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ABSTRACT

It is vital to prevent brittle cracks in large structures. This is particularly important for a
number of industry sectors including offshore wind, Oil & Gas, and shipbuilding where
structural failure risks loss of human life and loss of expensive assets. Wide-plate test
methods allow for direct measurement of the crack arrest toughness but this kind of
testing is incredibly expensive. Therefore, there is a need for cheaper and simpler test
methods which are able to measure a material’s brittle crack arrest toughness. Some
modern steels exhibit high Charpy energy — i.e. high initiation fracture toughness, but
poor resistance to crack propagation — i.e. low crack arrest toughness. The correlation
between initiation and arrest toughness measured through small-scale testing is
investigated in five different steels, which include S355 structural steel (with two
different thicknesses), X65 pipeline steel, two high strength reactor pressure vessel steels
and EH47 shipbuilding steel. In this work, Compact Crack Arrest (CCA) testing, which
is standardised in ASTM E1221, has been successfully used to measure the crack arrest
toughness of thick sections of EH47 shipbuilding steel. A wide range of supplementary
tests were carried out, including instrumented Charpy, drop weight Pellini, fracture
toughness, tensile testing, and microscopy. Small scale mechanical tests were used to
characterise the materials’ properties and the results were compared to the materials’
microstructures. The results presented in this study have been discussed in terms of the
effectiveness of the CCA test method and small-scale test methods for measurement of

brittle crack arrest toughness and integrity assessment of large-scale structures.
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1 Introduction

Brittle fracture can happen suddenly and unexpectedly, and in most circumstances causes
complete catastrophic failure of a structure. Therefore, structures are designed so that they
would eventually fail by fatigue cracking after their design life is complete since the
fatigue lifetime can be predicted. Some structures such as reactor pressure vessels,
pipelines, and container ships are at particular risk of accidental brittle fracture due to an
unexpected event such as impact, explosion, or environmental loading. In these cases,
total structural failure may result in loss of life and expensive assets, along with potential
for serious environmental damage. Materials used for these applications often take into
account the concept of crack arrest. Although a crack may initiate in a region of high
stress concentration or local embrittlement, the material is designed to resist crack
propagation and once the crack leaves this region it will stop growing i.e. arrest. This
prevents total structural failure due to unexpected brittle fracture. Crack arrest toughness
is typically measured using large-scale wide-plate testing which has recently been
published in an 1SO standard. Because wide-plate testing is very expensive, crack arrest
toughness can been approximated using small-scale testing such as Charpy testing or
drop-weight Pellini testing. It has been observed that some modern steels show high
Charpy impact toughness, but poor resistance to a propagating crack. Previously, it was
thought that high Charpy toughness would equate to high crack arrest toughness, but this
is evidently not the case. This raises some concerns over the legitimacy of the use of

small-scale testing as a measure of crack arrestibility.
1.1 Aims and Objectives

The aim of this work is to determine which small-scale test methods accurately predict
the large-scale brittle crack arrest properties of steel. The focus will be on EH47
shipbuilding steel as this is of greatest interest to the sponsor, Lloyd’s Register
Foundation, and large scale wide-plate testing has been carried out extensively on this
material. Four other structural steels will be analysed to determine if trends can be found
between various material properties which are known to affect crack initiation and

propagation.



The main objectives of this work are:

Carry out comprehensive material characterisation using a wide range of
experimental methods to fully characterise various steels’ mechanical and
microstructural properties.

Investigate the relationship between a material’s microstructure and its fracture
properties in terms of initiation toughness and brittle crack arrest toughness.
Investigate the relationship between Charpy energy and resistance to fracture
propagation and why some materials with high Charpy energy show low crack
arrest toughness.

Determine which parameters that can be measured through small-scale testing are
able to determine a steel’s fracture properties in terms of initiation toughness and
brittle crack arrest toughness.

Carry out quantitative large-scale testing on EH47 shipbuilding steel to validate
the predictions made from small-scale testing.

Verify previously proposed empirical relationships to determine if they are
relevant for modern structural steels, and identify which are most appropriate for

future use.

1.2 Structure of thesis

This thesis is presented in “paper” format. Each of the following papers is a self-contained

piece of work which comes together to form this piece of EngD research:

Chapter 2: Literature review. This covers the theory of the brittle crack arrest
methodology in the context of popular modern and historical test methods.
This paper discusses the challenges faced by the shipbuilding industry and
classification societies and therefore the areas which need further research.

Chapter 3: Microstructural analysis. This comprises a characterisation of five different

structural steels though optical and electron microscopy, and neutron
diffraction. Microstructural characteristics including grain size, elongation
and texture of the material are determined. This feeds heavily into the
following chapter where the influence of microstructure on material

properties is discussed.



Chapter 4:

Chapter 5:

Small-scale testing. This chapter includes results from a wide range of
experiments including tensile, drop weight Pellini, instrumented Charpy, and
SEN(B) fracture toughness testing. The key microstructural parameters are
included from the previous chapter to determine how the microstructure
influences a material’s fracture properties. The relationship between initiation
and arrest properties of steels is investigated and compared to empirical
predictions which are discussed in the literature review. The key results from
this chapter are published in a journal paper, along with some of the
microstructural results. Preliminary results were presented at conferences and

two conference papers were produced in total.

Large-scale testing. These are the key results from this EngD research.
Ambitious CCA testing was carried out on EH47 shipbuilding steel to verify
the predictions from small-scale testing in the previous chapter. The
advantages of CCA testing are discussed alongside the challenges associated
with large-scale crack arrest testing. This paper is currently under review for

publication in a journal.

1.3 Publications

1.3.1 Conference Papers

e Taylor, J.,, Mehmanparast, A., Kulka, R. and Moore, P., 2019. Correlation

between steel initiation toughness and arrest toughness determined from small-

scale mechanical testing. Procedia Structural Integrity, 17, pp.472-478.

o This contains some of the preliminary results given in chapters 3 and 4.

e Taylor, J., Moore, P., Mehmanparast, A. and Kulka, R., 2019, June. Correlation

Between Steel Microstructural Characteristics and the Initiation and Arrest

Toughness Determined From Small-Scale Mechanical Testing. In ASME 2019

38th International Conference on Ocean, Offshore and Arctic Engineering.

American Society of Mechanical Engineers Digital Collection.



o This contains some of the preliminary results given in chapters 3 and 4,
analysed from a different perspective to the previous conference paper.

1.3.2 Journal Papers

Taylor, J., Mehmanparast, A., Kulka, R., Moore, P., Xu, L. and Farrahi, G.H.,
2020. Experimental study of the relationship between fracture initiation toughness
and brittle crack arrest toughness predicted from small-scale testing. Theoretical
and Applied Fracture Mechanics, 110, p.102799.

o This contains the final results for all materials from chapter 4 and the

optical microscopy from chapter 3.

Taylor, J., Mehmanparast, A., Kulka, R., Moore, P., Xu, L. and Farrahi, G.H.,
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of experimental testing of a number of plates of steel and their weldments.
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variation between steel plates from the same batch. My contribution to this
project was analysis of the experimental data and being involved in writing
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Moghaddam, B.T., Hamedany, A.M., Taylor, J., Mehmanparast, A., Brennan, F.,
Davies, C.M. and Nikbin, K., 2020. Structural integrity assessment of floating
offshore wind turbine support structures. Ocean Engineering, 208, p.107487.



o | contributed to this joint project between Cranfield University,
Strathclyde University, and Imperial College London as part of my wider
research into offshore wind support structures. The aim of this
SUPERGEN Wind Hub-sponsored project was to predict the fatigue life
and ultimate capacity of a spar-type floating offshore wind turbine
foundation with a focus on corrosion pitting at the mooring chain
connection. My contribution to this project was carrying out engineering
criticality assessments under a range of conditions determined from finite

element modelling, along with being involved in writing and editing of the

paper.
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2 Literature Review
Abstract

It is vital to prevent brittle fracture which can result in total catastrophic failure of a
structure. This is particularly important in the shipbuilding and energy industries where
structural failure can result in loss of life and expensive assets. A brittle crack can be
arrested under certain circumstances which depend on the material and operating
conditions. The arrestibility can be characterised through parameters measured from large
scale testing such as: the crack arrest toughness, Kia, and the crack arrest temperature,
CAT. These parameters can be related empirically to parameters measured from small-
scale testing. However, since modern steel plates have increased toughness and thickness,
these relationships begin to break down and the crack arrest behaviour may not be fully
understood. This review summarises current knowledge and findings and highlights the
most promising methods to predict crack arrest toughness from small-scale testing.

Keywords: brittle crack arrest, literature review, fracture mechanics, shipbuilding

Nomenclature

a Crack length

ao Initial crack length

aa Crack length at arrest

B Specimen thickness

Bn Specimen net thickness between side-grooves
d Change in CMOD over one cycle

0 Crack mouth opening displacement
E Elastic Young’s modulus

F Applied Load

H Length of sample to centre, 2H =L
K Stress concentration factor

Ko Fracture initiation toughness



Ka Crack arrest toughness

Keca Crack arrest toughness: critical stress intensity factor for crack arrest under
mode | fracture mechanics loading condition

Kia Crack arrest toughness: measured via ASTM E1221

Kic Critical stress intensity factor for mode | fracture initiation, also fracture
initiation toughness

L Length of sample from edge to edge

Lp Distance between loading pins

mmt Thickness in millimetres

N Slot width

n Number of cycles to arrest

P Applied Load

ovd Dynamic yield strength

oYs Static yield strength

T Temperature

t Thickness

W Specimen width

Xa Distance in x direction to the crack arrest point

Xbr Distance in x direction to a branched crack’s arrest point

Ya Distance in y direction to the crack arrest point

CAT Crack arrest temperature

CCA Compact crack arrest test method or specimen
CMOD Crack mouth opening displacement

COD Crack opening displacement

DTT Double tension test

DWT Drop weight test

DWTT  Drop weight tear test

FATT  Fracture appearance transition temperature
LEFM  Linear elastic fracture mechanics

NDTT  Nil ductility transition temperature

SIF Stress intensity factor



2.1 Introduction

Structures in offshore environments are exposed to very harsh loading conditions, with
both wind and wave loading in addition to the operating loads i.e. its own mass and
moving components®?. To withstand these conditions, the materials used must be very
strong and tough. Nonetheless, there is a risk of accidental damage resulting in brittle
fracture which is usually catastrophic. In such structures a crack will usually initiate
around a welded region, which is the part of a structure most susceptible to cracking due
to: material mismatch; heat input which changes material properties; locked-in residual
stresses; and increased chance of impurity inclusions during the welding process®. It is
essential to ensure that accidental damage does not cause total structural failure of an

asset which can result in loss of life and great expense.
2.1.1 Motivation: issues facing shipbuilding industry

Brittle fracture is an issue which has caused many catastrophic failures of large welded
structures in history. Some of the earliest high-profile major structural failures due to
brittle fracture are those of the Liberty ships during WWII4. Other major catastrophes
which fuelled research into brittle fracture have included those of storage vessels such as
the Fawley crude oil storage tank in 1952 and the John Thompson pressure vessel in
1965°. Research conducted on the topic of brittle fracture discovered that (ferritic)
structural steels exhibit a transition from ductile to brittle behaviour as the temperature
decreases and that welds are hotspots for brittle crack initiation®. The ductile-brittle
transition behaviour was initially characterised through Charpy V notch impact testing

and later Pellini drop weight testing was also used®>®.

Advancements have been made in the shipbuilding industry since the 1940s including
designing ships to have fewer sharp corners to act as stress concentrators and reinforcing
the hulls to prevent brittle fracture”®. In modern days, the requirements for shipbuilding
steels are set by the International Association of Classification Societies (IACS), which
includes assurance organisations worldwide. This EngD project is sponsored by IACS
member Lloyd’s Register. There is a drive to reduce carbon emissions of the shipping
industry by using larger ships which can carry more cargo per journey®. These ships

require stronger and thicker plates of steel for their hulls, and this carries with it an



increased risk of brittle fracture, particularly in the case of bad weather or accidental
damagel2. A brittle crack can be prevented from causing catastrophic failure of the
structure by ensuring that the materials used have a sufficient resistance to a propagating
fracture i.e. high brittle crack arrest toughness'. Regardless, the shipping industry still
faces structural integrity challenges which are caused by the up-sizing of container
ships”1L. In recent years, this has resulted in break-in-two failure of two major container
ships, the MSC Napoli in 2007 and the MOL Comfort in 2013, which has accelerated

research into the brittle fracture properties of ship hull steels>4,
2.1.2 Fracture mechanics theory

Chance of crack initiation in large steel structures can be reduced by employing the best
possible welding practice to reduce the chance of impurity inclusion and minimise heat
input along with using well-matched weld metal. Smaller components can be heat-treated
after welding, to reduce the damaging effects of welding residual stresses and reinforce
the materials microstructure and larger structures can receive local heat treatment or
compressive treatments such as peening®. However, this is simply not commercially
viable for very large components such as ships, wind turbine support structures, or long

welded pipelines.

The most common kind of cracking is fatigue cracking, where a crack slowly grows over
many loading cycles®®. Fatigue cracks can be monitored through inspection, although this
may not feasible or effective for a large complex structure such as a ship which may have
a double hull for strength and many inaccessible areas. By monitoring the growth of a
crack, appropriate maintenance can be carried out when necessary — for example grinding
out a crack before it reaches a critical size. A load cannot be transferred through a crack,
so once it grows too large the whole structure will fail. In contrast to fatigue cracks, which
grow slowly, a brittle crack cannot be monitored as failure happens almost
instantaneously. The fracture initiation prevention approach uses multiple techniques to
minimise the chance of a crack initiating, for example: the number of welds is minimised
to reduce the number of weak spots, and sharp corners are avoided as these can cause a

concentration of stress which leads to cracking.
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An alternative approach to initiation prevention is the crack arrest approach. Using this
concept, it can be considered that fracture may occur in a local region of high stress,
embrittlement or under accidental damage. However, the material’s properties are
carefully controlled so it has a sufficient toughness to inhibit fracture propagation in the
bulk metal®. When the crack arrests before growing too long, catastrophic failure can be
prevented. This is vital for a structure with welds, which can be a hotspot for defects or
embrittled zones which promote fracture initiation. Moreover, the crack arrest approach
can be more reliable than the initiation approach at preventing catastrophic fracture as it
accounts for accidental damage and is effective even once a crack is growing!’. At a
temperature, T, above the nil ductility transition temperature!® (NDTT), i.e. T > NDTT,
and small crack lengths up to 10mm, the arrest approach is a more reliable approach, and

becomes more reliable at temperatures well above NDTT ¥/,

Crack growth behaviour is predicted using the principles of fracture mechanics, which
use the theories of elasticity and plasticity to determine the macroscopic material
behaviour. Brittle fracture can be characterised using linear elastic fracture mechanics
(LEFM), in which plastic deformation is negligible or limited to a small region ahead of
the crack tip*°. This is an energy based approach, where the strain energy release rate as
the crack grows can be used to find the stress intensity at the crack tip under loading. The
stress intensity factor, K, predicts the stress state near the crack tip and it depends on the
size and location of the crack along with the loading conditions and material behaviour'®.
There are 3 orthogonal loading configurations analysed by LEFM, shown in Figure 2-1:
mode | is pure tensile loading perpendicular to the crack plane; mode Il is pure shear
loading in plane with the crack; and mode Il is pure shear loading out of plane with the
crack. In reality, loading can be a very complex combination of these modes which is

termed ‘mixed mode’ loading.

K is also used as the material’s toughness i.e. above what stress intensity factor will a
crack begin to grow in this material. For further fracture mechanics theory, see

Anderson’s Fracture Mechanics™®.
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Mode I: Mode II: Mode III:

Figure 2-1: The three distinct fracture mechanics modes. For each mode, different equations are

needed to be used to characterise the material’s behaviour. Image by Twisp, public domain.

A material’s resistance to crack initiation can be described by the critical linear-elastic
toughness for mode | fracture, Kic, or the elastic-plastic fracture toughness Jic. It is
practically simpler to measure Kc, but materials more realistically show both elastic and
plastic behaviour and so Jic is a better measure of toughness. Jic is measured using the J-
integral, which measures the energy release rate as the crack grows. A related method
measures the critical crack tip opening displacement (CTOD) required for a crack to
initiate in a particular material. Kic, Jic and CTOD are defined as material properties, but

they depend on specimen geometry, loading conditions, and temperature.

