given in [43].

Figure 20. Nanoindentation measurement results. The hardness mismatch at the
fusion boundary is caused by carbon depletion in the low-alloy steel and carbon
pile-up in the Alloy 52 side of the fusion boundary.
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3.2 Crack location and path

The crack path characterization for specimens fractured in the ductile region was
done for the plate mock-up in the reference condition. The crack path characteriza-
tion for the specimens fractured in the ductile-to-brittle transition region was done
for the pipe mock-up in reference condition, 5 000 h and 10 000 h thermally aged in
400 °C.

3.2.1 The ductile region

In the ductile region, the weld metal crack paths differ from the HAZ crack paths.
The HAZ cracks deviate to the fusion boundary either gradually or abruptly by a
vertical change in the crack growth plane, Figure 21. Gradual crack path deviation
occurs only for initial cracks, basically, located at the fusion boundary. Weld cracks
of the studied specimens do not deviate to the fusion boundary, even if the crack is
initially less than 40 m from the fusion boundary. The data for the crack paths are
presented in [I].

For HAZ cracks, the vertical change in the crack growth plane is smaller than or
equal to the initial distance of the crack to the fusion boundary. Therefore, the initial
distance of the crack to the fusion boundary cannot be directly used for identification
of the magnitude for crack deviation. The distance to the fusion boundary can in-
crease or decrease after initiation, due to the wavy structure of the fusion boundary.
An increase in the distance to the fusion boundary reduces the probability of crack
deviation to the fusion boundary.

Figure 21. SEM cross-section image of the abrupt deviation of the crack path to-
wards the fusion boundary.
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The largest change in the crack growth plane due to crack deviation is 0.41 mm,
even though the initial distance to the fusion boundary is larger, 0.6 mm. Crack
deviation occurs after the distance between the crack tip and the fusion boundary
decreases below a certain limit. For one HAZ crack, 0.79 mm initially from the fusion
boundary, the crack does not deviate to the fusion boundary. During crack growth,
the smallest distance between the crack tip and fusion boundary is 0.5 mm. Based
on the results, the threshold distance for crack deviation towards the fusion bound-
ary is somewhere between 0.41 and 0.5 mm.

Strength/hardness mismatch controls the crack growth path, and HAZ cracks typ-
ically deviate to a region of lower strength/hardness [21,44]. Based on strength de-
termined with the miniature specimens, Alloy 52 weld metal is the softest region,
but the cracks do not grow towards the weld metal due to the fracture mechanically
weak region next to the fusion boundary. The deviating HAZ cracks grow in the
CDZ, 2-9 m from the fusion boundary, Figure 22.

Figure 22. Cross-section image in crack growth direction. The HAZ cracks deviate
to the CDZ and grow along the fusion boundary, 2-9 m from the fusion boundary.

3.2.2 The ductile-to-brittle transition region

For the specimens fractured in the ductile-to-brittle transition region, metallographic
characterization of the crack profile was performed ahead of the brittle fracture ini-
tiation site. The brittle fracture initiated in the carbon-depleted zone (CDZ) near the
fusion boundary and after initiation progressed in the CDZ, 2-20 m from the fusion
boundary, Figures 23 and 24. Also for cracks further away from the fusion bound-
ary, the initiation occurs adjacent to the fusion boundary. Since the initiation of the
brittle fracture occurs so near the fusion boundary, the vertical distance between
the initiation site and the fatigue pre-crack tip practically equals the distance be-
tween the fatigue pre-crack tip and the fusion boundary.
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Figure 23. a) The width of CDZ is less than 100 m. b) The brittle fracture initiation
site is located inside the red circle.

Figure 24. Brittle fracture initiation occurs in the CDZ next to the fusion boundary,
even if the fatigue pre-crack is further away from the fusion boundary.

The average and the standard deviation of the distance between the fatigue pre-
crack tip and the fusion boundary were determined for each condition based on the
profile of the crack path, Figure 25. For each aging condition, the average crack
location was calculated based on the specimens resulting in KJc values below the
limit, since in the T0 analyses for each condition (reference, 5 000 h and 10 000 h
aged), a higher impact is put on KJc values below KJc(limit). In average, the pre-cracks
for the as-received and 5 000 h aged specimens are closer to the fusion boundary
than those for the 10 000 h aged condition, Table 6. The 5 000 h aged results con-
tain an outlier, thus, the values with (in parenthesis) and without the outlier are re-
ported. The outlier is identified in Section 3.6.
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Figure 25. The cross-section profile obtained with a) the profilometer and b) by
cutting the specimen in the crack growth direction at the brittle fracture initiation site.

Table 6. Average distance between fatigue pre-crack tip and fusion boundary. For
the 5 000 h aged specimen, the value in parenthesis gives the result including the
outlier.

Condition Average distance to fusion
boundary (all results)

Average distance to fusion
boundary (only KJc < KJc(limit))

Aver-
age Standard deviation Aver-

age Standard deviation

[mm] [mm] [mm] [mm]

As-received 0.05 0.04 0.02 0.03

5 000 h 0.07
(0.09)

0.09
(0.09)

0.02
(0.05)

0.03
(0.08)

10 000 h 0.12 0.07 0.09 0.04

3.3 The -factor at and near hard/soft interface

In this study, -factors for SE(B) specimens were determined numerically for a
DMW, a multi-metal component, and various homogeneous materials. The compu-
tational model consisted of two HAZ layers, weld metal, and base materials. The
crack was located in the fusion boundary region between the soft weld metal and
the hard HAZ. The crack location was varied between ±8 mm from the fusion bound-
ary. The crack locations are specified in Table 5, and all cracks are collinear to the
fusion boundary.



45

3.3.1 The obtained -factors

The derived -factors for homogeneous cases using the material properties of
the weld metal (WM), ferritic base metal (FBM) and 1st HAZ layer (HAZ1) overlap
with the -factor solutions given in ASTM E1921 and E1820, Figure 26. For the
multi-metal specimen consisting of two HAZ layers, base and weld metal and with
the crack on the fusion boundary (HAZ1/WM crack), the derived -factors fol-
low the ASTM -factor for a/W ratios between 0.45 and 0.75.

Figure 26. The -factor of the multi-metal specimen with the crack on the fu-
sion boundary overlaps with the homogeneous results.

For the multi-metal specimen, the effect of crack location on the -factor was
investigated for two crack length ratios, a/W = 0.50 and 0.75. For both crack lengths,
the -factor of cracks located on the harder HAZ and FBM side decreases from
the value at the fusion boundary and reaches a minimum, Figures 27 and 28. Sub-
sequently, the -factor increases from the minimum value back to the ASTM -factor
value as the distance to the fusion boundary increases. The rate of the decrease in
the -factor is larger for the longer crack. For a/W = 0.75 cracks, the minimum

-factor is obtained 1.5 mm (crack HAZ2-1.5) from the fusion boundary. The
minimum -factor for a/W = 0.50 crack is obtained 3 mm from the fusion bound-
ary (crack FBM-3).
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Figure 27. Decreasing -factor on the hard side and increasing -factor on the soft
side. The confidence limits were calculated based on data from [32]. The results
outside the limits show that the changes in -factor are larger than observed for
homogeneous materials.