Crack arrest properties are typically measured by one of the following two parameters:
crack arrest toughness (Ka); crack arrest temperature (CAT). The crack arrest toughness,
Kca, can be defined as the critical stress intensity factor under mode | fracture mechanics
loading above which a fast-running crack is arrested. Alternatively, a lower bound
approximation of crack arrest toughness, Kia, can be used, although this may give a
conservative estimate’®2, The CAT is the lowest temperature that a fast-running brittle
crack will arrest in a certain material under specified conditions. Kja and K¢ can be
determined through standardised methods such as those described in ASTM E1221 and
ISO 20064224 The CAT can be determined by initiating a brittle crack in a material at
a range of temperatures and finding the lowest temperature where a brittle running crack
arrests'®. In such experiments, fracture is typically initiated by impacting a region with a
notched brittle weld bead.
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2.2 Comparison of BCA evaluation methods

The CAT approach often employs simple pass/fail crack propagation tests such as drop
weight tests which are carried out at different temperatures in order to find the minimum
temperature at which a crack initiates and arrests. Additionally, the fracture surface can
be examined to find the fracture surface ductility, and the crack length at arrest aa, which
can be empirically related to large-scale test results®>?%. However, these empirical
relations are typically only valid for particular materials, thicknesses, and sample sizes,
and new relations need to be found for each material developed. If the operating
conditions are known, then the CAT gives confidence that the material is fit for service

at the operating temperature range.

As technology progresses, the structural steels which are available are getting stronger
and tougher. For a brittle crack to initiate in a very high toughness material, it needs to
overcome a huge energy barrier. This means that the initial driving force of the crack is
very high and it can propagate very quickly and jump further before being arrested. This
can result in catastrophic failure or severe structural damage before the crack is arrested.
Although crack arrest toughness, Ka, is thought of as a material property, it is strongly
dependent on the plate thickness, test temperature, applied stress?’-. Furthermore, brittle
crack arrest toughness shows a dependence on specimen width as well as manufacturing
processes®l 3. The increasing tonnage of container ships leads to a necessity in using
thicker hulls of higher strength steels, which has an adverse effect on both their fracture
toughness and crack arrestibility. A study looking at 35mm and 70mm thick shipbuilding
steel found that even with added stiffeners, the crack could not be arrested in the thicker
plate of steel under identical conditions®. An example of the effect of thickness on crack
arrest behaviour can be seen in Figure 2-2. As seen in this figure, a thicker plate gives a
lower toughness at a certain temperature?®. As the thickness of the steel increases, some
historic small scale tests are no longer considered valid to model the behaviour due to the
difference in constraint levels?® and a number of expensive large scale tests will need to
be carried out to characterise the plate’s behaviour. This makes it complex to predict the
crack arrest properties of large structures from subsize specimens, thus introducing a need

for a sufficiently conservative approach.
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Figure 2-2: Arrhenius plot to show the effect of plate thickness on its crack arrest toughness®.

Whilst the empirical relationships between small- and large-scale tests were valid for
previous material specifications, they need to be verified for modern steels. Current test
procedures need to be optimized in order for appropriate certification of thicker, and
tougher materials to be possible. This would enable futureproof certification of shipping

vessels, to ensure that catastrophic failure does not occur.
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2.3 Standard Test Methods for Brittle Crack Arrest Testing and
Analysis

The most reliable tests to measure brittle crack arrest are component-scale tests under
operating conditions. Large-scale and small-scale tests can be used to approximate this,
and find empirical relations from which Kia, Kca or CAT can be calculated. Large scale
wide-plate tests are favoured by the shipbuilding industry as these are the only test
methods certified by classification societies (IACS®). However, large scale testing is
incredibly expensive so there is a need for reliable small-scale testing which is

representative of material properties.

This review will focus on the two main standards for brittle crack arrest toughness Ka
testing, which are most practical and frequently used: ASTM E1221:2012% and I1SO
20064:2019%*, which has been recently adopted and is based on JWES 2815:2014%,

2.3.1 ASTM E1221:2012 Standard Test Method for Determining Plane-Strain

Crack-Arrest Fracture Toughness, Kia, of Ferritic Steels

This approach employs side grooved crack-line-wedge-loaded compact crack arrest
(CCA) specimens as shown in Figure 2-3, which gives a rapid run-arrest of a flat-tensile
specimen with a nearly straight crack front. Equation 2-1 to Equation 2-5 are used to
calculate K shortly after arrest, which is equivalent to Kja when particular size

requirements are met as described by Equation 2-6 to Equation 2-10.

According to the guidelines provided in ASTM E1221 standard??, the specimen thickness,
B, must be large enough to satisfy plane strain conditions, or full plate thickness. The
width, W, should be within the range 2B<W<8B, and the height, H, is 0.6W. A wedge is
loaded cyclically into the specimen loading hole (diameter D) with increasing peak load,
and the crack mouth opening displacement (CMOD) is used to find K once an arrest event
has occurred. According to the ASTM standard, the stress intensity factor can be
calculated using Equation 2-1 to Equation 2-5:
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Figure 2-3: Schematic illustration of the CCA specimen design.

B Equation 2-1

K = ESY
ByW

1 .
Y = (1 —x)2(0.748 — 2.176x + 3.56x2 — 2.55x° + 0.62x*%) Equation 2-2
X =— Equation 2-3

where E is the elastic Young’s modulus in MPa, B is the specimen thickness in mm, By
is the net thickness between the side grooves in mm, W is the specimen width in mm, ¢ is
calculated from the CMOD using Equation 2-4 or Equation 2-5, and a is the crack length
in mm (i.e. ao is the initial crack length and aa is the arrested crack length). In order to
calculate Ko, which is the stress intensity factor at initiation point (known as crack
initiation toughness), the crack length is taken as a = ap, and ¢ = do. Similarly, Ka which

is known as the crack arrest toughness is calculated using a = aa and 0 = da.
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0, used in Equation 2-1, is calculated from the equations below using Figure 2-4 as a
reference to show how the parameters are calculated from the load-displacement curve
over multiple cycles.

do =69 — (6p) Equation 2-4

n—1

d,=6,— () —05[6) =) | +05[8,— 6]
P71 [ Pn-1 P 1] Equation 2-5

=0.5 [50+5a - (6p)1 - (6P)n—1]

where n is the number of load cycles to the run-arrest event, do is the CMOD at the crack
initiation point, dp(n-1) is the CMOD at the start of the nth loading cycle when the load has
been reset to 0, and da is the CMOD after the crack has arrested. It can be seen in Figure

2-4 that as the crack propagates, the crack mouth widens before it arrests.

According to ASTM E1221: when the following criteria are met Ka can be taken as Kja
which is the critical stress intensity factor for crack arrest under the mode | fracture

mechanics loading condition.

—Cycle1 Initiation
—Cycle 2 /? \‘\
—Cycle 3 i \‘.
—Cyclen : .:
o | i
g / : |
I [ |
o ! 1
- | ]
(5] 1 1
=) ! i
2 ! :
= \ Arrest
| | | |'
(6p)1 (6p)n-1 6o ba

Crack Mouth Opening Displacement, 6

Figure 2-4: Wedge force vs. CMOD using cyclic loading technique. Each loading cycle is shown

in a different colour until the final “cycle n”” where the crack propagates and arrests.
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W —a, = 0.15W Equation 2-6

K i -
W—a, = 1_25(_a)z Equation 2-7
Oyq
K i -
B>1.0 (_“)2 Equation 2-8
Oyq
Gq — Ao = 2N Equation 2-9
Ko\’ Equation 2-10
g — Qg = (_> /27‘[
Oys

where N is the machined slot width, W-a is the uncracked ligament, gy, is the dynamic
yield stress and gy is the static yield stress. These criteria ensure that the specimen is of
a sufficiently large size to satisfy plane strain conditions, and that the assumption of static

behaviour during the crack jump event is appropriate i.e. dynamic effects are not present.

2.3.2 1SO 20064:2019 Metallic materials - Steel - Method of test for the

determination of brittle crack arrest toughness, Kca

The test procedure given in this approach?*32 typically uses an impact to initiate the crack
in a crack starter region which is embrittled either by cooling or by electron weld
embrittlement. A temperature gradient is applied on the specimen, with a cooled region
at the initiation point and increasing temperature along the crack path. The specimen is
held under tension of up to % of the yield strength (oys). This approach utilises “wide-
plate” testing with very large specimen sizes. The standard test specimen recommended
by this method is shown in Figure 2-5, although variations and adjustments to the
procedure for double tension test (without impact) and duplex test (with extended crack
starter region) methods are included in the appendices depending on what test
configuration is available at the test centre. Following this standard, Kca is measured from
the maximum crack length after a run-arrest event. This method has multiple annexes to
allow for flexibility with the test method, but the standard recommended method is shown

here.
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Figure 2-5: Recommended test specimen employed in 1ISO 20064 and WES:2815 along with

standard dimensions?+%2,

In this approach the specimen of maximum thickness 200mm is held under an applied
stress between Y6oysand Ysoys, and the notch is subjected to an impact from a falling tup

in order to initiate a crack, which propagates a distance before arrest.

Once the test has finished, the specimen is broken open using a ductile fracture method
and images of the fracture surfaces are recorded. The longest length to the first arrested

crack tip, aa, is measured, and the temperature can be interpolated by reading off a
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temperature distribution curve of thermocouples along the surface. From this crack
length, Kca is found using Equation 2-11 and Equation 2-12:

1

2W ma, 12
K., = o\ma, [naa tan (ZW) Equation 2-11
10°F Equation 2-12
T

where F is the stress applied in MPa. This gives a valid value of Kca when the following
criteria in Equation 2-13 to Equation 2-19 are met:

Ya < 50mm Equation 2-13
br 06 Equation 2-14
xa
a < 0.15 Equation 2-15
LP
a, = 0.5W Equation 2-16
Ly = 3.4W Equation 2-17

03 < 2 <0.7 Equation 2-18
W
% <15 Equation 2-19

where L is the distance to the loading pins from the crack tip in mm, ya is the maximum
crack extension in the y direction in mm, Xa is the maximum crack extension in the x
direction in mm, Xor is the maximum extension in the x direction of any secondary crack
branch in mm. This ensures that the crack is straight (Equation 2-13), with minimal crack
branching (Equation 2-14), the dynamic effects of reflected stress waves from initiation
are minimised (Equation 2-15 to Equation 2-17), and an adequate crack length is achieved
to be considered a complete run-arrest event (Equation 2-18 and Equation 2-19). The
calculated Kca can be considered to be a reference value if the conditions above are not
all met. A schematic illustration of the validity criteria given in equations Equation 2-13

to Equation 2-19 is shown in Figure 2-6.
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Figure 2-6: Allowable crack path and size for K., calculation. Allowable region in grey.
2.3.3 Comparison between ASTM1221 and WES2815

The ASTM standard uses a static approach to calculate a lower-bound Kja. The static
approach assumes that the initiation, run, and arrest event is instantaneous. It is valid for
small crack jump lengths, and where the initiation toughness and arrest toughness are
similar, otherwise this analysis is too conservative. CCA test results agree well with large

scale tests, but may underestimate the toughness®’-3°.

The 1SO standard additionally includes a document which explains the assumptions and
validity criteria of the main standard, which are based on the results of experimental work.
Further annexes in the standard include methods for finding results from tests with other
conditions: dynamic measurement of results; isothermal tests; double tension loading

configurations; duplex starter sections for use in high strength steels; and tests which
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result in an overly curved crack. This means that this standard is valid for a wider range
of test conditions than the ASTM test, and includes corrections to test technique which
are not considered by ASTM, for example using a duplex sample to allow for easier crack
initiation in a very tough material. However, the flexibility of using different methods
increases the complication of the ISO standard compared to the simpler ASTM standard.
It is important to consider that each test gives a different estimate crack arrest toughness,

and can be used to complement each other and verify results.

Due to the large size requirements of the ISO standard “wide-plate” specimens and the
need for the specimen to be under high levels of tension during the test (typically over
150 MPa), this kind of testing is expensive and complicated to carry out. CCA testing
may give a lower estimate of brittle crack arrest toughness, but the tests are a lot cheaper
and easier to carry out. CCA testing is a promising alternative to wide-plate testing which
would make quantitative measurement of brittle crack arrest toughness cheaper and more

accessible.
2.4 Wide-plate Tests

Large scale test specimens are typically in the size range of metres. These can be
structurally representative, which are the most reliable tests but also the most expensive.
Robertson tests, shown in Figure 2-7, cool the sample to a certain temperature, apply the
maximum design stress, and impact the notch*®. The minimum temperature at which a
no-go result is observed is deemed to be the CAT. These are no longer commonly used
because of the prohibitive cost of large scale isothermal testing. ESSO tests are a modified
Robertson test with an increased test section length, which can be used to find Ka*!. These
are often the same as those in 1SO 20064, but may have different dimensions or not meet
the criteria in Equation 2-13 to Equation 2-19. ESSO tests are more commonly used in
industry, both following the standard and other designs, and are described by Equation
2-20%,
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Figure 2-7: The basic set up for a Robertson test — a simple impact style test.

K.q = oma,Y Equation 2-20
where Y is a geometry-dependent shape factor.

Double tension tests (DTT, Figure 2-8) have no impact loading, and instead use loading
tabs to increase the stress concentration around the notch and introduce a high enough
stress intensity factor to initiate brittle fracture, often using an embrittled starter section.
The subsidiary loading on the tabs contributes to the stress intensity factor at the crack tip
and hence adds a term into the toughness calculation shown in Equation 2-21.

Large scale tests are extremely expensive and challenging to carry out. Of the wide plate
tests, the DTT is recommended because: it can be used both isothermally and with a
temperature gradient; the applied stress can be controlled through starter length and
applied stress; and the initiation does not require an impact which may affect propagation.
The same concerns mentioned in section 2.3.3 apply to the wide-plate testing discussed
in this section which further demonstrates the need for reliable and affordable brittle crack
arrest testing.
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Figure 2-8: The basic set up for a DTT test — a simple non-impact style test.
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where Kiap is the additional stress intensity factor due to the force applied to the tab, Ptab,

K.q = oma,Y + Kigp = 04/ma,Y + Equation 2-21

and Yiap is a geometry-dependent shape factor.
2.5 Small Scale Tests

Small scale tests are cheap and easy to carry out, and can be used to find empirical
equations which relate them to larger scale test methods. However, the empirical
equations are validated for certain specimen dimensions of a given material at a specified
thickness, under a certain loading rate. This means that they cannot necessarily be applied
to represent a large structure which would almost certainly not meet the strict validity
criteria. Since crack arrest toughness depends on temperature, the ductile to brittle
transition of the material must be understood and this can be done effectively through
small-scale testing. Reference temperatures determined from the ductile-brittle transition

of the material can be used to approximate the CAT.

There are a number of small-scale test methods which determine material properties that

have been adopted for use in brittle crack arrest. Charpy impact tests measure the energy
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absorbed during fracture of a material at different temperatures, and can be instrumented
to measure: the impact force, the load point displacement, and CMOD#**. Additionally,
post mortem analysis can be carried out on the fracture surface to determine the % shear
and crystalline fracture, and lateral expansion in line of impact. The ductile-brittle
transition curve of the material can be characterised by Charpy impact tests over a wide
temperature range. Drop weight tests include the Pellini test, which is impacted under 3
point bend and finds the NDTT, which is the maximum temperature at which a brittle
crack initiates but does not arrest??. Using the empirical relations, this gives the best
agreement of the simple small scale tests*3. A second drop weight test is the drop weight
tear test (DWTT), which is used at upper shelf temperatures and to calculate the CAT for
ductile tearing and is popular in the pipeline industry*®*’. Single edge notched bend
(SEN(B)) fracture toughness tests can be used to find the K at arrest from the CMOD at

arrest, which gives a conservative estimate of K, compared to CCA wedge loading*®.

Small scale tests have a lower reliability than large scale tests, especially since empirical
relations are limited to particular thickness, temperature, and stress ranges. However, they
are cheap and easy to carry out reliably and under particular configurations can be rather
accurate. Because they employ small test specimens, reflection of stress waves may be

prominent and so care must be taken in choice of test method.
2.6 Historical Review of small-scale testing

2.6.1 1960s-1990s — Empirical relationships

Many equations have been proposed for relating crack arrest parameters to each other in
order to utilise small-scale testing rather than expensive wide-plate testing. Many of these
relations were developed in the 1990s or earlier and are not in common use nor verified
for modern materials. Some relations to approximate the CAT in an isothermal Robertson
test (CATiso) were derived in the 1980-90s in the UK*%*:

CATiso = CATypreq + 20 (£20)°C Equation 2-22
CATy, = 0.84T,;; + 3(£24)°C Equation 2-23
CAT;;, = NDTT + 10 (£15)°C Equation 2-24
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This enables the CATiso to be determined from: the CAT from gradient tests (CATgrad); the
temperature at which the Charpy impact energy is 27J (T273); and the NDTT from Pellini
testing. These relations were determined for plates of 50mm and all temperatures are
measured in °C. Equation 2-25 allows for prediction of the CATiso from a combination of

NDTT, applied stress (o) and plate thickness (t)>2,

1 .
CAT;,, = NDTT + 10 + 1.3(c - 12.6) + 5.3(t— 12)z°c Equation 2-25

These can be compared to relations developed around the same time in Japan, where the
CAT was compared between different test methods. With an applied stress of half of the
yield stress and a plate thickness from 20-50mm, Equation 2-26 describes the general
relationship between the results from isothermal and gradient testing which is quantified
in Equation 2-27°4,

CATyrqq > CATy, Equation 2-26
CATi5o = CATgraq — 16 (£10)°C Equation 2-27

Equation 2-22 is in complete disagreement with Equation 2-27, which led to a drive to
better understand brittle crack arrest and develop more reliable test methods. The
following relations are the culmination of multiple studies of Charpy V-notch (CVN) and
Pellini impact testing to relate the amount of energy absorbed during impact to the
NDTT?2240434555-59 " Similar relationships are available to relate the Charpy transition
curve to the DWTT transition curve.

NDTT = Tip9; +50°C Equation 2-28
NDTT = Ty, + 60°C Equation 2-29
NDTT = T,y +60°C Equation 2-30
NDTT = 50% CVN FATT + 50°C Equation 2-31

where Ty is the temperature at which xJ of energy is absorbed and is read from the best
fit to the Charpy transition curve. The 50% CVN FATT is the temperature at which the
fracture surface of the Charpy specimens shows 50% ductile and 50% brittle fracture
texture. The scatter in results is considerable, however it is well appreciated that Charpy
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tests measure both fracture initiation and fracture propagation mechanisms and a good
amount of plasticity is introduced during the fracture, which absorbs much of the
energy®. In contrast, Pellini testing measures purely brittle behaviour with very little
plasticity. In addition, the small size of the Charpy specimen causes difference in
constraint as compared with the thicker Pellini test. Therefore, only very approximate
relations exist between Charpy energy and crack arrest test results.

From early empirical relationships to evaluate brittle crack arrest from scale-scale testing,
one relationship stood out through round robin testing as giving good agreement and

conservative estimates of CAT?S:
CAT = NDTT + 40°C Equation 2-32

This good correlation between NDTT and CAT for different materials and welds is not
surprising since the drop weight test is a measure of the resistance against continuous
fracture propagation. Resistance to continuous fracture propagation is equivalent to crack
arrestibility, characterised by the CAT.

2.6.2 Semi-Empirical Relations with Corrections for Thickness and Applied

Stress

From the simple relations given above, a range of tests were carried out to make
corrections for a variation in applied stress and thickness*. This relationship uses the
reference conditions of the CAT for 124 MPa applied stress (o) on a 25 mm thick (B)
plate and adds corrections for other stresses and thicknesses. Equation 2-33 and Equation

2-34 developed by Smedley cover the thickness range from 12-50mm5?,
CAT = (NDTT + 10) + (1.30 — 16) + (5.3\/[B — 12] — 19)°c  Equation 2-33

In[o
CAT = (NDTT + 10) + (ﬁ — 105) + (5.3y/[B — 12] — 19)
' Equation 2-34

+ (1001In [f(awa)rc

where f (72) = (ﬁtan ﬂ) Equation 2-35

Tag 2B
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where f (aw“) is the finite width correction for centre cracked plates which was

theoretically derived and verified through experiment for each different test geometry.

Equation 2-36 developed by Wiesner is valid for 5-250mm thickness®®.

In[o] 1 .
CAT = [NDTT + 10] + [7= — 105] + [153(B — 5)T5 — 190] °C Equation 2-36

This in turn has led to the formula commonly used today, in the R6 defect tolerance

assessment procedure for the UK nuclear industry®253;

1 .
CAT = NDTT +21.7Ino + 173.2(200B - 1)13-285°C Equation 2-37

Figure 2-9 shows the agreement with the experimental data, which is very good at the
lower thicknesses but there is a distinct lack of data at higher thicknesses which gives a
lack of confidence above 50mm thickness.

60 ¢
50 £
40 f
30 f

Change in CAT/C

-10 -------- Fit to data
2 —— Equation 2-33

_40 E:: 1 L 1 L 1 | 1 L 1 L 1 L 1 L 1 | 1 L 1
0 50 100 150 200 250 300
Thickness/ mm

Figure 2-9: Change in CAT compared to that of a plate with 25mm thickness. From
Wiesner®, who collected the data from a range of previous studies. The fit to this data
comes from Equation 2-33.

2.6.3 Reference Curves

Reference curves are used extensively in the pressure vessel industry to give a lower

bound crack initiation toughness for all the grades of pressure vessel steel at temperatures
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within the transition region®. Originally, the American Society of Mechanical Engineers
(ASME) reference curve was used in industry®, which gives an estimate based on
extensive experimental results. The master curve approach is an alternative statistical
approximation which may give a higher degree of accuracy®. These approaches use a
reference temperature (for example To, the temperature corresponding to a mean initiation
fracture toughness of 100 MPaVm) for the material to calculate its toughness at a given
temperature®. The median fracture toughness, Kjc, is predicted using the following

equation®:
Kjcmediany = 30 + 700019~ To) Equation 2-38

where K¢ is in MPavVm and T, the assessment temperature, has the unit of °C (i.e. degrees
Celsius). It is assumed that both the initiation toughness, Kjc, and lower bound
approximation of crack arrest toughness, Kia, data are expected to exhibit the same
temperature dependence since the temperature dependence of both toughness values is
controlled by the atomic arrangement, or crystal structure of the material. Consequently,
the temperature dependence is expected to be common to all ferritic steels®. Through
analysis of a large amount of experimental data, the following relations which are relevant

to this work were proposed in the literature®’:
K,c = 51.276 + 51.897 0036 (T—NDTT) Equation 2-39

K, = 49.957 + 16.878 ¢0-028738(T' - NDTT) Equation 2-40

where K, and K, are in MPaym and T, the assessment temperature, has the unit of °C
(i.e. degrees Celsius). An alternative correlation which has been developed in previous
studies takes the reference temperature from instrumented Charpy testing to describe the
arrest toughness using the temperature at which the force after fracture measured by an
instrumented Charpy test is 4kN, T4kn®8,

T- T4kN—12.3)

K, = 30 + 70 e( 52.63 Equation 2-41

The pipeline industry typically uses the Battelle Two Curve Method (BTCM) to
characterise the pipe’s resistance to crack propagation®®. This method considers the gas

decompression curve (driving force) and the dynamic fracture resistance curve which
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involves computational fluid dynamics of the fluid in the pipeline’. The BTCM is not
covered in this review as this kind of ductile fracture is not being considered in this work.

2.6.4 Recent research on small-scale testing

In recent years, there has been some interest in use of small-scale testing to predict brittle
crack arrest in the shipbuilding industry, as there is a desire to include it in the IACS
unified requirements for brittle crack arrest steels. Much of the recent work on brittle
crack arrest has focused on using finite element modelling (FEM) to simulate
experimental conditions and predict crack arrest properties. This will be covered in
section 2.7. The master curve methods have been investigated by other researchers and
generally validated against FEM rather than large scale testing?>®>71-"4_Modern steels for
container ships have been developed to have high crack arrest toughness by rolling using
a thermo-mechanically controlled process (TMCP)™"7. This texture means that the
material properties are not the same throughout the thickness of the steel. It has been
proposed that small-scale test methods should sample the near-surface or ¥2 wall of the
steel to give the best estimate of brittle crack arrest properties for modern shipbuilding
steels’”. An alternative small scale test method to measure brittle crack arrest has been
developed in Japan which uses a pressed-notch bend specimen and shows good agreement
with ESSO tests’®. It has not been possible to find a study where a wide range of small-
scale test methods were carried out on the same plate of steel to conclusively compare

them with one another.
2.7 Finite Element Modelling

In recent years, a number of successful numerical models have been developed to
simulate and predict crack arrest in steels. Through adaptation of models used to describe
fracture initiation, the mechanism behind crack propagation and arrest is understood to
be governed by the local stress criterion’®-8. That is, crack propagation is determined by
the stress state a short distance ahead of the crack tip. This is commonly assessed using
the RKR criterion which was originally developed to predict fracture initiation
toughness®®. In this approach, crack propagation is controlled by the crack opening stress
shortly ahead of the crack tip, outside of the plastic zone®. If the stress ahead of the crack

tip exceeds the critical fracture stress, the crack extends forward. This can be further
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explained through grain-scale micromechanical models® 4. For complex geometries or

loading conditions, a local approach to fracture is more reliable than a global approach®.

The commonly used methods to model a growing crack are element deletion, nodal force
release, and XFEM. Other methods include boundary element, meshless, re-meshing, and
embedded crack®. The element deletion method is quite a basic approximation to the
crack growth. When the strain in an element reaches a critical point, its stiffness is reduced
to near zero. This causes the element to be insignificant with respect to the other elements
and is effectively deleted, therefore the crack front progresses. This method is quite crude,
and the crack can only propagate in increments of the element size which limits this
approach. Additionally, the crack width is increased by the finite size of the elements
which blunts the crack tip and hence reduces the effective stress intensity. The nodal
force release method is a generation mode analysis, which means that the crack is
modelled following experimental results of crack growth. When the crack propagates, the
reaction forces between the nodes at the crack tip are released and the crack grows
incrementally. Although this method retains the sharp crack tip, it requires prior
knowledge of the crack path because the crack length as a function of time is an input in
terms of boundary condition. This method may produce more accurate outputs than the
element deletion method, but requires additional inputs in terms of crack propagation
behaviour, which may not be known. Both these methods can be improved by re-meshing
during the crack propagation, however this requires a projection of the crack growth

which is often inaccurate and computationally time-consuming.

A newly developed method of crack modelling is the extended finite element method
(XFEM) in which the crack description is unrelated to the meshing or crack location. The
crack is established implicitly as the solution of the pair of functions which describe the
crack surface and the crack front. These functions evolve to describe the crack as it
propagates. The benefits of this method are that the incremental crack extension does not
rely on the mesh size, nor is the crack given a finite width (i.e. blunted) due to the element
size. However, the material needs to be very well characterised in order to implement
XFEM reliably.

Previous studies have modelled brittle crack arrest using a few methods, most commonly

using nodal force release to measure the stresses and toughness from experimental crack
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growth data®879%-100 or ysing XFEM to model the crack propagation and arrest®9101-
103 A novel approach has been taken by a group researchers in Japan who have designed
a new multi-scale model to predict crack extension, fracture surface, and arrest’®-81.97:104,
One of the issues with modelling cracks is that the crack propagation in a model in the
order of 10°m is controlled by processes happening in the grains, on a scale of 10°m. This
disparity in scale makes the process computationally exhaustive to have a mesh size of
10°m, or inadequate to be modelled as larger cells. To make sense of this, and bridge the
divide, a novel approach was taken to discretize the plate into grain-sized-cells and divide
these grains into smaller unit cells. The model was run on the unit cell scale, and the
averaged results of this were fed into the grain-sized-cell model in order to predict both

the crack length and crack face features accurately.

It was not possible to carry out meaningful FEM as part of this EngD research because
the instrumentation of the experiments to measure the crack speed was not successful,

which means it would not be possible to validate the FEM.
2.8 Considerations with Testing

There are additional issues when it comes to tough materials, since tunnelling is often
more pronounced due to shear lip formation?>%>1% However, tunnelling gives more
conservative results because it effectively increases toughness/reduces constraint.
Tunnelling can be reduced through side-grooving, but it still means that the results can
be slightly ambiguous and scatter is increased. Additionally, one could consider a side-

grooved specimen to no longer be “full-thickness”.

Cracks typically initiate in localised brittle regions of HAZ and propagate along the weld.
Due to the welding residual stress profile available in the plate, or a change to the weld
seam, the crack is diverted into, and arrested in, the main plate. The crack is found to
almost always arrest in the base metal, hence only base metal needs be considered for Ka
testing'*1®. For this reason, it is common in the test methods described here for the crack

to initiate from an embrittled weld and propagate into base metal.

Smaller grain size introduces more grain boundaries into the crack path which increases
the resistance to crack growth. Grain size refinement certainly increases initiation

toughness and Charpy impact toughness via Hall-Petch grain boundary
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strengthening®%’. It has been postulated that the same relationship holds for brittle crack
arrest toughness?®®, however it has recently been suggested that smaller grain size may

decrease brittle crack arrest toughness®.

The most important consideration with testing is the size of the test specimens. It is known
that Ka depends on the applied stress, the initial crack length, the plate thickness, the plate
width and the temperature. This makes it incredibly difficult to accurately simulate the
service conditions, and also means that Ka will vary from plate to plate and application to
application. If temperature-based relationships are able to account for the size effects
between small-scale and large-scale testing then they can be an effective method of

ensuring the crack arrestibility at the service temperature.
2.9 The research gap examined in this research

In any steels which exhibit a ductile-brittle transition, as the temperature decreases the
initiation and arrest toughness will also decrease. It needs to be verified that they will be
fit for service in any realistic operating conditions. The microstructure is particularly
important when it comes to the energy approach, as the grain boundaries contribute
towards the material toughness. It has been hypothesised that this may be one of the

reasons for the decrease in toughness in higher strength steels.

Crack arrest toughness is believed to be a material property which is measured through
large scale (and structurally representative) tests, although smaller CCA tests are also
standardised to allow K. to be calculated. Although many empirical equations are
available in the literature to predict the structural behaviour in terms of crack arrestibility
from small-scale test results, very few standards recommend the use of them. The only
mention is in the R6 defect tolerance assessment procedure, which recommends the use
of drop weight Pellini testing for applications in the UK nuclear industry®2. This is
because as the dimensions and particularly the thickness of the plates employed in many
industrial applications increase, the empirical equations are no longer within their limits
of validity. There is a need for re-validation of crack arrest behaviour of thick plates of
modern steels in terms of reference temperatures determined through small-scale testing.
This will increase the accessibility of crack arrest testing, ensuring that materials which

are used for shipping applications are safe and preventing catastrophic failures.
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3 Microstructural analysis of structural steels using optical
microscopy, EBSD and neutron diffraction

Abstract

The fracture properties of a material, indeed all properties of a material, are due to its
composition — in terms of phase composition, chemical composition, and microstructure.
In order to fully understand the behaviour of a material it is essential to fully characterise
its properties down to the microscopic level. In this chapter, the microstructures of six
batches of steel are investigated through optical microscopy, electron microscopy
(EBSD), and neutron diffraction. The results show that the texture of the steel manifests
as grain elongation along the rolling direction. The results from this study will be
correlated against the materials’ key fracture properties which are presented in the

following chapter.

Keywords: structural steel, EBSD, neutron diffraction, texture, microstructure
Nomenclature

AV Volume of each cell over which the ODF is determined
EBSD Electron backscatter diffraction
MAUD Material Analysis Using Diffraction

ODF Orientation distribution function
RAL Rutherford Appleton Laboratory, UK
ROA Reduction of area

RPV Reactor pressure vessel

STRA Short transverse reduction of area

TI Texture index

TMCP Thermo-mechanically controlled process

UTS Ultimate tensile strength
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3.1 Introduction

The microstructure of a material dominates its bulk material properties. Small grain sizes
can increase the fracture toughness of a metal, strong texture can increase the strength of
a material, and the phase structure of a steel can impact various properties such as strength
and weldability~". In order for a material to be fully characterised, that must include an
analysis of its microstructural characteristics. Modern steels for container ships have been
developed to have high crack arrest toughness by rolling using a thermo-mechanically
controlled process (TMCP) which imparts a texture into the materials’:"8, The texture of
a material can be measured though multiple different methods including optical
microscopy, electron backscatter diffraction (EBSD), neutron diffraction, and X-ray
diffraction. The texture can be used to indicate the grain size elongation, or the orientation
of the crystal planes of the grains. The latter can be measured through diffraction of
radiation through the crystal lattice structure of the material, such as EBSD, neutron
diffraction and X-ray diffraction®!°. Optical microscopy and EBSD are planar
measurement methods which means that they cannot penetrate the depth of the material
— only the visible surface. On the other hand, neutrons and x-rays are able to penetrate
into the bulk of the material and carry out measurements over a volume - however these

methods are more expensive.