In contrast to the cracks on the side of the hard materials, the -factor de-
termined for cracks in the softer weld metal increases in comparison to the ASTM
solution as the distance to the fusion boundary increases, Figures 27 and 28. For
the weld metal a/W = 0.75 crack, the difference to the ASTM value increases faster
than for the shorter crack (a/W = 0.50).

3.3.2 Qualitative analyses of the effect of plastic zone size on the -factor

Donato et al. [36] argue that the variations in the -factor of strength mismatched
welds can be affected by the size of the plastic deformation zone respective to the
weld width. To get further insight to the effect of the plastic deformation zone on the
-factor, the equivalent plastic strain maps of the SE(B) specimens for selected

analysis were qualitatively investigated at LLD = 8 mm, Figures 29 to 31.
Figure 29 shows typical features of the equivalent plastic strain zone ahead of

the crack in a SE(B) specimen. The plastic strain extends to both sides of the crack
and connects with the strains on the back surface of the specimen induced by com-
pressive stresses. Between the back surface and the crack tip, there is a near-zero
strain region at the hinge point of the crack, the dark blue areas. In the zone, Figure
29, the grey areas correspond to plastic strains larger than 25 %. The vertical red
line denotes the fusion boundary.
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The results show that the change in -factor is dependent on the location of the
plastic deformation zone (equivalent plastic strain zone) in the harder or softer ma-
terial and on the size of the deformation zone. For a/W = 0.75 cracks on the hard
side, the minimum -factor is obtained for the HAZ2-1.5 crack, 1.5 mm from fusion
boundary. For this HAZ crack, the outer parts of the deformation zone reach the
softer weld metal adjacent to the fusion boundary, Figure 29 c. When the crack is
located less than 1.5 mm from the fusion boundary, Figure 29 d (HAZ2/HAZ1-1),
the outer parts of the deformation zone in the softer weld metal are farther away
from the fusion boundary and -factor increases. On the other hand, when the crack
is located farther than 1.5 mm from the fusion boundary, HAZ2-1.5, Figure 29 a and
b (FBM-3 and FBM-2.5), the plastic deformation occurs completely in HAZ, causing
the -factor to approach the homogeneous (ASTM E1820) value, Figure 28.

Figure 28. -factor as a function of distance to the fusion
boundary for cracks with a/W = 0.75.
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Figure 29. Equivalent plastic strain for a/W = 0.75 cracks with varying distance to
fusion boundary. The cracks are located in the hard FBM; specimen a) FBM-3, b)
FBM-2.5, c) HAZ2-1.5, and d) HAZ2/HAZ1-1. LLD = 8 mm. The red line denotes
the fusion boundary.

For a/W = 0.50 cracks, the minimum -factor is obtained for the FBM-3 crack, 3
mm from the fusion boundary, and not for the HAZ2-1.5 crack, as in the case of a/W
= 0.75 cracks. Noticeably, for the FBM-3 crack, the outer part of the deformation
zone reaches the softer weld metal, Figure 30. For the HAZ2-1.5 crack with a/W =
0.50, the outer part of the deformation zone is now located farther away from the
fusion boundary and the -factor does not differ significantly from the ASTM E1820
value, Figure 27.

Figure 30. Equivalent plastic strain of a/W=0.50 cracks, with varying distance to
fusion boundary. The cracks are located in the hard FBM; specimen a) FBM-3, and
b) HAZ2-1.5. LLD = 8 mm.

The difference in the location of the largest decrease in the -factor of an a/W =
0.50 and 0.75 crack is connected to the size of the plastic area in front of the crack.
For a homogeneous FBM specimen, the plastic area in front of the a/W = 0.50 crack
is slightly over two times wider than the deformation area in front of the a/W = 0.75
crack, Figure 31. Thus, for a/W = 0.5 crack, the minimum -factor on the hard side
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is obtained when the crack is two times farther away from the fusion boundary. The
minimum -factor is obtained 3 mm from the fusion boundary for a/W = 0.50 cracks
and 1.5 mm from the fusion boundary for a/W = 0.75 cracks.

Figure 31. The size of the plastic deformation zone for a) a/W = 0.50 and b) a/W =
0.75 crack in a homogeneous specimen. LLD = 8 mm.

3.4 Analytical study on the effect of crack path on fracture
toughness

Initiation of brittle fracture occurs after the stress exceeds the critical stress, yy(criti-

cal), at the initiation site, a characteristic distance r from the fatigue pre-crack tip,
Figure 32. The stress ahead of the crack can be estimated from the J-integral with
the HRR stress field, yy(HRR). [9,45,46]

Figure 32. Case, where brittle fracture initiation occurs on the initial crack plane,
=0.

The initiation site is not always located on the initial crack plane, Figure 33. The
stress at the initiation site outside the initial crack plane can be determined following
the HRR stress solution according to
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( ) = ( ) ( > 0, ) (3)

where

( > 0, ) = ( = 0, ) cos(0.8 ) (4)

where ( ) is fracture toughness when the crack is not on the initial crack plane
[8].

Figure 33. Case, where brittle fracture initiation occurs at an angle  relative to the
crack tip and the initial crack plane.

Since cos(0.8 ) < 1, the Jc( >0) is larger than Jc( =0), the fracture toughness is
smaller when the initiation site is located on the crack plane. Consequently, initiation
of brittle fracture occurs more easily when the initiation site is located on the initial
crack plane. If the initiation site is located outside the initial crack plane, equation
(5) enables prediction of what the fracture toughness would have been if the initia-
tion site was located on the initial crack plane

We derived equation (5) by assuming that brittle fracture initiation occurs after the
stress at the initiation site exceeds the critical value, regardless of where the initia-
tion site is located ahead of the crack in the vertical plane, and that the initiation site
is located a distance r from the crack tip in the horizontal plane.