The diffraction methods work on the principle of Braggs law, which relates the angle of
diffracted waves to the lattice spacing of the crystal structure being imaged*!. From the
diffraction pattern, the crystal’s structure can be determined. In order to find the texture
of a material, the orientation distribution function (ODF) needs to be determined. The
ODF describes the orientation of grains throughout the material and can be determined
computationally through various different methods®*2. In this work, the microstructure
of six batches of steel is investigated through optical microscopy, electron microscopy
(EBSD), and neutron diffraction. The results from each method are compared to each
other, and will be used to investigate the impact of microstructure on material properties

in chapter 4.
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3.2 Experimental procedure and specimen manufacture

3.2.1 Optical Microscopy

For the microstructural analysis, optical microscopy was carried out on all materials. The
specimens were polished, and etched with 2% nital solution to reveal the grain
boundaries. In order to best consider the range of microstructures present throughout the
thickness of the materials, the grain size analysis was carried out at the quarter wall
location on the plates. It was decided to measure the grain size for each steel by the linear
intercept method, following ASTM E112%, because the grains did not appear to be
equiaxed. This method reports the grain size as the average grain diameter which is the
geometric mean of the average grain diameter in each of the principal directions. In order
to determine the grain aspect ratio, the grain sizes were measured in each of the three
orthogonal directions of the plate; rolling direction, through thickness direction, and

perpendicular to the rolling direction.
3.2.2 Electron and neutron imaging

EBSD analysis was carried out at Cranfield University (UK) in order to determine the
texture index of the steels. The EBSD measurements were taken from the same specimens
as the optical microscopy to ensure that they could be directly compared i.e. at the quarter
wall of the plates. The data was analysed using AZtecCrystal which is a specialised EBSD
software provided by Oxford Instruments.

Neutron diffraction measurements were carried out on the GEM instrument at the
Rutherford Appleton Laboratory (RAL, UK) which specialises in determining the bulk
texture of crystalline materials. The neutron imaging measurements vary from the
electron and optical microscopy in that they measure the bulk material properties rather
than the visible surface. The specimen location was chosen as the quarter wall of the
plates to ensure that every measurement could be directly comparable to the others. The
data was analysed using Material Analysis Using Diffraction (MAUD), which is the
preferred software of RAL.

Both of these methods output a texture index (TI) which can have a value between 1

(completely randomly oriented grains) and infinity (single crystal or perfect texture). This
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is based on the ODF which represents the statistical distribution of the orientations of
each grain in the material'!. The ODF can be visually represented by pole figures which
project the probability density of a particular orientation onto a graphical plot. The texture

index is determined by integration of the ODF throughout the sampled region'*:
TI = ! Z ODF]?AV Equation 3-1
where AV is each cell volume where the ODF is determined.

3.2.3 Selected materials

The test programme in this study was carried out on five materials, in six batches, which
are summarised in Table 3-1: 1- reactor pressure vessel (RPV) A543 steel with a thickness
of 28 mm (denoted M01); 2- RPV A302 steel with a thickness of 28 mm (denoted M02);
3- X65 pipeline steel with a thickness of 30 mm (denoted M03); 4- S355G10+M structural
steel plate with a thickness of 90 mm (denoted M04); 5- S355G10+M structural steel
plate with a thickness of 50 mm (denoted MO05); and 6- EH47 shipbuilding steel with a
thickness of 80 mm (denoted MO06). The materials selected in this study are widely used
in offshore Oil & Gas, nuclear power plants and offshore wind applications, therefore the
obtained results and conclusions from this research are expected to have a significant
impact on design and life assessment of engineering components and structures employed
in a wide range of industries. Traditional tensile tests following BS EN ISO 68924 were
carried out to determine the yield strength and ultimate tensile strength (UTS) of the
materials along with the ductility which was taken as the reduction of area (RoA) or
elongation in this work. Additionally, alternative tensile tests, “short transverse reduction
of area” (STRA) tests were carried out to measure the ductility in the through-thickness
direction following BS EN 10164, This was done to investigate whether the ratio of
ductility between the rolling axis and through-thickness axis can be used as a proxy for
the material’s texture, which is believed to influence crack arrestibility'®t’. The full
tensile test results are given in section 4.4.2, and the ratio of ductility is presented in this

chapter.

48



Table 3-1: Summary of the different steels used in this research.

Material )\, MO2 MO3 MO4 MO5 MO6
Reference
. RPV RPV

Material — ~ov Y X65  S3HGLOHM  S355G10+M EH47
Thickness g 28 30 90 50 80
(mm)

Ratio of

ductility - /g 0.84 1 0.97 0.93 1
(in terms

of RoA)

3.3 Results

3.3.1 Microstructure analysis

The micrographs of all six batches of steels considered in this study after polishing and
etching are shown in Figure 3-1. The examined slices were extracted from mid-thickness
of each batch of material. In Figure 3-1, X indicates the rolling axis and Z indicates the
through thickness axis. The micrographs show the variability in carbon contents for each
of the materials, with carbide and pearlite regions evident in MO1 and M02 which had the
greatest carbon contents than the other materials, which show more pure ferritic regions
(see table 4-4 in section 4.4.1 for chemical composition). In these micrographs, the grains
appear to be elongated along the rolling direction, which is investigated through grain
size analysis. The average grain size measured for each steel, which is the combined
average, is summarised in Table 3-2. As seen in Table 3-2 and Figure 3-1, the largest and
smallest average grain size has been found in RPV A543 (MO01) and EH47 (MO06),

respectively.
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() ()
Figure 3-1: Microstructure of (a) M01, (b) M02, (c) M03, (d) M04, (e) M05, and (f) M06
steels

Table 3-2: Grain sizes of the steels used in this study (measured to ASTM E112)

MO1 MO02 MO03 MO04 MO05 MO6

Average Grain

. 95+14 70x12 52+13 5609 75+x09 41+05
Size (um)
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Figure 3-2 correlates the aspect ratio of ductility (in terms of RoA) against the aspect ratio
of grain size: these values are the ratio of the RoA (or average grain size) along the rolling
axis and that along the through-thickness axis. Although the correlation is very weak,
there is a slight correlation between the ratio of ductility and the grain elongation. If the
anisotropy of the material’s tensile properties is due to elongated grains in a certain
direction, then this ratio would be expected to follow a 1:1 trend. Hence, although the
correlation is weak, the trend follows the behaviour expected for these materials. Other
microstructural factors that can contribute to a steels’ macroscopic behaviour might
include the size and distribution of inclusions, and centreline segregation, which have not
been included in the microstructural consideration here. Further analysis of the grain
aspect ratio in Figure 3-3 shows that there is no strong correlation between grain size and
the aspect ratio, although as these steels are all very finely grained and there is not enough

variation between them to make a firm conclusion.
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Figure 3-2: Correlation between grain size aspect ratio and ratio of ductility in the rolling

direction.
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Figure 3-3: Correlation between average grain size and grain aspect ratio in the rolling direction
3.3.2 Texture analysis

The texture index was calculated as a measure of the ODF and this is presented in Table

3-3 for both EBSD and neutron imaging methods.

EBSD maps showing the orientation of the grains are shown in Figure 3-4, where it can
be seen that although there are some regions with similarly oriented grains (similar
colours), overall the grains seem to be quite randomly oriented. This agrees with the
texture index results which are all close to 1, indicating very light texture in the steels.

Pole figures for each material are shown in Appendix A.

Table 3-3: Texture measurements of each material.

MO01 MO02 MO03 MO04 MO05 MO06

EBSD Texture Index 1.13 1.33 1.46 1.99 1.2 1.21

Neutron Imaging Texture

1.11 1.09 1.11 1.09 1.14 1.34
Index
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Figure 3-5 shows that there is poor correlation between the texture indices measured via
neutron diffraction and EBSD. This may be due to statistical scatter since the texture
index is very low for all the materials which makes it hard to draw meaningful correlations
between the texture indices. Figure 3-6 indicates that the aspect ratio of grains measured
through optical microscopy correlates well with the texture measured from EBSD, but
poorly with the texture measured from neutron diffraction. This may be because EBSD
and optical microscopy are planar measurement methods which agree well, but they do
not agree well with the volumetric neutron diffraction measurement method. Figure 3-7
shows that there is minimal correlation between the ratio of ductility in the plates and
their texture index. This indicates that the texture present in the material may be

manifesting as slight anisotropy in tensile properties.

Figure 3-8 indicates that there is slight correlation between the grain size and texture
index. Although a weak relationship, generally the smaller grains have a higher texture
index. This may be due to the fact that steels which are designed to have very fine grains
undergo more complex processing which imparts a stronger texture into the material.
Again, the grain sizes and texture indices are all very small and relatively similar between
the steels so it is hard to draw conclusions due to the expected natural scatter of material

properties.

Since the scale of texture index ranges from 1 (completely random) to infinity (single
crystal), the fact that every steel imaged in this work had a TI value less than 2 is
interesting. Low T1 in steels is not uncommon, with other researchers reporting similar
low values'®®®. The steels used in this study were typically produced through hot rolling
processes, which evidently do not significantly impart a significant texture into the bulk
of the steels during manufacturing. It may be that the texture is limited to the surface of
the steels which are in contact with the rollers or the centreline of the plates due to heat
distribution, and the texture was not captured by this analysis in which specimens were

extracted from the quarter wall of the plates.
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Figure 3-4: EBSD maps of (a) M01, (b) M02, (c) MO03, (d) M04, (e) M05, and (f) M06 steels
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Figure 3-5: Correlation between texture indices measured via neutron diffraction and EBSD.
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3.4 Discussion

There was poor agreement between the texture indices measured from EBSD and neutron
diffraction. Although neutron diffraction is a bulk measurement method and EBSD is a
planar measurement method, it would be expected that there be some correlation between
the two since a more textured material should score relatively higher on each scale'®.
Nonetheless, the differences may be attributed to small sample size and local properties
of the steels at the location the measurement was taken. It was not possible to make either
texture measurement in more than one location or test specimen due to the high demand
for neutron imaging facilities and the high cost of EBSD. It would be recommended to

carry out texture measurements on a larger number of specimens in future work.

The grain size aspect ratio due to elongation of the grains along the rolling axis was
estimated from the material’s bulk ductility, in terms of tensile properties, which was
correlated against the measured grain size aspect ratio. The observations showed a slight
correlation. It would be expected that if the material was isotropic (i.e. tensile properties
are identical along each axis), the grains would be equiaxed and not show elongation
along the rolling axis. The grain size aspect ratio showed a good correlation with the
EBSD texture index, but a poor correlation with the neutron diffraction texture index.
This further suggests that the reason for the inconsistency in texture indices is due to the
difference between bulk and planar measurement techniques or local inconsistencies as
the EBSD analysis was carried out on the exact same specimens as the optical
microscopy. It is recommended in future work to extract the steel samples once they have
been imaged through optical and electron microscopy for neutron diffraction to ensure
the exact same region of interest is being captured.

The texture index was very weak at the quarter wall of the steels, however it has been
suggested that a steel’s texture is a key factor in ensuring that a brittle crack arrests
itself"8, This may be due to shear lip formation at the surface of the steels which absorbs
energy and prevents continued propagation?°. This might mean that the texture is limited
to the surface of the material which is in contact with the rollers during manufacturing.
Alternatively, it has been suggested that hot rolled steels exhibit random texture at the
surface and stronger texture at the centreline!®2. This is important because it means that

although the texture may be influencing the full-thickness material in-service, it cannot
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be captured through small-scale testing which samples only a small region of the
thickness of the material. It is recommended to carry out a textural analysis at more
locations through the plates’ thickness to see the full picture more clearly and understand

the in-service properties of the steels.

In future work, it is recommended to take further measurements of the texture from
multiple specimens and throughout the thickness of the material. This was not possible in
this work due to the high demand for neutron imaging facilities and the high cost of
EBSD. It was chosen to focus on large scale crack arrest testing which was supplemented
by comprehensive material characterisation from small-scale testing. The results given in

this chapter are compared against the mechanical and fracture properties in chapter 1.

3.5 Conclusions

In this work, a textural analysis was carried out on 6 different batches of structural steels
to investigate the relationship between different measurements of texture. The analysis
comprised optical microscopy, electron microscopy, neutron imaging and perpendicular
tensile testing. The following key conclusions have been drawn from the present study,
and are further developed in chapter 1 in terms of mechanical properties:

e Each of the steels is very fine grained with slight texture which meant it was
difficult to draw meaningful conclusions due to natural statistical scatter.

e The texture index measured from EBSD did not show any correlation with the
texture index measured from neutron diffraction.

e The grain size aspect ratio correlated well with the texture index measured from
EBSD but poorly with the texture index measured from neutron diffraction.

e Grain elongation results in anisotropy in the tensile properties of the steel.

e Texture which is imparted into a steel during manufacturing may not impact the
texture in the bulk of the steel, which means it is not possible to accurately
measure the effects of texture from small-scale sampling such as Charpy testing.

e It is recommended to carry out a textural analysis at more locations throughout
the plates’ thickness to see the full picture more clearly, understand the in-service
properties of the steels, and investigate how the texture variation affects the

resistance to fracture propagation.
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Appendix A : Pole figures of texture orientation distribution
(EBSD and neutron diffraction)

A.1 M01

A.1.1 EBSD

{110} {111} 035

Figure 3-9: Pole figures determined for M01 from EBSD

A.1.2 Neutron Diffraction
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Figure 3-10: Pole figures determined for M01 from neutron diffraction
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A.2 M02

A.2.1 EBSD

Figure 3-11: Pole figures determined for M02 from EBSD

A.2.2 Neutron Diffraction
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Figure 3-12: Pole figures determined for M02 from neutron diffraction
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A.3 M03
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Figure 3-13: Pole figures determined for M03 from EBSD

A.3.2 Neutron Diffraction
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Figure 3-14: Pole figures determined for M03 from neutron diffraction
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A.4 M04

A.4.1 EBSD
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Figure 3-15: Pole figures determined for M04 from EBSD

A.4.2 Neutron Diffraction
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Figure 3-16: Pole figures determined for M04 from neutron diffraction
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A.5 M05

A.5.1 EBSD

{}

Figure 3-17: Pole figures determined for M0O5 from EBSD

A.5.2 Neutron Diffraction

(211)

Figure 3-18: Pole figures determined for M05 from neutron diffraction
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A.6 M06

A.6.1 EBSD

{100}

Figure 3-19: Pole figures determined for M06 from EBSD

A.6.2 Neutron Diffraction
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Figure 3-20: Pole figures determined for M06 from neutron diffraction
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4 Experimental study of the relationship between fracture
initiation toughness and brittle crack arrest toughness
predicted from small-scale testing

Abstract

It is vital to prevent brittle cracks in large structures. This is particularly important for a
number of industry sectors including offshore wind, Oil & Gas, and shipbuilding where
structural failure risks loss of human life and loss of expensive assets. Some modern steels
exhibit high Charpy energy — i.e. high initiation fracture toughness, but poor resistance to
crack propagation — i.e. low crack arrest toughness. The correlation between initiation
and arrest toughness measured through small-scale testing is investigated in five different
steels, which include S355 structural steel (with two different thicknesses), X65 pipeline
steel, two high strength reactor pressure vessel steels and EH47 shipbuilding steel. Small
scale mechanical tests were carried out to characterise the materials’ properties and were
compared to the materials’ microstructures. A wide range of tests were carried out,
including instrumented Charpy, drop weight Pellini, fracture toughness, and tensile
testing. Nil ductility transition temperature (NDTT) is used to characterise a material’s
arrest properties. Initiation fracture toughness correlated with higher upper shelf Charpy
energy and smaller average grain sizes, as expected, however none of these correlated
well with the arrest toughness measured through NDTT. The NDTT correlated most
strongly with the T»7; temperature which indicates the start of lower shelf of the Charpy
curve. This correlation held for all materials including those where the NDTT lies on the
upper shelf of the Charpy curve. While initiation fracture toughness can be predicted
through high Charpy toughness and operation temperatures on the upper shelf, crack
arrest behaviour should be predicted from characteristics of the ductile to brittle transition

temperature, for example by using the T from instrumented Charpy tests or T27,.

Keywords: brittle crack arrest, structural steel, small-scale testing, fracture toughness,

crack arrest toughness
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Nomenclature

a

ao

Ka
Kca

Kla
Kic

Kic

Oy
T
To

Tozs

Takn

Tkia
ASME
CAT
CTOD
CVN
EBSD
NDTT
ROA
RPV
SEN(B)
STRA
UTS

Crack length

Initial crack length
Thickness

Elastic Young's modulus
Crack arrest toughness

Crack arrest toughness: critical stress intensity factor for crack arrest under
mode | fracture mechanics loading condition
Crack arrest toughness: measured via ASTM E1221

Initiation fracture toughness: critical stress intensity factor for crack initiation
under mode | fracture mechanics loading condition

an elastic-plastic equivalent stress intensity factor derived from the J-integral at
the point of onset of cleavage fracture.

Yield strength
Temperature

Reference temperature at which a material's mean initiation fracture toughness is
100MPavm

Reference temperature at which a material's Charpy impact energy is 27J

Reference temperature at which a material's arrest force during instrumented
Charpy test is 4kN

Reference temperature at which a material's arrest toughness is 100MPaVm
American Society of Mechanical Engineers
Crack Arrest Temperature

Crack Tip Opening Displacement

Charpy V Notch

Electron Backscatter Diffraction

Nil Ductility Transition Temperature

Reduction of Area

Reactor Pressure Vessel

Single Edge Notched Bend fracture toughness test
Short Transverse Reduction of Area

Ultimate Tensile Strength
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4.1 Introduction

Crack initiation and propagation is often experienced by engineering components and
structures subjected to operational loading conditions. An important issue that needs to
be understood for design and life assessment of such structures is the ability of a material
to arrest a fast-running brittle crack, particularly for structures where a fracture may
initiate in areas of high local stress or low toughness, for example in the welds of a large
welded offshore structure?. This is particularly important for a number of industry sectors
including offshore wind, Oil & Gas, and shipbuilding, where structural failure risks loss
of human life and loss of expensive assets. A load cannot be transferred through a crack,

S0 once it grows too large the whole structure will fail.

Structures in offshore environments are exposed to very harsh loading conditions, with
both wind and wave loading in addition to the operating loads i.e. its own mass and
moving components®®, In such structures a crack may initiate around a weld region,
which is the part of a structure most susceptible to cracking due to material mismatch,
heat input which changes material properties, locked-in residual stresses and increased
chance of impurity inclusions during the welding process*. Smaller components can be
heat-treated after welding, to reduce the damaging effects of welding residual stresses and
reset the materials microstructure and larger structures can receive local heat treatment®.
However, this is simply not commercially viable for very large components such as ships,

wind turbine support structures, or long welded pipelines.

An alternative approach to initiation prevention is the crack arrest approach. Using this
concept, it can be considered that fracture may occur in a local region of high stress,
embrittlement, or under accidental damage. However the material’s properties are
carefully controlled so it has a sufficient toughness to inhibit fracture propagation outside
this region®. When the crack arrests before growing too long, catastrophic failure can be
prevented. This is vital for a structure with welds, which can be a hotspot for defects or
embrittled zones which promote fracture initiation. Moreover, the crack arrest approach
can be more reliable than the initiation approach at preventing catastrophic fracture as it

accounts for accidental damage and is effective even once a crack is growing®.
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If brittle fracture occurs in a high toughness steel, the initial driving force can be
incredibly high, which means the crack will not arrest but propagates until the whole
structure fails. This means that some modern steels with very high fracture initiation
toughness can be at risk of poor crack arrest behaviour if an accident occurs. This may be
a concern for some modern steels which have a very good Charpy toughness, but a poor
resistance to fracture propagation”®. In structures made of such materials, accidental
damage could result in total structural failure due to the lack of conservatism when brittle
crack arrest is not considered. In fact, it has recently been found that although a smaller
average grain size improves fracture initiation toughness, it may worsen the brittle crack
arrest toughness®. In addition, a material’s crack arrest properties are heavily temperature
dependent for materials which exhibit ductile to brittle transition i.e. ferritic steels. It may
be considered that ductile behaviour will occur if a material is operating at a temperature
on its upper shelf, but this is not always assured’. An example could be impact or dynamic
loading where the material experiences a shift upwards of the ductile to brittle transition
temperature compared to quasi-static loading behaviour'®i.e. steels operating at
temperatures on their upper shelf can experience brittle crack initiation under dynamic

load events such as crash, impact or earthquakes.

There is interest in determining which small-scale test methods are effective at predicting
crack arrest behaviour and how a material’s different mechanical properties are related to
one another. The purpose of this study is to develop a better understanding of the crack
arrest behaviour in a range of modern steels by performing mechanical testing and
comparing it to metallurgical analysis of the materials’ microstructures which is reported
in chapter 3, and has been suggested to influence crack arrest properties®*'2, The results
from this study correlate the mechanical properties with the microstructure of five
different modern structural steels to evaluate the relevant parameters necessary for

fracture prevention.
4.2 Empirical test methods for evaluating crack arrest

Crack arrest properties are typically measured by one of the following two parameters: 1-
crack arrest toughness, Ka; or 2- crack arrest temperature (CAT). The crack arrest
toughness, Ka, can be defined as the critical stress intensity factor for crack arrest under
the mode | fracture mechanics loading condition above which a fast-running crack is
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arrested, Kca. Alternatively, Kia, can be used, although this may give a conservative
estimate’®1°. The CAT is the lowest temperature that a fast-running brittle crack will
arrest in a certain material under specified conditions. The CAT can be determined by
initiating a brittle crack in a material at a range of temperatures and finding the lowest
temperature where a brittle running crack arrests®. In such experiments, fracture is
typically initiated by impacting a region with a notched brittle weld bead. Kja and Kca can
be determined through standardised methods such as those described in ASTM E1221
and JWES 2815618,

Many empirical equations are available in the literature to predict the structural behaviour
in terms of crack arrestibility from small-scale test results. However, very few standards
recommend the use of them. The only mention is in the R6 defect tolerance assessment
procedure, which recommends the use of drop weight Pellini testing for applications in
the UK nuclear industry®. This is because as the dimensions and particularly the
thickness of the plates employed in many industrial applications increase, the empirical
equations are no longer valid, and may not fully describe the crack arrest behaviour of

actual structures.

Although crack arrest toughness is thought of as a material property, it is strongly
dependent on the plate thickness, test temperature, applied stress?-2%, Furthermore, brittle
crack arrest toughness shows a dependence on specimen width as well as manufacturing
processes 2427, This makes it complex to predict the crack arrest properties of large
structures from subsize specimens, thus introducing a need for a sufficiently conservative

approach.
4.2.1 Small-scale testing correlations for steels

The ability of a material to resist growth of a propagating brittle crack is analogous to its
crack arrest properties. This is measured using the CAT, the minimum temperature where
the material arrests a brittle running fracture. Since crack arrest toughness depends on
temperature, the ductile to brittle transition of the material must be understood. Reference
temperatures taken from the transitional behaviour include the Charpy impact energy (e.g.
temperature at onset of lower shelf) and nil-ductility transition temperature (NDTT)
which can be determined through small-scale testing. Empirical relationships are
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available in the literature to predict the large scale behaviour from these reference
temperatures?®?, However, the empirical equations are validated for certain specimen
dimensions of a given material at a specified thickness, under a certain loading rate. This
means that they cannot necessarily be applied to represent a large structure which would
almost certainly not meet the strict validity criteria. Therefore some researchers

recommend using the NDTT to quantify a material’s crack arrest properties=’.

The following relationships were determined by analysing a large amount of data from
Charpy-V-Notch (CVN) and drop weight Pellini impact tests. Many other empirical
relations are available in the literature and this section highlights just a small number of

thosel7,31738.

Pellini NDTT = 120] CVN temperature + 50°C Equation 4-1
Pellini NDTT = 40] CVN temperature + 60°C Equation 4-2
Pellini NDTT = 27 ] CVN temperature + 60°C Equation 4-3

Equations 4-1 to 4-3 can be used to predict the crack arrest temperature by using Equation
4-4. This enables use of CVN results to predict the CAT, although of course the NDTT
from Pellini testing can be used®:

CAT = NDTT + 40°C Equation 4-4

From the simple relations given above, a range of tests were carried out to make
corrections for a variation in applied stress and thickness. This relationship uses the
reference conditions of the CAT for 124 MPa applied stress (o) on a 25 mm thick (B)
plate and adds corrections for other stresses and thicknesses. This leads to the semi-
empirical Wiesner equation given below, which is valid up to a thickness of 250 mm®:

| 1 )
CAT = [NDTT + 10] + [% —105] + [153(B — 5)13 — 190] °C Equation 4-5

This in turn has led to the formula commonly used today, in the R6 defect tolerance

assessment procedure for the UK nuclear industry®%:

1 .
CAT = NDTT +21.7Ino + 173.2(200B - 1)13-285 °C Equation 4-6
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The NDTT is the most common parameter which is used to predict the CAT from small-
scale test results because there has been a wide range of research into different materials
and their weldments. Additionally, the drop weight method measures the ability of the
material to resist a propagating brittle crack and can be explained theoretically using
fracture mechanics'’“°. Because of this, NDTT will be used as a measure of crack
arrestibility in this work.

4.2.2 Reference curves

Reference curves are used extensively in the pressure vessel industry to give a lower
bound crack initiation toughness for all grades of pressure vessel steel at temperatures
within the transition region®®. Originally, the American Society of Mechanical Engineers
(ASME) reference curve was used in industry*, which gives an estimate based on
extensive experimental results. The master curve approach is an alternative statistical
approximation which gives a higher degree of accuracy*#. These approaches use a
reference temperature (for example To, the temperature corresponding to a mean initiation
fracture toughness of 100 MPavVm) for the material to calculate its toughness at a given

temperature?®. The median fracture toughness, Kjc is predicted using the following

equation:
Kjcmediany = 30 + 70 %019 (T~ To) [Ref 2] Equation 4-7

where K is in MPavVm and T, the assessment temperature, has the unit of °C (i.e. degrees
Celsius). It is assumed that both the initiation toughness, Kjc, and lower bound
approximation of crack arrest toughness, Kia, data are expected to exhibit the same
transition behaviour since the temperature dependence of both toughness values is
controlled by the atomic arrangement, or crystal structure of the material. Consequently,
this temperature dependence is expected to be common to all ferritic steels*. Through
analysis of a large amount of experimental data, the following relations which are relevant

to this work were proposed in the literature*:
Kic = 51.276 + 51.897 %036 (T~ NDTT) [Ref 4] Equation 4-8

K, = 49.957 + 16.878 ¢0-028738(T - NDTT) [Ref 4] Equation 4-9
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where K, and K;, are in MPaym and T, the assessment temperature, has the unit of °C
(i.e. degrees Celsius). An alternative correlation which has been developed in previous
studies takes a reference temperature from instrumented Charpy testing to describe the
arrest toughness using the temperature at which the force after fracture measured by an

instrumented Charpy test is 4kN, T4kn.

T -Tyapn—12.3

K, = 30 + 70 el 58 —) [Ref %] Equation 4-10

Although K;, will not be determined in this work, the predictions from these methods
will be compared with each other to determine their agreement with one another and
likely conservatism using K, results from other researchers to give realistic K;, ranges.
For material M06, EH47 shipbuilding steel, a full analysis including K, results is given

in section 5.3.2.
4.3 Experimental procedure and specimen manufacture

The test program and specimen key information are summarised in Table 4-1, with further
details explained below. The small-scale mechanical properties of the steels are compared
to a comprehensive microstructural analysis which is presented in chapter 3. The

materials used are summarised in Table 4-1.

Where possible, the specimen orientation and extraction location were kept the same for
each material, however this was not always possible. For example, no matter the
extraction location, a 19 mm thick Pellini specimen will sample a larger proportion of the
28 mm thick steel plate than the 90 mm thick steel plate. Similarly, it was decided to use
only subsize SEN(B) fracture toughness tests rather than full plate thickness (as is
recommended in the standard) to be able to limit the size effects which could not be
captured through the other test methods and make the results more comparable to each

other. The specimen extraction plan is shown in Appendix A.
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Table 4-1: Summary of small-scale testing carried out and specimen geometries.

Number of Orientation Width
Test tvoe specimens  Extraction (of notch or  Thickness, B W " Length,
yp for each location gauge (mm) (mm) L (mm)
material region)
Tensile
Roundbar . Along 48
Mid- . 8 (gauge
3 . rolling . n/a (gauge
(BS EN 1SO thickness direction diameter) length)
6892-1)
10 (gauge
diameter),
Tensile reduced to 6
STRA 3 Through-  Through- diagzggrefor n/a Full plate
(BS EN thickness thickness materials of thickness
thickness or
less)
Instrumented
Charpy V Mid- Transverse
Notch 20 : to rolling 10 10 55
thickness directi
(BS EN ISO irection
148-1)
Pellini - P2 8+ (lf more
size )
ededlo Qurr Ttk s
(ASTM NDTT
E208) )
SEN(B)
Fracture Mid- Transverse
Toughness 3 thickness to rolling 20 20 120
direction
(BS 7448-1)

Drop weight Pellini testing was carried out using Pellini P2 specimens (with dimensions
given in Table 4-1), following ASTM E208Y, to measure the NDTT of each material.

Pellini specimens were made up of a small block of material on which a brittle weld bead

was laid using a hard-facing electrode and then notched. The specimen was cooled to the

desired temperature and was impacted by a dropped weight on the reverse (unwelded)

side in order to initiate a brittle crack running from the notched weld into the base metal.

The impact energy is specified depending on the material’s yield strength: 350 J for oy up
to 410 MPa and 400 J for oy between 410 MPa and 620 MPa. A “no-break” result is where
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a brittle crack initiates but does not spread across the full width of the specimen i.e. it
initiates and is arrested. If the crack spreads at least across the full width of the specimen,
then it was considered to be a “break™ result. The test was repeated at a range of
temperatures to find the NDTT, which is the highest temperature at which the specimen
shows a “break” result i.e. all specimens at temperatures above this show “no-break”

results.

Furthermore, instrumented Charpy V notch (CVN) tests were carried out at a range of
temperatures, following BS EN 1SO 148-1%, to determine the ductile to brittle transition
curve and upper shelf absorbed energy which is commonly used in industry to estimate
fracture toughness. Instrumented Charpy tests differ from traditional Charpy tests by
measuring the force on the hammer throughout the test as well as the absorbed energy.
The post-fracture force, also known as the arrest force, was extracted for each specimen
which showed arrest behaviour. This data was analysed to determine (through inter-

/extrapolation) at what temperature the post-fracture force would be 4 KN, Taxn.

Tensile testing was carried out on all materials under two different conditions. Traditional
tensile tests following BS EN 1SO 68924 were carried out to determine the yield strength
and ultimate tensile strength (UTS) of the materials along with the ductility which was
taken as the reduction of area (RoA) or elongation in this work. Additionally, alternative
tensile tests, “short transverse reduction of area” (STRA) tests were carried out to measure
the ductility in the through-thickness direction following BS EN 101644, This was done
to investigate whether the ratio of ductility between the rolling axis and through-thickness
axis can be used as a proxy for the material’s texture, which is believed to influence crack

arrestibility®0,

Finally, Single Edge Notched Bend, SEN(B), fracture toughness testing was done on each
material, following BS 7448-1°, to quantitatively determine the fracture toughness as the
maximum crack tip opening displacement (CTOD om). The testing was carried out at a
temperature on the upper shelf as determined by the Charpy testing so that they can be
compared to the upper shelf CVN energy for the material. Typically this was room
temperature for most of the steels. In addition to testing all of the steels at their upper-
shelf temperatures, half of the steels (M01, M02 and M06) had fracture toughness tests

carried out at temperatures within the transition region and lower shelf, to help support
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discussions about crack arrest predictions based on the Master Curve. The SEN(B)
specimen geometries are summarised in Table 4-1, and each specimen had an initial crack
length, ao, of 0.5W (i.e. 10 mm). The specimens were not side grooved as this is not

necessary for small sized specimens like the ones employed in the present study.
4.4 Test Materials

4.4.1 Selected materials

The test programme in this study was carried out on five materials, in six batches, which
are summarised in Table 4-2: 1- reactor pressure vessel (RPV) A543 steel with a thickness
of 28 mm (denoted M01); 2- RPV A302 steel with a thickness of 28 mm (denoted M02);
3- X65 pipeline steel with a thickness of 30 mm (denoted M03); 4- S355G10+M structural
steel plate with a thickness of 90 mm (denoted MO04); 5- S355G10+M structural steel
plate with a thickness of 50 mm (denoted MO05); and 6- EH47 shipbuilding steel with a
thickness of 80 mm (denoted MO06). The materials selected in this study are widely used
in offshore Oil & Gas, nuclear power plants and offshore wind applications, therefore the
obtained results and drawn conclusions from this research are expected to have a
significant impact on design and life assessment of engineering components and

structures employed in a wide range of industries.