The angle, , can be determined according to equation (6), by assuming that
initiation of brittle fracture occurs near the maximum stress ahead of the crack.

tan( ) (6)

The location of the maximum stress can be approximated to be 2 times the crack-
tip opening displacement (CTOD) [9,47]. The CTOD can be determined from the J-
integral, equation (7). [29]

CTOD = = (7)

( ) = ( ) (cos(0.8 )) (5)
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where

= + (8)

with

= 3.18 0.22 (9)

= 4.32 2.23 (10)

= 4.44 2.29 (11)

= 2.05 1.06 (12)

The a0/W is the crack length over specimen width ratio. The calculation of CTOD
requires that Y/ ts  0.5, where ts is ultimate tensile strength. For the investigated
material, the Y/ ts ratio is ~0.81, N is 10, a0/W is 0.5, Y(25 °C) is 505 MPa, and ts(25

°C) is 654 MPa. The correction for the brittle fracture initiation site can be expressed
as

( ) = ( ) 0.8
( )

(13)

Equation (13) can also be referred to as a crack-location correction, rather than
an initiation-site correction. For the DMW investigated in this study, the fracture
toughness is corrected by estimating what the fracture toughness would have been
if the pre-crack had been located at the fusion boundary, where the initiation of the
brittle fracture occurs. For macroscopically homogeneous materials, such a correc-
tion is unnecessary since the Master Curve accounts for initiation occurring outside
the initial plane.

Equation (13) can also be expressed using J-Q theory, enabling application of
the equation for larger deformations. Assuming that there is one Q-parameter to
describe the condition ahead of the crack, the formulation based on J-Q theory sim-
plifies to equation (13). The details are specified in [II].

3.5 J-R curves, crack location and path

The tearing resistance (J-R curve) parameters obtained with the SE(B) test speci-
mens for various crack locations are summarized in [I]. Tearing resistance parame-
ters cannot be calculated for specimens that only blunt during the measurement.
Therefore, the JQ, J1mm and m were not determined in six cases, but the final/largest
J-integral value of the measurements is reported. For specimens that only blunt, the
final J is lower than the JQ of the material, but can be used as an approximation of
JQ. The blunting lines for JQ were calculated with the base metal  and the M value
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was varied to get a linear fit to the blunting stage of the J-R curve. The slope of the
blunting line is lower near the fusion boundary than farther away.

Stable crack growth by the ductile fracture mechanism is observed for the test
material, Figure 34 and 35. Specimens with the initial crack near the fusion bound-
ary, in the HAZ, resist crack growth less than the specimens with cracks in the HAZ,
farther away from the fusion boundary, or in the weld metal, Figure 34 and 36. For
the HAZ cracks (0.19 to 0.37 mm), median J1mm is 663 kJ/m2. Farther away from
the fusion boundary, HAZ cracks (0.59 and 0.60 mm), median J1mm is higher, 947
kJ/m2. For Alloy 52 cracks (0.82 and 0.93 mm), median J1mm is 1488 kJ/m2. The
cracks next to the fusion boundary on the weld metal side, Alloy 52 cracks (0.04 to
0.21 mm), only blunt, but the lowest final J-integral value is 813 kJ/m2, larger than
JQ on the HAZ side. Also in [21,22], the lowest tearing resistance is obtained next
to the fusion boundary consisting of the same materials.

Figure 34. J-R curves of SE(B) specimens with varying crack location. The effect
of residual stresses is assessed to be insignificant, as is discussed in Section 4.1.2.

The J-R curves of HAZ cracks (0.19 to 0.37 mm) measured with 10×10 and
10×20 SE(B) specimens overlap, Figure 35. In HAZ, less than 0.37 mm from the
fusion boundary the median J1mm value for 10×10 SE(B) specimens is 663 kJ/m2. In
the same region the median J1mm value for SE(B) 10×20 specimens is 656 kJ/m2.
For 10×10 SE(B) specimens of Alloy 52 cracks, the clip gage reaches maximum
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measurement capacity of 4 mm before significant crack growth and these results
are only applicable to describe the blunting stage.

Figure 35. The ductile and dimpled fracture surface of a crack growing in the CDZ.
The fracture mechanism is nucleation, growth and coalescence of voids, typical for
ductile materials.

Figure 36. J1mm as a function of initial distance to fusion boundary. Tearing re-
sistance is lowest at the fusion boundary. The measurements that did not yield crack
growth up to 1 mm are marked with red points. 18MND5  SA 508.

As previously noted, HAZ cracks (0.57 and 0.60 mm) resist crack growth more
than HAZ cracks closer to the fusion boundary, J1mm is 1.4 times larger. The J1mm
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value is larger, even if in both cases the cracks grow in CDZ, after 0.67 mm of crack
growth, due to crack deviation. However, the J-R curves of these cracks initiating at
different locations, nearly overlap after 3 mm of crack growth, Figure 35.

3.6 Crack path and fracture toughness KJc in the ductile-to-
brittle transition region

Figure 37 shows that the fracture toughness, KJc, increases with the distance of the
fatigue pre-crack to the fusion boundary in the ductile-to-brittle transition region. Yet,
the brittle fracture initiation occurs at the fusion boundary as observed in Section
3.2.2.

The effect of crack location on KJc was predicted based on equation (13). The
prediction follows the same trend as the experimental data. For equation (13),
KJc( =0) of 80 MPa m yields a slope with the smallest standard deviation to the data
set. The KJc values obtained for pre-cracks at the fusion boundary are noted as
KJc( =0), since the pre-crack and the initiation site are located on the same plane.
Figure 37 shows how the shape of equation (13) changes depending on the KJc( =0)

value, 139 to 27 MPa m. The smaller the KJc( =0), the steeper is the change in KJc

near the fusion boundary.

Figure 37. The effect of fatigue pre-crack location on fracture toughness.

3.7 T0 and crack location

Next, we present three types of T0 analyses; the normal, the one accounting for
inhomogeneous behavior, and the one correcting the crack location. We presented
the analytical work related to the crack-location correction method in Section 3.4.
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3.7.1 Normal T0 analysis

All the T0 specimens fractured by the brittle fracture mechanism and the brittle frac-
ture initiated without significant ductile crack growth. The fatigue pre-cracks of the
T0 specimens are located in the HAZ, with few exceptions. The fatigue pre-crack of
some specimens is in both the HAZ and Alloy 52 weld metal, but the final brittle
fracture initiation occurred in the HAZ. Specimens where the fatigue pre-crack is
both in the weld metal and HAZ have a skewed crack front, and some of these
results are discarded in the T0 analyses, due to the violation of the crack front
straightness criteria.

Figure 38 shows the T0 Master Curve analyses done according to the ASTM
E1921 for the three different conditions, as-received, 5 000 h aged and 10 000 h
aged. The T0 is -118 °C for the as-received PWHT material, -111 °C for the 5 000 h
aged material, and -129 °C for the 10 000 h aged material. No significant effect of
aging on T0 is observed. The standard deviation of the T0 ranges between 6.6 and
7.5 °C. Since the T0 for the different conditions is within 2 , a common T0 value was
determined for all KJc values. The T0 is then -122 °C.

3.7.2 T0 analysis for inhomogeneous materials

Table 7 shows the results of the Master Curve analyses accounting for the inhomo-
geneities in the KJc-T results. The random inhomogeneity and SINTAP Master
Curve analyses result in the same T0 as obtained with the standard Master Curve
analysis, and the standard deviation from the random inhomogeneity analysis is
significantly below  resulting from standard Master Curve analysis. Thus, the re-
sults indicate that the data set behaves like a typical macroscopically homogeneous
material, even if the crack location relative to the fusion boundary varies which af-
fects the KJc values. [41]
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Figure 38. The T0 Master Curve analyses done according to ASTM E1921 for the
different material conditions. The specimens violating the crack front straightness
criteria were discarded. The calculated and measured initial crack length differs less
than 5 %. The vertical line denotes the KJc capacity, M = 30.

Table 7. Results from T0 Master Curve analyses, standard and methods accounting
for random inhomogeneities.

Method T0

[°C]
Standard Master Curve analysis -122 5.7

SINTAP -122 -

Random inhomogeneity Master Curve analysis -122 < 1

3.7.3 Effect of crack-location correction on T0

The fracture toughness, KJc, is higher when the pre-crack is farther away from the
fusion boundary, but still the initiation of brittle fracture occurs at the fusion bound-
ary, Section 3.2.2. Thus, the KJc( >0) values were crack location corrected to predict
what the T0 would have been, if the cracks were located at the fusion boundary. We
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conducted two types of analyses. First, the following correction procedure was ap-
plied:

1. We kept all of the obtained KJc values with pre-cracks less than 0.025 mm from
the fusion boundary unchanged. Based on the prediction (equation (13)) KJc( =0) =
80 MPa m) a 0.025 mm distance between the pre-crack and the fusion boundary
causes a 10 % difference in KJc.

2. Of the remaining data points, the values exceeding KJc(limit) were discarded.
The KJc(limit) would not necessarily have been exceeded if the crack was closer to
the fusion boundary.

3. The remaining KJc values were corrected using equation (13).
Based on the applied procedure, the T0 increases to -101 °C for the as-received

PWHT material, to -87 °C for the 5 000 h aged material (-84 °C accounting for the
outlier), and to -84 °C for the 10 000 h aged material, Figure 39.

Figure 39. The effect of the crack-location correction on KJc and T0. When the dif-
ference between T0 and the testing temperature increases above 14 °C, more than
6 specimens are required for T0 determination according to ASTM  E1921. The ver-
tical line denotes the KJc capacity, M = 30.

In the second T0 analysis, we corrected only the 10 000 h aged results for the
pre-crack location, since the average pre-crack location of the 10 000 h aged mate-
rial is farther away from the fusion boundary than for the other two conditions, 0.09
mm versus 0.02-0.03 mm, Table 6. The 10 000 h aged KJc values below KJc(limit)
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were corrected with equation (13) to correspond KJc obtained for specimens with
the fatigue pre-crack tip 0.02 mm from the fusion boundary. The values above the
KJc(limit) were censored as required in ASTM E1921. Figure 40 shows that T0 of the
10 000 h aged material changes from -129 °C to -112 °C after applying the crack-
location correction. The corrected T0 value of the 10 000 h condition moves to the
same range as the T0 obtained for the as-received and 5000 h aged materials.
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Figure 40. Comparison between the T0 values analyzed according to ASTM E1921
and the crack-location correction procedure.
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4. Discussion

4.1 Theoretical implications

In this section, we reflect the main results against existing literature. The focus is on
the -factors determined for the multi-metal specimens, and the effect of crack path
on fracture toughness in the ductile and ductile-to-brittle transition region of the in-
vestigated Alloy 52 DMW. The multi-metal specimen, representing the Alloy 52
DMW, refers to the computational model consisting of base materials, weld metal
and two 1 mm thick HAZ layers. The investigations focus on the interface between
the harder ferritic steel and the softer weld metal.

4.1.1 The -factor for cracks near or at an interface between materials
with strength mismatch

In this study, the -factor was determined for cracks in a multi-metal SE(B) speci-
mens consisting of base material, weld metal, and narrow HAZ layers with various
strength properties. The results, Figure 26, show that the obtained -factors for
cracks at the interface between the high- and low-strength material do not differ
significantly from the -factors determined for homogeneous materials and applied
in various fracture mechanical testing standards, e.g. ASTM E1820 and ASTM
E1921. In [36,39], they determined LLD-factors for various strength mismatches at
an interface between a hard and soft material, for SE(T), C(T), and SE(B) speci-
mens but without accounting for the HAZ. They concluded that the -factor does not
differ significantly from the -factor obtained for homogeneous materials when the
crack is at the hard/soft interface.

As the crack is located farther from the fusion boundary, the -factor starts to
deviate from the solution obtained for homogeneous specimens, Figure 27. As we
describe in Section 3.3.2, the -factor deviates the most when the outer part of the
equivalent plastic strain zone affects both the hard and the soft material. This result
confirms with the observation made by Donato et al. [36], where they argue that
variations in the -factor for strength mismatched welds are affected by the size of
the plastic deformation zone respective to the weld width.

The largest deviation in -factor compared to the homogeneous solution is ob-
tained closer to the fusion boundary for a shorter crack, because the plastic defor-
mation zone is smaller. Therefore, the distance of the crack to the fusion boundary
was normalized with the ligament indirectly corresponding to the plastic deformation
zone size. In addition, the -factors were normalized with the -factor obtained for
homogeneous materials. Figure 41 shows that the normalization makes the de-
pendence between -factor and distance to fusion boundary to overlap for the dif-
ferent crack lengths, a/W = 0.75 and 0.5.
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Figure 41. The -factors for a/W = 0.50 and 0.75 cracks overlap, after the distance
to fusion boundary is normalized with the remaining ligament and the determined 
is normalized with the E1820 -factor.

The -factor behavior as a function of crack location for the multi-metal specimen
is compared to the results obtained by Donato et al. [36]. They obtained -
factors for centerline cracked 50 % and 100 % overmatched welds of different weld
widths (2h), 5 and 20 mm, and a/W ratios of 0.50 and 0.70. The results obtained by
Donato et al. are normalized according to the same procedure, Figure 42. The -
factors obtained for centerline cracked welds behave similarly as the multi-metal -
factors, the -factor reaches a minimum, after which the -factor increases. We ex-
pect the -factor for a sufficiently wide and narrow weld to be near the -factor ob-
tained for homogeneous specimens since the plastic deformation zone is signifi-
cantly smaller or larger than the weld. Whereas welds of an intermediate width yield
-factors that differ from the solutions obtained for homogeneous materials.