Table 4-2: Summary of the different steels used in this research.

Material /09 MO2 MO3 M04 MO5 MO6
Reference
. RPV RPV
Material  rfin  aogo X65  S355G10+M  S355G10+M EH47
Thickness g 28 30 90 50 80
(mm)

4.4.2 Mechanical properties — tensile (roundbar and STRA) and chemical

The tensile and chemical properties of the materials considered in this study are given in
Table 4-3 and Table 4-4, with an example tensile curve for each material given in Figure
4-1 and the Young’s modulus region emphasised in Figure 4-2. The wide variation in

yield stress, oy, and the UTS between the different materials is evident in Figure 4-1.
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Materials M04 and MO05 (both nominally S355 structural steels) are an excellent example
to demonstrate the variation in “off-the-shelf” steels. They are the same steel grade and
produced through the same manufacturing route, however they show a difference in
mechanical properties and chemical composition. This is common for steels because the
standard grades allow for a great deal of flexibility®2. It is worth noting that there is
generally low scatter for most of the tensile test results between the 3 specimens of each
material although due to the low number of specimens tested, the scatter is of low
statistical significance. However, materials M04 and M06 show high scatter in their
elastic modulus results. For M04 this is due to one much lower result of 171GPa and for
MO6 there was one much higher result of 334GPa which is quite an unexpected and
extreme value. This kind of scatter in elastic modulus is common for steels and may be
due to local inhomogeneities in the material which were picked up during the small
sample size of the tensile specimen or minor inconsistencies in test procedure®>,
Generally, both the UTS and reduction of area (RoA) were lower in the STRA test (i.e.
through thickness direction) as opposed to the tensile tests along the rolling direction.
Although for materials M03 and MO06, the RoA was the same between the two

orientations.

As seen in Figure 4-1, there is generally negative trend between strength and ductility,
with the highest strength steel, M01, having a low strain at failure and the lowest strength
material, MO5, having the highest strain at failure. However, this trend is not consistent
for all the steels, for example material MO3 which has an intermediate strength but a very
low strain at failure. The increased strain at failure for materials M04 and M05 may be
due to their low carbon equivalent content which contributes to a higher ductility. As seen
in Table 4-3 and Table 4-4, the RPV steels (MO1 and M02) have the highest carbon and
carbon equivalent content in comparison to the other steels, hence higher yield stress
values were observed in RPV steels. Further comparison between the chemical
composition of the steels show that there is a variation in Mn and Cr contents: for
example, M01 has a far smaller Mn content than the other five batches of steel, which is
replaced by a greater Cr and Ni content. Apart from these points of note, the steels have
relatively similar compositions. The other variations in tensile properties are likely to be
due to microstructural differences between the steels such as their grain size, grain

orientation and phase structure.
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Figure 4-1: Tensile curves for all six materials used in this study.
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Figure 4-2: Young’s modulus region of tensile curves for all six materials used in this study.
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Table 4-3: Summary of tensile properties of the steels considered in this research. Uncertainty is

taken as two standard deviations of the results.

MO1 MO02 MO03 MO04 MO05 MO06
. S355 S355
Material RPV A543 RPV A302 X65 G10+M G10+M EH47
Thickness (mm) 28 28 30 90 50 80
Average E (GPa) 233+ 16 227+ 15 188+5 208 £ 66 217+24  270+112
Ave(r&gsa;”s 845+31  740+17 613+21  509+2  536+12  622+15
Average gy (MPa) 756 + 34 601 + 13 566 + 17 386 +4 444 + 32 490 + 10
Average RoA (%) 73+4 66 £ 2 8l1+2 77+1 83+1 78+5
STRA Average
UTS (MPa) 835+ 18 73317 595+5 501+2 512+ 1 618+ 3
STRA Average
ROA (%) 57+6 55+4 81+3 75+4 77+5 79+1
Table 4-4: Summary of chemical composition of the steels considered in this research
MO1 MO02 MO03 MO04 MO05 MO06
C 0.17 0.19 0.04 0.07 0.06 0.05
Si 0.38 0.31 0.18 0.27 0.35 0.22
Mn 0.3 1.47 1.63 1.57 1.54 1.41
P 0.007 0.012 0.006 0.013 0.012 0.01
S 0.005 0.004 <0.002 <0.002 <0.002 0.005
Cr 1.49 0.23 0.17 0.035 0.16 0.21
Mo 0.46 0.52 0.12 0.007 0.013 0.25
Ni 2.95 0.59 0.48 0.34 0.032 0.78
Al 0.014 0.012 0.027 0.032 0.035 0.039
As <0.004 <0.004 <0.004 <0.004 <0.004 <0.01
B <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.003
Co 0.008 0.006 <0.004 <0.004 <0.004 <0.01
Ceq
(1IW)™ 0.81 0.62 0.40 0.36 0.35 0.43
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4.5 Experimental results from small-scale tests

4.5.1 Instrumented Charpy V notch impact test results

The key results from the instrumented CVN tests are shown in Table 4-5, with the fit to
the Charpy curve for each material shown in Figure 4-3. It is evident that material M02,
one of the RPV steels, is designed for use at elevated temperatures as the transition for
this material occurs well above room temperature. The other steels show a wide range of
upper shelf CVN energy values, but their transition region (with varying slopes) lies in
the same window of around -100°C to -50°C, making them suited to work at ambient
temperatures. Material M03 has the highest upper shelf Charpy energy, followed by
materials M05 and MO06 which both have almost the same upper shelf Charpy energy.
Despite being the same steel grade as M05, M04 has a markedly lower upper shelf Charpy
energy and although they had the highest tensile strength, the RPV steels have the lowest
upper shelf Charpy values of any of the materials. The reference temperatures given in
Table 4-5 will be discussed later, but suffice to say that there seems to be no relationship
between a material’s Takn and its To7; — for example for materials M03, M04 and MO06 the
T27; 1s notably higher than the T, however a reverse trend is seen for materials M01

and MO02 and no difference is seen between the two for material MO5.
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Figure 4-3: Charpy curve for each material determined as a tanh fit to the data.

Table 4-5: Summary of Charpy results for each material, including reference temperatures.

MO01 MO02 MO03 MO04 MO5 MO06
CVN 122 140 410 210 295 297
Upper
Shelf (J)
Tan (CC) -100 14 -90 -113 -112 -156
CVN To7 -117 -13 -72 -102 -113 -115
O

4.5.2 Pelini test results

The Pellini test results are summarised in Table 4-6, with the full results given in Figure
4-4. In this figure, the open white points indicate that a fracture event occurred at this
temperature and the solid black points indicate that no fracture event occurred at this
temperature. At some temperatures, both “break™ and “no-break” results occurred, and
these are indicated with a mix of the two symbols. The arrows indicate the temperature

above which no fracture event occurred— i.e. the crack was arrested and it is above the
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NDTT of the material. A low NDTT indicates good brittle crack arrestibility for that

material.

The two RPV steels, M01 and M02 had the lowest and highest NDTT values respectively.
Intermediate NDTT values were seen for the other steels, with material M0O3 having a
slightly higher value followed by materials M04 and M06, and material M05 having a
slightly lower value. These results show some similarities with the Charpy results in that
materials M01 and M06 had shallower Charpy transition curves than the other materials
and here they show some temperatures with both break and no-break results which
indicates a wide transition region. However, material M02 which had a shallow Charpy
transition curve showed very well defined Pellini behaviour which indicates a narrow

transition region and shows disagreement with the Charpy curve.

MO01 O OOCeeoo—>
MO02 O 000>
S Mo 0O coce—> e
<
p=
MO04 o o O coo—>
MO5 o o o--—>
® No-break
MO06 0 0 o> O Break
@Both
-110 -90 -70 -50 -30 -10 10 30 50
NDTT (°C)
Figure 4-4: Pellini test results for each material.
Table 4-6: Summary of NDTT values determined through Pellini testing
MO1 MO02 MO03 MO04 MO05 MO6
NDTT -75°C 20°C -30°C -50°C -60°C -50°C
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4.5.3 SEN(B) fracture toughness test results

The materials’ CTOD om results are summarised in Table 4-7, with an example force vs.
crack tip opening (CTO) curve for each material given in Figure 4-5. The CTOD 6nm
results are calculated from the CTO at which the maximum force is observed using the
procedure given in BS 7448-1. This procedure involves using the area under the
force/CTO curve along with the specimen dimensions and the material properties in order
to calculate CTOD om. It can be seen that the highest CTOD 6 is found in material M05,
followed by material M04 and then by materials M03 and M06. The lowest CTOD 6m
was found in materials M02 and then M01, which had similar results. These results are
mirrored in the force/CTO traces which show the same trend of maximum CTOD o, for
the materials. Additionally, there seems to be a correlation between high CTOD Jmand
low tensile strength. M01 and M02 had the highest UTS values and show the lowest
CTOD 6m, M03 and M06 show the mid range for both properties, and M04 and M05 show
the highest CTOD om and the lowest UTS results. Although their material properties have
shown differences, it is noticeable that the traces for materials M04 and MO05, nominally
the same steel grade, overlap. This indicates that they are showing a similar response to
fracture, although material M05 has the higher overall toughness. Another notable
difference between these materials is the amount of force needed to reach the maximum
CTO, with material MO1 requiring a large force to reach a relatively low CTOD dm
compared to material M02, which has a similar CTOD om but took much less force to

reach this point.
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Figure 4-5: Force against CTO plots for each of the materials.

Table 4-7: Summary of results from fracture toughness testing. RT indicates room temperature.

MO01 MO02 MO03 MO04 MO05 MO06
Test
Temperature RT 120°C RT RT RT RT
Average
CTOD 6m 0.40 0.36 0.86 1.15 1.40 0.86
(mm)

4.5.4 Comparison of properties between the mid-thickness and quarter-wall

locations

As discussed in section 2.6.4, the properties of a steel plate are not uniform throughout
its thickness, particularly if it’s been rolled during manufacturing. In order to investigate
this some of the test programs were carried out at both the mid-thickness and quarter-wall
of the plates of EH47 shipbuilding steel. It was chosen to carry out this analysis on the
EH47 shipbuilding steel as this material is of the greatest interest to the project sponsors

and the plate is of a sufficient thickness for any variation to be captured. Instrumented
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Charpy testing and SEN(B) fracture toughness testing was carried out at the mid-
thickness and the quarter wall of the plates. Pellini testing was carried out at the mid-
thickness and at the surface of the plate (denoted quarter-wall for consistency, and
because this region was sampled due to the thickness of the P2 Pellini specimens used).
The results, shown in Figure 4-6 and Table 4-8, indicate that there was statistically very
little difference between the two locations of the plate with the exception of a slightly
reduced upper shelf Charpy energy at the mid-thickness location. Any differences could
be considered within the range of normal scatter. In light of this, the testing carried out in
this work is deemed to yield results representative of the material properties despite being
carried out at a single location. This indicates that taking the Charpy energy at the mid-

thickness ensures that the Charpy toughness is measured conservatively.

Table 4-8: Comparison of key material properties between the mid-thickness and quarter-wall of
MO06

Mid Thickness Quarter Wall
CVN Upper Shelf (J) 280 295
CVN T27J (°C) -114 -116
NDTT (“C) -50 -50
Average CTOD &m (mm) 0.87 0.85
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Figure 4-6: Comparison of Charpy curves between mid-thickness and quarter-wall of M06

4.6 Discussion

4.6.1 Correlation between the obtained fracture parameters

The results from fracture toughness and Charpy impact tests are presented and compared
with each other in Figure 4-7, Figure 4-8 and Figure 4-9. The correlation between
initiation toughness parameters, CTOD dn and T273, with upper shelf Charpy energy has
been investigated in Figure 4-7. As seen in this figure, there is a weak linear correlation
between upper shelf Charpy energy and CTOD 6y fracture toughness, excluding MO3,
which has the highest Charpy energy, but the median fracture toughness compared to the
other materials. But overall, the results in Figure 4-7 suggest that an increase in the upper
shelf Charpy energy results in an increase in CTOD dn as there is a loose linear correlation
between these two parameters (R?=0.32). On the other hand, it is evident from this figure
that there is no correlation between the upper shelf Charpy energy and the lower shelf
temperature, T273, as the regression line between these two parameters shows almost no
correlation (R?=0.02).
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Figure 4-7: Correlation between initiation toughness parameters; CTOD dn and T27; with upper

shelf Charpy energy

The possible correlation between arrest toughness reference temperatures, T27; and
NDTT, with Ta has been investigated and the results are shown in Figure 4-8. It can be
observed in this figure that there is a good linear correlation (R?=0.69) between
parameters indicating arrestibility, NDTT and Tan, determined through Pellini and
Charpy tests. Also seen in this figure is that T4y shows a strong correlation with the onset
of the lower shelf, T27; (R?=0.85). Comparing the lines of best fits to the data points in
Figure 4-8 it can be seen that within the inherent experimental scatter, the slope of the
line of best fit made to T27; data is slightly steeper than the NDTT data, when the results

are correlated with Takn.
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Figure 4-8: Correlation between arrest toughness reference temperatures; To7; and NDTT with

Tan

The CTOD 6n and upper shelf Charpy energy results are plotted against NDTT data in
Figure 4-9. As demonstrated by Figure 4-9, the arrest parameter, NDTT, does not
correlate with the fracture initiation toughness parameters when the results from all six
batches of steels are considered in the analysis. As an example, material MO1 material
has the lowest NDTT and T27; of all the steels, which indicates a high arrestability.
However this material has the smallest Charpy toughness of any of the materials.
Although M02 has approximately the same Charpy toughness as M01, it has the highest
NDTT and T27; which indicates very poor arrestibility. This example shows how
concerning it is that modern steels can be judged based on their Charpy toughness (which
is measured on the upper shelf) although this may not indicate their arrest properties.
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Figure 4-9: Correlation between fracture initiation toughness and crack arrest toughness

parameters; CTOD on and upper shelf Charpy energy with NDTT

Since brittle crack arrest properties are heavily dominated by the lower transition region
and lower shelf, it is important to investigate these parameters further. Figure 4-10 and
Figure 4-11 relate the NDTT to each material’s ductile to brittle transition curve. As the
NDTT defines the onset of brittle behaviour, it would be expected to lie close to the T27;
temperature at the onset of the lower shelf of the Charpy curve. However, the NDTT for
each material is located on the upper transition or upper shelf of the Charpy transition
curve, except for material MO2 which shows the expected behaviour. In spite of this, the
NDTT can be strongly correlated (R?>=0.95) against Tz, i.€. as expected, the temperature
at the onset of the lower shelf correlates strongly with that of the onset of brittle behaviour.
Although this correlation was expected, it holds even for the materials which had their
NDTT lie on the upper shelf or transition region of the Charpy curve. However, this
correlation is much weaker when the NDTT is correlated against the temperature of the
upper shelf., which is probably because the transition region for some of these materials

is shallow and for others it is steep. There are concerns with the NDTT of some materials
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lying on the upper shelf of the Charpy curve because these materials are at a risk of

behaving in a brittle manner at a higher temperature than is predicted from the Charpy

transition curve. This is a concern because it means that a running brittle crack would not

be arrested if it initiated, for example through accidental damage.
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Figure 4-10: Correlation between arrest toughness parameter NDTT and transition temperatures

for both the upper and lower shelf of the Charpy transition curve
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4.6.2 Correlation between mechanical properties and microstructure

The small-scale mechanical properties of the steels are compared to a comprehensive
microstructural analysis which is presented in chapter 3. The steels examined in this study
all have small grain sizes, which makes it more complex to correlate the mechanical
properties against the microstructural characteristics due to the cluster of grain size values
giving high uncertainty. Figure 4-12 shows that the average grain size correlates loosely
against the upper shelf Charpy energy, and very weakly against the CTOD Jy fracture
toughness. It is well-accepted that grain refinement provides improved tensile properties
and initiation fracture toughness for steels and this is likely to be the reason why these
steels are designed to have very fine grain sizes on average. Although only a weak
correlation, this observation is consistent with the results presented in the open literature

by other researchers>®-58,

CTOD
1.60 450 ® MO01CTOD
[ . ] m MO02CTOD
[ 1 400
1.40 - X ] ¢ MO03CTOD
1.20 F 1 350 = Ao mo4cTOD
' ] >
1 300 g X MO05CTOD
gl-oo - ] I + Mo6CTOD
] >
E ] 250 % Upper Shelf
O 0.80 ] < Charpy
5 1 200 O e Mo1CVN
© ] =
0.60 [ ] L m Mo2CVN
1 150 &
0.40 [ ] $ & MO3CVN
. B ] o
[ 1 100 5 4 moscwn
020 f 1 50 X MO5 CVN
; ] + MO06 CVN
000 L v o v 1
Grain Size (um) ——CVN R2=0.44

Figure 4-12: Correlation between grain size and initiation toughness parameters; CTOD dn and

upper shelf Charpy energy
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The grain size and aspect ratio are plotted against NDTT in Figure 4-13. It can be seen in
this figure that no strong correlations can be made between the average grain size or
aspect ratio of grain sizes and the material’s arrest properties when all six batches of steels
are considered in the analysis. However, by excluding the largest value of NDTT, which
Is associated with material M02, the overall trends indicate an increase in NDTT with a
reduction in grain size and aspect ratio with the average grain size having a more
pronounced effect (i.e. steeper trend) on the NDTT results. This would mean that a
smaller grain size gives poorer brittle crack arrest properties than a larger grain size,
which contradicts the observations seen on the relationship between grain size and
initiation toughness. This is in agreement with recent results from other researchers®.
Additionally, the grain aspect ratio does not seem to affect the arrest parameter NDTT

significantly.

The influence of texture in terms of texture index (see section 3.3.2) on key fracture-
related properties can be seen in Figure 4-14 (NDTT), Figure 4-15 (CVN), and Figure
4-16 (CTOD). In all cases there is very little correlation between either measure of texture
and the key fracture properties. This implies that the texture in the materials is not strongly
contributing to its ability to prevent fracture initiation or propagation. The microstructural
texture has not been shown to be a factor in the crack arrest behaviour on its own, and
other factors such as composition, inclusion size and distribution, plate centreline and

surface microstructures, might also be influential.
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Figure 4-16: correlation between CTOD fracture toughness and texture indices.
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4.6.3 Comparison of the experimental results with empirical predictions

The relationship between NDTT and T27; shown in Figure 4-10 is not 1:1, which means
that Equations 4-1 to 4-3 cannot be considered valid for modern steels, and using these
equations results in over-predicting the NDTT in almost every case, which is shown in
Figure 4-17. For the materials studied here, there is an offset between the NDTT and T27;
of approximately 40°C £ 10°C, which is similar to Equation 4-4 and the offset between
the NDTT and CAT. It is recommended that the CAT is measured through large-scale
crack arrest testing to determine the validity of these predictions, but it can be seen that
the reference temperatures do indeed show strong agreement with each other. It is
recommended to carry out Pellini tests to determine the NDTT of the material rather than

relying on Charpy data.
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Figure 4-17: Prediction of NDTT from Charpy reference temperatures
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The master curve method given in Equation 4-7 to Equation 4-10 gives the predicted
lower bound toughness shown in Figure 4-18 using MO06 as an example. In order to give
an indication of the accuracy on these relationships, additional SEN(B) tests were carried
out at low temperature between -50 °C and -120 °C and the results are in good agreement
with the Kic prediction from the master curve (MC) approach at low temperatures. The
points listed as “K, MC” were measured using standard small-scale master curve
specimens following ASTM 1921°° with a concentration around To, the 100 MPam”
measurement. This shows strong agreement close to and below the 100 MPam” mark,
until the lower transition region. However, as expected, the agreement is limited to the
lower end of the transition region and agreement is poor at -50 °C. Furthermore, the
master curve predicted from small scale specimens, Kicmedian), agrees well with the full-
thickness SEN(B) results close to the 100 MPam” value. A more conservative prediction
of Kic is given by the prediction from NDTT, which indicates that the NDTT gives a
conservative prediction of the materials’ toughness. The small-scale master curve results,
“K, MC” indicate the scatter in toughness measured at a single temperature. At -85°C,
which was indicated to be To from the multiple-temperature approach, the toughness was
measured in a wide range between 79 MPam”and 110 MPam®, with an average of 98
MPam”.

These results are compared against the Kia results in chapter 5, where large-scale testing
results are presented for further comparison. For brevity, master curves for other materials
are not shown here but can be found in Appendix B. Generally, for the other materials,
Kia prediction from NDTT gave the most conservative toughness estimate. Low
temperature SEN(B) fracture toughness tests on materials M01 and M02 show a similar
trend of good agreement on the lower shelf and lower transition, and poor agreement in
the upper transition region. This is a limiting factor on the use of these predictions at

ambient temperatures.
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Figure 4-18: Master curve predictions of toughness at a range of temperatures for M06.
4.7 Conclusions

In this work, a wide range of mechanical testing was carried out on 6 different batches of
structural steels to investigate the relationship between mechanical properties and
microstructure with respect to fracture initiation and brittle crack arrest. The following
key conclusions have been drawn from the present study:

e Improved fracture initiation behaviour of a steel (i.e. high CTOD om and upper
shelf Charpy toughness) correlates with a smaller average grain size, but improved
crack arrest behaviour does not.

e There was a low correlation between microstructural measures of texture and
macroscopic fracture parameters of the steels, indicating that the texture does not
play a large role in fracture initiation and arrest.

e High CTOD 4, fracture toughness or upper shelf Charpy energy does not indicate
whether a material is protected from unstable brittle fracture because this is

independent from high crack arrest toughness.
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For modern steels, the criteria that result in good crack arrest properties are not
the same as those which result in a high upper shelf initiation fracture toughness.
Therefore, it is suggested to avoid using upper shelf fracture toughness parameters
such as CTOD 4, and Charpy energy to indicate crack arrestibility of modern
steels due to poor correlation.

The crack arrestibility of a material is most strongly correlated with reference
temperatures based on the onset of brittle behaviour (such as T27; and Tan from
Charpy tests or NDTT from drop weight Pellini tests) — even for a steel where the
NDTT is located at a temperature on the upper shelf of the Charpy transition
curve.

It is recommended to characterise the crack arrest properties of steels using lower
shelf parameters such as drop weight Pellini or Charpy impact testing to determine
NDTT, Takn, OF T273.
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Appendix A — Specimen extraction plan
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Figure 4-19: Sectioning plan to show the specimen orientations with respect to rolling direction
and plate thickness for a thin plate (28mm) and thick plate (over 50mm).
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Appendix B — Master curves for all materials
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Figure 4-20: Master curves for material M01
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Figure 4-21: Master curves for material M02
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Figure 4-23: Master curves for material M04
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Figure 4-25: Master curves for material M06
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5 Compact Crack Arrest Testing and Analysis on EH47
Shipbuilding Steel

Abstract

It is vitally important to measure the brittle crack arrest properties of shipbuilding steels
to ensure that accidental damage will not result in total structural failure. Wide-plate test
methods allow for direct measurement of the crack arrest toughness but this kind of
testing is incredibly expensive. Therefore, there is a need for cheaper and simpler test
methods which are able to measure a material’s brittle crack arrest toughness. In this
work, Compact Crack Arrest (CCA) testing, which is standardised in ASTM E1221, has
been successfully used to measure the crack arrest toughness of thick sections of EH47
shipbuilding steel. The results from this study have been compared to small-scale test
methods. It was found that instrumented Charpy testing gives an overprediction of the
CCA results, and Nil-ductility transition temperature (NDTT) from Pellini tests gives a
conservative estimate. The results presented in this study have been discussed in terms of
the effectiveness of the CCA test method for measurement of brittle crack arrest

toughness and integrity assessment of large-scale structures.

Keywords: brittle crack arrest, shipbuilding steel, CCA, compact crack arrest testing
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Nomenclature

a
ao
ada
B
Bn
D

Ko
Ka
Kca

Kla

Takn

Tkia

OouTS

ovd
CCA
CMOD
EDM

Crack length

Initial crack length before test
Arrested crack length

Thickness of the CCA test specimen
Net thickness between side-grooves
Diameter of wedge loading hole
Elastic Young's modulus

Height of the CCA test specimen
Stress intensity factor

Crack initiation toughness

Crack arrest toughness

Crack arrest toughness: critical stress intensity factor for crack arrest
under mode | fracture mechanics loading condition
Crack arrest toughness: measured via ASTM E1221

Length from loading hole to CMOD measurement location
Slot width in CCA test specimen

Side-groove depth (on each side) in CCA test specimen
Temperature

Reference Temperature at which a material's arrest force during
instrumented Charpy test is 4kN

Reference temperature at which a material's arrest toughness is
100MPam”*

Width of the CCA test specimen

Shape factor

Experimental crack mouth opening displacement
Ultimate tensile strength

Static Yield Strength

Dynamic Yield Strength

Compact crack arrest

Crack Mouth Opening Displacement

Electrical discharge machining
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5.1 Introduction

The issues associated with brittle fracture of shipbuilding steels were first brought to light
by the premature failure of some of the Liberty ships during WWII*. In modern days, the
requirements for shipbuilding steels are set by the International Association of
Classification Societies (IACS), which includes assurance organisations worldwide.
There is a drive to reduce carbon emissions of the shipping industry by using larger ships
which can carry more cargo per journey?. These ships require stronger and thicker plates
of steel for their hulls, and this carries with it an increased risk of brittle fracture,
particularly in the case of bad weather or accidental damage®*. A brittle crack can be
prevented from causing catastrophic failure of the structure by ensuring that the materials
used have a sufficient resistance to a propagating fracture i.e. high brittle crack arrest

toughness®.

The first standard which was developed for measurement of brittle crack arrest toughness
was ASTM E1221:1988°, which utilises relatively large-scale Compact Crack Arrest
(CCA ) test specimens. In recent years, the most common method to measure brittle crack
arrest toughness is using wide-plate testing’ 1" such as ESSO tests or double-tension tests
which have been incorporated into International Standard 1SO 20064:2019*8. It has been
shown in previous studies that CCA testing gives a lower-bound approximation to the
brittle crack arrest toughness, Kia, whereas wide-plate testing usually enables the crack
arrest toughness, Kca, to be directly measured®. Due to the experimental difficulties
involved in CCA testing, there has been a limited amount of published results available
in the public domain using this test method. The limited CCA test data which are publicly
available are entirely limited to specimens with thicknesses of below 50mm?®-24, Some
researchers noted that it was difficult to get valid results from this test method and there
was high scatter in the test data, which is why wide-plate methods are generally

preferredt®?2.25,

Although wide-plate test methods are more likely to give a better prediction of brittle
crack arrest toughness, there are many advantages to using CCA testing. Primarily, CCA
testing is much cheaper than wide-plate testing. CCA testing requires less extensive
instrumentation and set-up of the test, for example it is usually done isothermally rather

than under a temperature gradient. Additionally, due to the smaller size and use of wedge
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loading, there is a lower force requirement for the test machine. For these reasons, it is of
interest to carry out CCA tests on modern shipbuilding steels to determine their viability,

with an aim to reduce the cost of brittle crack arrest testing.

In this paper, CCA testing was carried out on 80mm thick EH47 shipbuilding steel to
measure the brittle crack arrest toughness over a range of temperatures. The results from
this study provide a unique set of data on relatively large thickness plates using the CCA
test method. The obtained results have been compared to predictions of the crack arrest
toughness from small-scale testing which are reported in chapter 1. These predictions
rely on determination of reference temperatures and are based on the master curve
approach. The specimen preparation, test procedure, experimental challenges, and the
analysis of the test data have been comprehensively explained and discussed in the
following sections.

5.2 Compact Crack Arrest Test Methodology

The experimental studies in this work were carried out on EH47 shipbuilding steel,
supplied by a steel manufacturer, which is widely used in industrial applications. EH47
steel was chosen due to the fact that it has been well characterised by other researchers
which enables the CCA results obtained from this study to be compared to wide-plate test
results available from other researchers’ works!”?’. The mechanical and fracture
behaviour of the supplied EH47 steel employed in this study was characterised using
small-scale mechanical testing in chapter 1%, The main material properties including the
upper shelf Charpy energy, room temperature yield strength, ovs, and ultimate tensile
strength, ourts, the nil-ductility transition temperature (NDTT), and average grain size are

summarised in Table 5-1.

Table 5-1: Material properties for EH47 shipbuilding steel employed in this study

Upg)ﬁ;rshelf st\r(elﬁkih Ultimate tensile Nil-ductility transition ~ Average grain
Py g strength (MPa) temperature (°C) size (um)
energy (J) (MPa)
297 490 622 -50 4.1
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Compact crack arrest testing was carried out in accordance with ASTM E1221° on 80mm
thick EH47 shipbuilding steel plates. In total, 8 specimens were prepared and tested in
this study, denoted CCA1-8. The CCA specimens consisted of a full-thickness piece of
material which had a notched slot machined into them. The notch was opened using a
wedge load through the hole in the specimen to initiate a brittle crack within a brittle weld
bead deposited at the base of the notch.

The predictions of crack arrest toughness using small-scale tests which were made in
chapter 1%° have been compared against the results from CCA test data obtained from the

present study.
5.2.1 Specimen design

The mechanical properties of the material, shown in Table 5-1, were used to choose
appropriate specimen dimensions which would meet the strict criteria given in the ASTM
E1221 standard® and give the best chance of calculating Kia. The key specimen
dimensions are summarised in Table 5-2 and schematically shown in Figure 5-1. As seen
in Table 5-2, all 8 specimens had the thickness of B = 80 mm, width of W = 260 mm,
height of H = 156 mm, wedge loading hole diameter of D = 50.8 mm, length from loading
hole to CMOD measurement location of L = 65 mm, slot width of N = 8.28 mm, and
initial crack length of ao = 55 mm. Also included in Table 5-2 are the normalised
dimensions for each parameter with respect to the width of the specimen, X/W. According
to the guidelines provided in ASTM E1221 standard®, the thickness, B, of CCA test
specimens must be sufficiently large to satisfy plane strain conditions, with the width of
the test specimen, W, within the range of 2B < W < 8B; and the height, H, is 0.6W.

In order to make the best use of the available material, it was chosen to use a B/W ratio
of 0.31, which gives a width of W = 260 mm for the plates with the thickness of B = 80
mm. The initial normalised crack length, ao/W, was kept very low to increase the stress
intensity around the crack tip and facilitate brittle crack initiation. It was decided to use
an ao/W of just over 0.2 which is at the lower end of the allowed range recommended by
the ASTM E1221 standard®. As seen in Figure 5-1, all test specimens were side-grooved
following the recommendation in the ASTM E1221 standard®. Six out of eight specimens

were side-grooved on both sides to promote a straight crack front. The remaining two
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specimens were side-grooved only on one face so that crack propagation monitoring wires
could be soldered to the other face of the specimen to measure the crack speed as it
propagated. As shown in Table 5-2, the side-groove depth of S = 10 mm was implemented
on each side of the test specimens with the net thickness between side grooves of By = 60
mm in those six specimens with double side-grooves, and Bx = 70 mm in those with a
single side-groove. As shown in Figure 5-1, the test specimens were side-grooved at 45°

angle using an Electrical Discharge Machining (EDM) technique.

Table 5-2: CCA specimen dimensions

Dimension Ratio to width,

(mm) XIW
B 80 0.31
W 260 1.00
H 156 0.60
D 50.8 0.20
L 65 0.24
N 8.28 0.03
Bn 60 0.23
S 10 0.04
ao 55 0.21
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Figure 5-1: Schematic illustration of the CCA test specimen design.
5.2.2 Introduction of weld beads

A brittle weld bead was laid in the bottom of the slot to give an embrittled material in the
starter notch to facilitate brittle crack initiation. The numerous challenges with producing
suitable welds of high quality are explained in this section. Due to the large thickness of
the specimens, magnetism was introduced in the specimen during the machining and
welding processes. The magnetism caused the weld to be uneven due to arc blow or arc
wander?8. This was combatted through a combination of surface peening and careful
welding technique. Before welding, the entire specimen was surface peened using a 2Ib
ball hammer with a focus around the bottom of the slot where the weld would be laid.
The manual metal arc welding technique was used to deposit a brittle weld bead at the
bottom of the slot for each specimen using the hard-facing electrode Bohler FoxDur 350
with a heat input of about 1.5kJ/mm. The weld was notched to 2 mm depth using the
EDM technique to introduce a starter notch in the test specimens.