A difference between the normalized -factor results on the hard side of the multi-
metal specimen and centreline cracked weld is that the difference to the ASTM
E1820 -factor is larger for the centerline cracked weld with 100 % overmatch. The
strength mismatch of the multi-metal specimen is comparable. The harder base ma-
terial of the multi-metal specimen is 85 % overmatched compared to the soft weld
metal. The difference in the behavior of the normalized -factor can be caused by
the two interfaces of the centreline cracked specimen. In the multi-metal specimen
there is one interface between the soft and hard material. The two interfaces of the
weld are likely to magnify the effect on the variations in -factor.
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Figure 42. Comparison of -factors for weld centerline cracked weld specimens
and multi-metal specimens. The centreline cracked weld specimens are over-
matched (OM). [36]

4.1.2 Crack path and fracture toughness in the ductile region

The observed effects of crack path on fracture toughness for the investigated ma-
terial contribute to the understanding of crack growth in DMWs and welds. In previ-
ous investigations, it is stated, that the crack deviation is typically controlled by the
softer material and the crack grows towards the softer region
[18,20,21,25,42,44,48]. However, the results from this study indicate that the crack
deviation can also be controlled by the fracture mechanically weak region, e.g. the
crack deviates towards the fusion boundary and continues the growth along the
CDZ next to the fusion boundary, Section 3.2.

In this study, the HAZ cracks less than 0.4 mm from the fusion boundary deviate
towards the softer weld metal, but do not continue the growth into the softer weld
metal. Rather the crack growth continues along the fracture mechanically weak fu-
sion boundary. Noticeably, the fusion boundary does not always control the crack
path. In [21,44], HAZ cracks for a similar material deviate through the fusion bound-
ary into the weld metal.

The deviation of the crack towards the fusion boundary occurs as the combined
result of the strength mismatch and the weaker microstructure next to the fusion
boundary. If strength mismatch alone was controlling the deviation of the crack, we
would expect the change in crack path towards the fusion boundary to be more
gradual, but now the crack has a step-like change in the crack path. Near the fusion
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boundary, the damage accumulation occurs faster and forms a secondary crack,
finally connecting with the main crack. [20]

The residual stresses can also affect the crack path. However, due to large plastic
deformation in the ductile region, the residual stresses are relaxed as the specimen
is loaded. Thus, we expect that the effect of residual stresses on the crack path is
insignificant, in the ductile region.

For the investigated material, the cracks in SE(B) specimens deviate towards the
fusion boundary only after the distance between the crack tip and the fusion bound-
ary reduced below ~0.5 mm. The region 0.5 mm from the fusion boundary has the
highest hardness. The cracks on the HAZ side do not deviate away from the fusion
boundary. The cracks are initially in all cases less than 1.4 mm from the fusion
boundary. For the cracks farthest away, the distance to the fusion boundary reduces
fast as the crack grows, due to the wavy features of the fusion boundary. If the
distance to the fusion boundary would not decrease that fast, the cracks farther from
the fusion boundary could deviate away from the fusion boundary due to the lower
strength of the base material, as previously observed in [20,21,49].

For other DMWs, the hardness peak can be at the fusion boundary and not 0.5
mm from the fusion boundary [21,44,50]. For DMWs with the hardness peak at the
fusion boundary, the cracks next to the fusion boundary do not necessarily deviate
to the fusion boundary, even if the fracture toughness of the fusion boundary is
lower. This makes the measurement of the lower boundary fracture toughness dif-
ficult, since the fatigue pre-crack tip has to sample the fusion boundary. In such a
case, if the crack is even slightly away from the fusion boundary the local strength
mismatch will deviate the crack away from the fusion boundary and the fracture
toughness is higher. [6,51,52]

For the investigated material, the crack path in the HAZ of the ferritic steel affects
the fracture toughness. The fracture toughness is lowest when the initial crack is at
the fusion boundary, Figure 36. The farther the crack is from the fusion boundary
the higher is the tearing resistance even if cracks deviate to the fusion boundary.
For a similar DMW in [21,22], they observed that the closer the crack is to the weak-
est region the lower is the tearing resistance.

As the crack continues the growth along the fusion boundary, the J-R curves for
cracks with different initial locations start to approach each other, Figure 34. The J-
R curves do not obtain the same J value directly after the crack path deviates to the
fusion boundary. More work is required to grow the crack in the beginning when the
crack is farther away from the fusion boundary. As the crack grows along the fusion
boundary, the effect of the initial crack location decreases. The final result is a higher
J-R curve with a lower growth rate compared to a crack at the fusion boundary from
the beginning.

4.1.3 Crack path and fracture toughness in the ductile-to-brittle transition
region

For HAZ cracks of the investigated material, the brittle fracture initiates next to the
fusion boundary, in the grain-coarsened carbon-depleted zone, even if the crack is
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initially 0.3 mm from the fusion boundary, Section 3.2.2. Consequently, the whole
crack will deviate to and progress along the fusion boundary. Similarly as in the case
of ductile fracture, the farther the crack is initially from the fusion boundary the higher
is the fracture toughness, Figure 37. The brittle and ductile fracture properties cor-
relate [53,54].

Regarding the investigated DMW, brittle fracture initiation occurs more easily
next to the fusion boundary, probably, due to the low fracture toughness of that
region. Yet, the strength mismatch can also affect the brittle fracture initiation site
by shielding the regions with higher strength and promoting initiation in the fusion
boundary region with high local strength mismatch compared to the surrounding
regions. The residual stresses can also affect the crack path by increasing the crack
driving force. [55]

Similar kind of behavior for HAZ cracks is not observed in [27] for a similar DMW.
They did not observe a correlation between fracture toughness and distance to fu-
sion boundary, Figure 37, and brittle fracture did not initiate in all cases next to the
fusion boundary. The differences in the observations can be a consequence of the
specimen size, the method used for investigating the effect of the location of the
crack to the fusion boundary, and the higher testing temperature. Also the small
variations in the materials and the PWHT treatments can affect the material proper-
ties and crack growth behavior.

In Joly et al. [27], the characterization was done with 25 mm thick C(T) speci-
mens, whereas in this study the characterization was done with 5 mm thick SE(B)
specimens. The larger specimen size yields a larger plastic deformation zone, com-
pared to the smaller specimen, and proportionally, a larger part of the plastic defor-
mation zone is in the weld metal, which can alter the stress response ahead of the
crack [56,57]. The differences in the stress response can cause some variation in
the obtained fracture toughness and be a reason why the brittle fracture initiation
did not occur in all cases at the fusion boundary of the larger specimens. A more
local region is characterized with smaller specimens [23].

Also the temperature relative to the transition temperature, T0, can affect the ob-
servations. At low characterization temperatures relative to T0, less specimens are
required to observe the connection between fracture toughness and distance to fu-
sion boundary, since the scatter is smaller. At high temperatures relative to T0, the
scatter in fracture toughness is larger and more specimens are required for observ-
ing the effect between distance to fusion boundary and fracture toughness.

In this study, the distance between the fusion boundary and the pre-crack tip was
determined ahead of the brittle fracture initiation site. In [27], the crack location was
determined at the mid-thickness. This can cause some variation in the estimate of
the distance to the fusion boundary since the distance to the fusion boundary varies
along the crack front. Ahead of the initiation site, one obtains a more descriptive
measure of the distance to the fusion boundary, but by determining the distance to
the fusion boundary at the mid-thickness, a rough approximation can be obtained.

As stated previously, the fracture toughness is lower for cracks initially at the
fusion boundary than for cracks farther away from the fusion boundary. We pre-
dicted the effect of the initial crack location on fracture toughness in the HAZ of the
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SA 508 steel by developing a theoretical model based on the HRR theory, equation
(5) and (13). We modified the model to describe the variations in T0 as a function of
crack location, Figure 43, and compared the results from this study to T0 results
from [27], where the cracks are located in the SA 508 HAZ and aligned also in the
T-L direction. The model predicts the trend of the experimental data affected by the
uncertainty of crack location and fracture toughness.

Figure 43. The prediction, equations (13) and (5), appears to follow the trend of the
experimental data to 0.25 mm from fusion boundary.

Finally, an assumption made in the Master Curve method is that the brittle frac-
ture initiation site can be located anywhere in the volumetric process zone ahead of
the crack [8]. For the investigated material, the brittle fracture initiation occurs in the
grain-coarsened carbon-depleted zone next to the fusion boundary, a weak zone.
Thus, the brittle fracture initiation can occur only in a specific zone, contradicting the
basic principle behind the Master Curve method. However, the variation in the fa-
tigue pre-crack location relative to the weakest region causes stochastic and volu-
metric variation in the obtained KJc values. For this reason, the Master Curve
method describes adequately the obtained data, Section 3.7.1.

4.1.4 Effect of specimen size on J-R curves

Figure 34 shows that the J-R curves obtained with 10×10 and 10×20 SE(B) speci-
mens overlap up to 1 mm of crack growth. However, the J-R curves obtained with
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10x10 SE(B) specimens are slightly lower than those for the 10x20 specimens, as
demonstrated in Figure 44 and, previously, in Figure 36. The difference can be
caused by exceeding the measurement capacity, the specimen size and/or lack of
bending correction.

Figure 44. Comparison of J-R curves obtained with 10×10 and 10×20 SE(B) spec-
imens.

Typically the results obtained with smaller specimens start to deviate as the
measurement capacity of the specimen is exceeded. The measurement capacity
consists of J-integral capacity and crack extension capacity. In ASTM E1820 the J-
integral capacity is defined as

= ( , ) × (14)

Jmax for the 10×20 SE(B) specimens is approximately 650 kJ/m2 and 325 kJ/m2 for
10×10 SE(B) specimens [10]. For initial cracks at the fusion boundary, the J-integral
capacity is exceeded in the blunting stage for 10×10 SE(B) specimens and after 1
mm of crack extension for 10×20 SE(B) specimens.

In ASTM E1820, the measurement capacity criteria have been determined based
on data where the J-R curve for a small specimen deviates from the J-R curve for a
large specimen with 15 % [8]. After the measurement capacity of the specimen is
exceeded, the crack propagation becomes easier [8,58]. The measurement capac-
ity for a smaller specimen is reached at lower J-values than for a larger specimen.
Since the difference in J1mm for the two different specimen sizes is less than 13 %,
the J-integral capacity of the specimens has not been exceeded significantly after
da = 1 mm. Thus, the J-R curves are comparable up to 1 mm of crack extension.
When the crack grows beyond 1 mm, the difference in the J-R curves can increase.
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In addition to the J-integral capacity, the measurement capacity is also defined
by crack extension capacity

= 0.25 (15)

that is 1.25 mm and 2.5 mm for the 10×10 and 10×20 SE(B) specimens, respec-
tively. In [59], Wallin observed that the measurement capacity is more dependent
on the proportional crack growth in the ligament, which indicates that the measured
curves are comparable up to 1 mm of crack extension.

Smaller specimens enable smaller material consumption, which is useful for ap-
plications with a restricted availability of material. The measurement capacity criteria
can be overly conservative in some cases. Thus, in cases where the measurement
capacity defined in ASTM E1820 is exceeded, it can be worth to do testing with a
larger and smaller specimen. The J-R curves can be considered valid up to the point
where the curves start to deviate from each other, or the lower J-R curve obtained
with the smaller specimen can be used as a conservative estimate of tearing re-
sistance.

In contrast to the previous, the lower J-values obtained with 10×10 SE(B) speci-
mens can also be explained by a smaller plastic deformation zone size and lack of
bending correction. Firstly, compared to the larger specimen at a given J-value, the
plastic deformation zone size is smaller in small specimens, and thus, a larger pro-
portion of the deformation occurs in the HAZ. For the larger specimen with larger
plastic zone, a bigger part of the deformation occurs in the softer weld metal which
can affect the stress and strain response ahead of the crack and the damage for-
mation. For various crack locations, the relative distribution of the plastic zone to
the different regions of the DMW affects the fracture toughness [56].

Secondly, the specimens are not bending corrected, which affects the J-R curves.
Bending correction is not currently a standard procedure, and therefore, not applied
in this thesis. A bending correction is required for SE(B) specimens, because the
loading rolls move causing a change in the effective span length and the specimen
cross-section dimensions change during loading [60]. Without the bending correc-
tion, the specimen appears stiffer and the calculated crack length is underestimated.
The bending correction could improve the comparison between the J-R curves ob-
tained with 10×10 and 10×20 SE(B) specimens.

4.2 Practical implications

In this section, we describe how the results can be utilized for practical applications.
Practical applications for fracture toughness characterization of DMWs include im-
proved materials testing standards and systematic procedures for characterizing the
lower boundary fracture toughness properties. These applications contribute to
smaller costs and improved safety assessment.
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4.2.1 Applicability of the current fracture toughness characterization
standards for DMWs

We applied the DMW-specific -factors, determined in this study, dependent on the
crack location, to recalculate the experimentally obtained J-R curves for Alloy 52
DMW [1,61], Figure 45. We recalculated the J-integrals for HAZ and weld metal
cracks 0.79 mm, 0.57 mm and 0.93 mm from the fusion boundary, and compared
the recalculated J-integrals at each increment of crack extension to the J-integrals
calculated according to the ASTM E1820 equation, Figure 45. For the investigated
crack locations, the difference in the J-R curves is less than 4 % showing that the
-factors developed for homogeneous SE(B) specimens can be used with a decent

accuracy for cracks +/- 1 mm from the hard/soft interface. The strength mismatch
level between the hard and soft materials is 85 %. The -factor is similar as long as
the outer parts of the equivalent plastic strain zone ahead of the crack do not interact
with the hard/soft interface, Section 3.3.2.

Figure 45. Recalculation of the J-integral for cracks less than 1 mm from the fusion
boundary. The difference is less than 4 %.

The result indicates that the applicability of the standards can be extended for
characterization of an interface between a hard and a soft material, like the inter-
faces of DMWs. In previous investigations, they obtained similar results for SE(T)
and C(T) specimens [36,39]. The confirmation of the applicability of the homogene-
ous -factor solutions at and near the hard/soft interface speeds up the fracture
mechanical characterization of dissimilar metal welds, since no additional analyses
are required for determining a material specific -factor for cracks roughly +/- 1 mm
from the hard/soft interface. Cracks farther from the interface between a hard and a
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soft material can have a significant impact on -factor and consequently on the frac-
ture toughness. In practice, this could be a problem when testing the fracture tough-
ness of buttering layers of DMWs.

4.2.2 Application of the crack-location correction model

We developed a crack-location correction methodology for correcting the fracture
toughness in the ductile-to-brittle transition region, equation (5) and (13). The crack-
location correction method is useful in cases where the pre-crack is systematically
at a significant distance away from the weakest location (e.g., over 0.15 mm from
the fusion boundary), but the brittle fracture initiation occurs still at the weakest re-
gion. In case of crack deviation, the T0 obtained with the existing methods does not
necessarily give a lower boundary estimate of the fracture toughness for the weak-
est region. By using the method developed in this study, the T0 at the weakest lo-
cation can be predicted after the required metallography and profiling are done to
identify the crack path.

However, the existing methods, the normal Master Curve analysis and Master
Curve analysis for random inhomogeneities, indicate that the data from this study
behaves as that of a typical ferritic low-alloy steel, even if the pre-crack location
varies between 0 and 0.15 mm [11,41,62]. These analyses indicate that pre-crack
location variations up to 0.15 mm relative to the fusion boundary do not increase
the scatter above that typical for ferritic low-alloy steels.

If the pre-cracks are randomly located relative to the fusion boundary, between 0
and 0.3 mm, a high variation in the KJc results can be expected. In this case, the T0

can be obtained cost efficiently with the method accounting for the random inhomo-
geneities. If the pre-cracks are systematically a significant distance from the fusion
boundary, e.g. 0.25 mm, then the crack-location correction method provides an eco-
nomical tool for determining T0 for the fusion boundary or the weakest region, as
long as the initiation occurs at the weakest location.

4.2.3 Systematic characterization of DMWs

Before testing, the fracture toughness characterization for DMWs requires detailed
planning. The cracks in the interface regions of DMWs can deviate away from the
original crack growth plane making determination of the fracture toughness proper-
ties more difficult. Based on the hardness profiles, a first estimation of the crack
path can be made, since the cracks tend to deviate to the region with lower strength.
Knowledge of the possible crack path behavior can be used for determining a strat-
egy for characterization of a specific region. The current standards (BS 7448, SFS-
EN ISO 15653, ASTM E2818) for fracture toughness testing of weld metals do not
give direct recommendations regarding how to account for crack path deviation and
assess its effect on fracture toughness or the overall material behavior [12,63,64].
The standards require that the crack stays in a specific region.
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When the user suspects that the crack will deviate to a specific weak region, the
cracks can be manufactured at constant intervals near the weak region, instead of
targeting the crack to a specific region. The risk with targeting only the weakest
region is that manufacturing of the crack in that region can be challenging, and thus,
the lowest fracture toughness is not necessarily obtained. If the cracks are manu-
factured at specific intervals relative to the weakest region and the cracks deviate
to the weakest region, the lower boundary fracture toughness at the weakest loca-
tion can be estimated by extrapolation or with the developed crack-location correc-
tion model, even if the crack is not located in the weakest region. If extrapolation is
required, it is expected that the fracture toughness behaves linearly as a function of
crack location, which is the case for the material in this study. Noticeably, this strat-
egy does not work for all DMWs or welds, since the cracks do not always grow
towards the weakest region.

4.3 Reliability, validity and limitations

Some of the uncertainties related to reliability, validity and limitations have been
discussed in previous sections. Here the focus is on the -factor, crack path char-
acterization, the model for predicting fracture toughness as a function of crack loca-
tion, and the fracture toughness results.

The testing in the ductile and ductile-to-brittle transition region was performed
according to the ASTM E1820, J-R curves, and E1921, T0. The quality of the data
was assessed according to these procedures. Part of the T0 results did not fulfill the
quality requirement for crack front straightness. These results are discarded, as re-
quired in ASTM E1921 [11]. In the 2019 versions of the ASTM E1921 and E1820
standards, the crack front straightness criterion has been relaxed, but the new re-
quirement does not affect small specimens. In some cases, the new requirement
can be even more strict for small specimens.

For the specimens characterized according to ASTM E1820, some of the meas-
ured and predicted final crack lengths are outside the validity limit. Thus, the actual
J-R curves are most likely slightly lower than currently reported. The J-R curve re-
sults and the comparison between the different sized specimens are affected by this
uncertainty. A bending correction of the data improves the comparability between
the measured and predicted final crack length, but such a correction is not currently
given in ASTM E 1820 [60].

For validation purposes of the finite element models, the -factors were deter-
mined for homogeneous materials, before the actual analysis of the multi-metal
specimens. The -factors that we obtained for homogeneous specimens are similar
to the previously obtained -factors for homogeneous materials, Figure 26, thus,
partly validating the used procedure for obtaining the -factor. In addition, for the FE
simulations of multi-metal specimens, we confirmed the path independence of the
obtained J-integrals and we performed the simulations in few cases with the large
displacement assumption. These results are in line with the results obtained by FE
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simulations using the small displacement assumption, but the analysis is harder to
perform and is an objective for further investigations.

All the simulations in this work are done by 2D models and by assuming plane
strain condition. Currently, the -factor solutions in the ASTM standards are many
times derived under these assumptions, since it is considered as a sufficiently good
approximation. However, the 2D simplification results into a slightly different re-
sponse compared to the 3D specimens due to constraint loss near the edges.

We validated the crack location-correction model based on the experimental re-
sults for a similar material from another study, Figure 43, and for the data generated
in this study, Figure 37. Yet, the validation work would have benefitted from addi-
tional data for cracks 0.15-0.3 mm from the fusion boundary. The model is only
suitable for analysis of cases where the brittle fracture initiation occurs in a specific
zone.

There is an uncertainty related to the measures of crack location relative to the
fusion boundary. For the specimens fractured to obtain the J-R curves, the crack
location relative to the fusion boundary was determined at the mid-thickness. The
actual crack location can deviate from this value, since the specimen may have
been cut in an angle relative to the fusion boundary and not parallel as was the
intention. Also the location of the fusion boundary varies, due to the wavy features
of the fusion boundary. However, since the fracture toughness decreases as a func-
tion of the distance to the fusion boundary, and the scatter is relatively low, Figure
36, the applied method to characterize the distance at mid-thickness provides an
adequate approximation of the crack location.

The T0 results are also affected by the uncertainty of the crack location measure-
ment. The crack location for the T0 specimens was determined ahead of the brittle
fracture initiation site. Also in this case, we estimated that the applied method gives
a reasonable approximation of the crack location, since the results are comparable
with the derived crack location-correction model, Figure 37. However, determina-
tion of the location of the brittle fracture initiation site is not always evident. The
initiation can be estimated at the wrong location, which affects the estimated loca-
tion of the crack relative to the fusion boundary.

Finally, mixed mode loading affects the obtained fracture toughness values and
the simulations, due to the various materials and the deviating crack paths following
the wavy features of the fusion boundary. Yet, Mode I is the main global loading
mode. We performed a preliminary estimation of the effect of crack growth along
the wavy fusion boundary on the J-R curve. The J-R curves appear to be insensitive
to the changes in crack path direction due to the wavy features of the fusion bound-
ary. It appears that the J-R curves are more affected by the initial crack location. On
the other hand, Mode II loading affects the -factor, due to the variation in strength,
but Mode I component is still the dominating mode.

The main mode related to brittle fracture is Mode I loading. Brittle fracture is dom-
inated by tensile stresses generated by Mode I loading. Mode II and III lower the
tensile stresses and result in an increase in fracture toughness in the ductile-to-
brittle transition region.
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4.4 Recommendations for further research

Related to the -factor, an objective for future work is to form an analytical depend-
ence for -factor for various welds and crack locations. This requires investigations
of the connection between the plastic zone size, the distance of the crack to the
hard/soft interface, crack length, strength mismatch and -factor. The analytical de-
pendence would enable cost-effective and standardized characterization of welds
without the need to do finite element simulations each time. Some preliminary work
has been done in [34,65] to connect the mismatch state and J or , but these models
do not account, for example, for the weld width.

Related to fracture in the ductile region, it would be useful to investigate various
types of DMWs with the methods used in this study. Most likely the crack behavior
and strength mismatch conditions are different. Deeper understanding of the effect
of crack path on fracture toughness can be obtained. In addition, numerical investi-
gations of the observed effects on crack path and fracture toughness is an interest-
ing topic for further studies, since further insight on the effect of specimen size,
various constraint effects, and mechanical behavior can be obtained.

For the brittle fracture behavior, there are current plans to investigate the fracture
toughness and crack path behavior farther from the fusion boundary than in this
study. The objective is to further validate the developed model, investigate the ap-
plicability of the model for DMWs and to get a better comparison to the results from
the literature. At the moment, such a project is not ongoing. In addition, there are
also some preliminary plans to investigate the effect of the specimen size in the
ductile-to-brittle transition region for a DMW - does the specimen size for a specific
HAZ crack influence the amount of plastic deformation occurring in the softer weld
metal, and consequently, affect the crack path and fracture toughness?

The developed model describing the fracture toughness as a function of crack
location, equation (5) and (13), should be improved to include also the data above
KJc(limit) and to include criteria for when to apply the crack location correction. The
criteria could be based on a comparison between the process zone size and dis-
tance to fusion boundary. No crack-location correction is needed as long as the
distance to fusion boundary is smaller than some average process zone size. The
reason for such criteria is that for homogeneous materials it is possible that the
fracture initiates outside the initial crack plane, but in the process zone. In addition,
the fundamental applicability of the model for DMWs should be investigated further,
together with the micromechanisms related to the beginning of the fracture process.

The applicability of the model in the ductile region should be investigated. Theo-
retically, the model can also be suitable for describing the fracture toughness be-
havior in the ductile region, as long as the damage accumulation at the fusion
boundary is controlling the fracture initiation. Some preliminary results show rela-
tively good predictability of the initiation toughness as a function of crack location in
the ductile region.

Finally, an Alloy 52 DMW was investigated in this study, studied more compre-
hensively in NIWEL project [43]. A similar DMW, but manufactured with slightly dif-
ferent parameters, was investigated by Joly and Yescas in [27,66]. In future studies,
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the results for the two DMWs and similar welds should be compared to better un-
derstand the factors that affect the evolution of the microstructure and the fracture
behavior. This type of comparison can be utilized for improving the guidance for
manufacturing Alloy 52 DMWs.
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5. Conclusions

The fracture mechanical characterization methods have developed during the last
50 years to include various applications for analysis of components critical for
safety. However, the development work has mainly focused on macroscopically ho-
mogeneous materials. Thus, the focus of this thesis was on fracture toughness char-
acterization for DMWs. We investigated the effects of strength mismatch and crack
path on fracture toughness in the ductile and ductile-to-brittle transition region of
Alloy 52 dissimilar metal welds. The investigations focused on the soft/hard inter-
face region between the ferritic SA 508 steel and Alloy 52 weld metal.

o The strength mismatch affects the -factor. For SE(B) specimens, the plas-
tic CMOD- and LLD-factors determined at an interface between a hard and
a soft material, with an additional strength mismatch due to the HAZ, yield
the same result as a homogeneous specimen, indicating the applicability
of the solutions developed for homogeneous solutions for cracks at an in-
terface between a hard and a soft material.

o The -factor deviates from the homogeneous solution after the distance
between the crack and the soft/hard interface increases. The biggest
change in  occurs as the outer parts of the equivalent plastic strain zone
ahead of the crack extend to the soft/hard interface. The observed behav-
ior can be utilized for developing general analytical -factor solutions for
welds.

o The HAZ crack near the interface tends to deviate from the original crack
path. The results show that for cracks that deviate towards the same weak
region, the fusion boundary, the farther the crack is from the weakest re-
gion, the larger is the fracture toughness. This applies both in the brittle
and ductile region. This type of behavior is typical for the investigated Alloy
52 DMW. For other types of DMWs, the strength mismatch condition can
be different and the crack does not necessarily grow towards the weakest
region.

o The results show that cracks in the HAZ do not continue the growth to-
wards the weld metal with lower strength. The crack grows along the fusion
boundary with the lowest fracture toughness.

o For the investigated DMW, when the crack is approximately 0.5 mm from
the fusion boundary, the crack does no longer deviate to the fusion bound-
ary. This threshold distance for deviation can be dependent on the speci-
men configuration.

o A model for predicting the effect of crack location relative to the weakest
region on fracture toughness was derived and validated. The model was
applied to fracture toughness data in the ductile-to-brittle transition region.
The model is applicable provided the fracture initiation occurs in a certain
zone.
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o Even if the pre-crack location varies between 0 and 0.15 mm relative to
the weakest region of the DMW, the Master Curve developed for typical
ferritic low-alloy steels describes adequately the fracture toughness be-
havior in the ductile-to-brittle transition region.

In future studies, the focus should be on developing an analytical -factor de-
pendence for welds. The dependence would speed up the fracture toughness char-
acterization process of welds. Secondly, an objective for future studies is to investi-
gate further the fracture mechanics near hard/soft interfaces, in addition to, investi-
gating various DMWs to gain a consensus on factors affecting the performance.
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