There were challenges with ensuring a sufficient thickness of the weld deposit as it was
necessary to complete the weld in a single pass. It was necessary to increase the heat input
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from that recommended in the standard (from 1kJ/mm to 1.5kJ/mm) to ensure the weld
deposit was thick enough to be notched. Some of the specimens which had poor quality
of welds were re-welded by initially using EDM to remove the old weld deposit before
introducing the weld bead again. Although this gives a concern that the excess heat input
may affect the test results, this was localised to the crack initiation region, hence this
process is believed not to have affected the bulk of the specimen where the crack is
propagating and, most importantly the arresting region which is further away from the
initial crack tip. Through an iterative welding process, the deposition of the weld beads
on test specimens was finalised. An example of a test specimen with the weld bead, before
performing the test, is shown in Figure 5-2.

T S

) >
¥

Knife edges

e : i A'
| Starter crack

Figure 5-2: Example CCA specimen showing the weld bead and machined starter crack.
5.2.3 Test procedure

According to the experimental approach detailed in the ASTM E1221 standard, side-
grooved CCA specimens are slowly cyclically loaded under crack-line wedge loading to
incrementally increasing peak loads, in order to achieve a rapid run-arrest of a crack with
a nearly straight crack front. The temperature range for the CCA testing was chosen based
on the ductile to brittle transition behaviour of the material, with the NDTT (-50°C)
chosen as the initial test temperature and subsequent temperatures chosen iteratively. In

order to perform CCA experiments, the sample was initially cooled down to the desired
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test temperature using liquid nitrogen, and subsequently loaded and unloaded repeatedly
to a higher load point each cycle. This loading and unloading sequence continued until a
brittle crack initiated and arrested itself. This was evident through the loud noise it made
and also a steep drop-off in the load reading as the crack jumped. Once the experiment
was completed, the specimens were heat tinted to highlight the notch and arrested crack
clearly on the fracture surface once the specimen was broken open, so that the arrested
crack length could be measured. The arrested crack length was measured as the average
of 3 points equally distributed across the thickness of the specimen, as suggested by the
ASTM E1221 standard®.

To facilitate the experiments, a bespoke test rig was designed and fabricated at TWI Ltd.,
UK, using high strength steel based on the design suggested in the ASTM E1221
standard®, which is shown in Figure 5-3. The test rig included cooling coils embedded
into the support block through which liquid nitrogen was pumped to ensure a consistent
temperature throughout the specimen. Due to the large thickness of the material being
tested, the whole rig was scaled up, including the wedge and split pin assembly, to ensure
sufficient strength in the test rig. This was directly scaled from the example dimensions

which are given in the standard.

Each stage of the experimental set-up is shown in Figure 5-3. Figure 5-3-a shows the test
rig, which is fully set up on TWI’s 500kN capacity machine in Figure 5-3-b. The
specimen was inserted into the test rig and instrumented as shown in Figure 5-3-c. The
instrumentation included temperature measurements for all specimens and crack
propagation monitoring wires which were used to measure the crack speed in two of the
experiments. The case shown in Figure 5-3-c is that with crack propagation monitoring
wires applied to the surface of the specimen. As the crack propagates past the wire, it is
broken and the signal is recorded and its speed can be measured. During the experiment,
the low temperature was maintained by covering the specimen in thick layers of

insulation, which is shown in Figure 5-3-d.
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Figure 5-3: Experimental set up of CCA tests showing: (a) the test rig assembly, (b) the fully

assembled test rig on the machine, (c) the specimen is placed in the test rig and instrumented, (d)

during the test.
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5.2.4 Data analysis procedure

Equation 5-1 to Equation 5-5 are used to calculate the stress intensity factor, K, shortly
after arrest, which would be equivalent to Kia when particular requirements are met as
described by Equation 5-6 to Equation 5-10. In order to perform a CCA test, the wedge
is loaded cyclically into the specimen with increasing peak load, and the crack mouth
opening displacement (CMOD) is used to find K once an arrest event has occurred.
According to the ASTM standard, the stress intensity factor for standard CCA specimen

geometry can be calculated using Equation 5-1 to Equation 5-5:
B Equation 5-1

K = ESY
ByW

1 .
Y = (1 —x)2(0.748 — 2.176x + 3.56x% — 2.55x° + 0.62x%) Equation 5-2
X =— Equation 5-3

where E is the elastic Young’s modulus in MPa, B is the specimen thickness in mm, Bn
is the net thickness between the side grooves in mm, W is the specimen width in mm, ¢ is
calculated from the CMOD using Equation 5-4 or Equation 5-5, and a is the crack length
in mm (i.e. ao is the initial crack length and aa is the arrested crack length). In order to
calculate Ko, which is the stress intensity factor at initiation point (known as crack
initiation toughness), the crack length is taken as a = ao, and ¢ = do. Similarly, Ka which

is known as the crack arrest toughness is calculated using a = aa and 0 = da.

0, used in Equation 5-1, is calculated from the equations below using Figure 5-4 as a
reference to show how the parameters are calculated from the load-displacement curve

over multiple cycles.

do=60—(5) Equation 5-4
P n—1

) ~ B Equation 5-5
dy =05 |80+6,—(5,), (6p)n_1] quati

123



where n is the number of load cycles to the run-arrest event, do is the CMOD at the crack
Initiation point, dp(n-1) is the CMOD at the start of the nth loading cycle when the load has
been reset to 0, and Ja is the CMOD after the crack has arrested. It can be seen that as the

crack propagates, the crack mouth widens before it arrests.

—Cycle1 Initiation
—Cycle 2 /? \\
—Cycle 3 i \\l
—Cyclen : i
o | |
g / o
o ! H
o ! 1
4 | i
D 1 1
=) ! i
2 ! :
= v Arrest
| | | i
(6p)1 (8p)n-1 S0 ba

Crack Mouth Opening Displacement, 6

Figure 5-4: Wedge force vs. CMOD using cyclic loading technique. Each loading cycle is shown

in a different colour until the final “cycle n” the where the crack propagates and arrests.

According to ASTM E1221, when the following criteria are met Ka can be taken as Kja
which is the critical stress intensity factor for crack arrest under the mode | fracture

mechanics loading condition.

W —a, = 0.15W Equation 5-6
K jon 5-
W—a, > 1.25(=%)2 Equation 5-7
Oyd
K, i -
B> 1.0 (=% Equation 5-8
Oya
a, —ag = 2N Equation 5-9
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Equation 5-10

Oys

2
K
a, —ag = (—0> /2

where N is the machined slot width, W-a is the uncracked ligament, oy is the dynamic
yield stress and gy, is the static yield stress. These criteria ensure that the specimen is of
a sufficiently large size to satisfy plane strain conditions, and that the assumption of static
behaviour during the crack jump event is appropriate i.e. dynamic effects are not present.

5.2.5 Small-scale testing

Following chapter 125, where small-scale testing was carried out, the predictions of the
crack arrest toughness obtained from smaller size samples were validated against the
large-scale results presented in this study. The small-scale tests in the previous study
consisted of instrumented Charpy V notch testing to determine the post-fracture force
during impact, and drop weight Pellini testing to measure the nil-ductility transition
temperature (NDTT). These predictions rely on determination of reference temperatures
and are based on the principles of the master curve approach. The master curve is a
statistical approach which gives a lower bound estimate of fracture toughness of ferritic
steels for temperatures in the transition region and lower shelf from a limited amount of
test data. This has been adapted by other researchers?>?°32 to predict brittle crack arrest
toughness from small-scale testing using the following relationships:

K, = 49.957 + 16.878 ¢0028738(T - NDTT) [Ref 2] Equation 5-11

T -Tyapn—12.3

K, = 30 + 70 e(T) [Ref ¥] Equation 5-12

where T is the calculation temperature, NDTT is measured from Pellini testing®3, and Taxn
is the temperature at which the instrumented Charpy post-fracture force is 4kN. These
curves can be compared to the fit to the CCA data, which uses Tkia as the reference

temperature and is given in ASTM E1221° by:

Kiamediany = 30 + 70 %0190 ~Tkia) Equation 5-13

where Tkia is the temperature corresponding to a median crack arrest toughness of 100
MPam®*,
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5.3 Compact Crack Arrest Test Results

5.3.1 Validity of the test results

The results obtained from the CCA tests are summarised in Table 5-3 and compared
against the predictions from small-scale testing in Figure 5-5. While CCA2, CCA3,
CCA4 and CCAS8 specimens were tested satisfactorily according to ASTM E1221 and
accurate crack arrest results were obtained from these four specimens, the remaining four
samples resulted only in indicative crack arrest data as they were not fully qualified, due

to number of different reasons.

In the test on the CCAL specimen, which was the first experiment conducted in this study,
it was discovered that part of the loading rig had deformed during the loading of the
specimen. This meant that the load recorded during the experiment was higher than the
load applied onto the specimen, as some was lost to the loading rig. This did not affect
the calculated crack arrest toughness as the load is not used as an input parameter into the
calculation and the CMOD measurement was not affected. Although this issue was
unlikely to have impacted the results, the test data obtained from this experiment was
assumed to be indicative. The issue with the loading rig was fixed after this first test and

this problem did not occur again in any of the other tests.

In the test on the CCA5 specimen, the crack did not propagate through the entire thickness
of the test geometry, presumably due to the comparatively high temperature in this
specimen, which meant that the crack was arrested easily in the material. Therefore, the
results obtained from this experiment were considered to be indicative. Finally, CCA6
and CCAY test specimens were side-grooved in a single side, to be able to accommodate
wiring on the opposite plane side of the test piece for measurement of the crack
propagation speed. Although this was taken into account during the calculation of Kja,
which includes consideration for the thickness between the side-grooves, the results
obtained from these two test specimens were also considered indicative rather than strictly

qualified to the standard.
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5.3.2 Presentation of the test results

It is evident from Figure 5-5 that there is a large scatter in the toughness results, and that
not all of the test data points are valid. However, it can also be seen that both valid and
indicative test data follow the same trend when the toughness data are correlated with the
arrest temperature. Also seen in Figure 5-5 is that the data points obtained from the CCA
tests are entirely bounded by the two prediction lines which were made from small-scale
testing. The prediction of the crack arrest toughness from NDTT gives a lower bound
estimate, and the prediction from Takn gives an upper bound estimate with the CCA test
data falling in between these two extreme trends. Also seen in Figure 5-5 is that when the
trend obtained from the test data points from this study is extrapolated to higher toughness
values, the CCA trend remains between the prediction lines from NDTT and Tak. This
suggests that the NDTT can be used to give a conservative estimate of CCA toughness
results. However, more tests need to be conducted in future work to confirm the obtained
trend from this study for higher and lower toughness values. The Kic and Kjc curves show
very similar shapes to the Kia curves measured from similar methods, translated upwards.
This indicates that for this material the initiation toughness is higher than the crack arrest
toughness at a given temperature. Full analysis of the initiation master curves is given in

section 4.6.3.

Table 5-3: Summary of the CCA test results

Specimen ID | Temperature | Average arrested crack length, aa Kia
(°C) (mm) (MPam”)
CCAl -50 180.0 93.4
CCA2 -50 141.7 123.9
CCA3 -90 159.4 73.7
CCA4 -70 161.8 89.0
CCA5 -10 85.0 145.9
CCAGb -70 113.1 110.4
CCA7 -50 137.1 130.4
CCAS8 -30 129.3 99.4
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Figure 5-5: Comparison of the CCA test results with predictions from small-scale testing
5.3.3 Fractography

Fractography analysis was carried out on all specimens post-testing. The fracture surfaces
of one half of specimens CCA1-8 are shown in Figure 5-6. It can be seen on the fracture
surface of all specimens that heat tinting was an effective approach to mark the extent of
crack growth during testing and before the specimen was broken open. The crack
propagation occurred in a brittle manner in all specimens, which is evident from the
relatively smooth and flat crack path observed in the fractography analysis on all test
specimens. In specimens CCA6 and CCA7 (Figure 5-6(f) and Figure 5-6(g)), the crack
showed tunnelling away from the surface, which meant that the crack propagation
monitoring wires were not broken as the crack propagated. This indicates that although
these two specimens were instrumented for crack speed measurement, this could not be
achieved in practice due to the lack of crack growth along the plane-sided face of the
CCA specimen geometry.
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Figure 5-6: Fracture surface of (a) CCAL, (b) CCA2, (c) CCA3, (d) CCA4, (e), CCA5 (f), CCAB6
(9), CCA7, (h) CCAS8 specimens

5.4 Discussion

It was not possible to measure the crack velocity from these specimens. Due to the very
low test temperatures (between -10°C and -90°C) it was necessary to keep the specimen
under insulation which meant that it was not possible to use visual crack speed
measurement methods (e.g. digital image correlation). For that reason, use of crack
propagation monitoring wires is the recommended approach to measuring the crack
speed. The focus of this research was on measurement of crack arrest toughness and
ensuring that it was possible to get valid results before attempting to measure the crack
speed, hence only two specimens were instrumented in this way. Now that the compact
crack arrest testing approach has been proven successful, future work should focus on

ensuring that the crack speed can be measured during these tests.

It is important to measure the crack propagation speed throughout the test as this is an
important input into finite element modelling of brittle crack arrest which has been
successfully carried out by other researchers 344 The most common technique for finite
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element modelling of brittle crack arrest is using the nodal release method to replicate the
propagating crack and extract the stress shortly ahead of the crack tip*®#245, The critical
stress just ahead of the crack tip is taken as the criterion for crack propagation, following
a local stress approach®* 46, Using this critical stress, predictive models can be developed.
In future work, finite element modelling should be used to validate the experimental

results.

The CCA results obtained from this study can be compared to those of other researchers
who have carried out quantitative crack arrest testing on the same material. Although
these experiments have never been done before on such thick sections of shipbuilding
steels, other wide-plate tests have been carried out in previous studies using different
methods®®. Other researchers have consistently shown crack arrest toughness exceeding
6000 N/mm®?2 at -10°C (which is equivalent to 190 MPam®) and this has been
incorporated as a requirement of the International Association of Classification
Societies*’#"4®, Comparison of the results available on wide-plates to those obtained from
CCA specimen geometries from the present study reveals that other test methods give a
much higher threshold of brittle crack arrest toughness for the material examined in this
study. This raises concerns that the CCA method may under-predict brittle crack arrest
toughness results. Given the high strength and Charpy toughness of this material, it seems
likely that it is the test method which is resulting in a low prediction of crack arrest
toughness rather than the material itself. It would be necessary to carry out CCA testing
and wide-plate testing on the same batch of steel in future work to have confidence in the
agreement between the results of these two test methods. Alternatively, it may be possible
to apply a correction factor to relate the CCA test results to wide-plate results for integrity
assessment of large-scale structures. This correction factor would likely comprise a
combination of specimen geometry (a, W, B), along with factors. In order to determine a
correction factor, a large test program would need to be carried out to determine the
dependence of the toughness on different factors involved in CCA testing. Nonetheless,
CCA testing is a viable alternative to wide-plate testing and could be used to verify the
quality of a batch of steel plates without the need for expensive wide-plate testing every
production run. This would reduce the cost of testing while maintaining high quality of

steel plates.
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5.5 Conclusions

CCA testing was successfully carried out on 80mm thick EH47 shipbuilding steel to

measure the brittle crack arrest toughness in this material. The results obtained from these

tests were compared to the toughness predictions from small-scale testing and also wide-

plate test results available from other researchers. The following conclusions were made

from this study:

The present study has proved the possibility of achieving valid results from CCA
testing on relatively thick (i.e. 80 mm) steel plates

Relatively smooth arrested fracture surfaces were observed in all CCA test
specimens confirming that brittle crack arrest occurred in these experiments

The results show that Pellini NDTT data from small-scale tests can be used to
obtain a conservative estimate of CCA test results

The results show that instrumented Charpy testing provides an over-estimation of
the CCA test results

Master curve predictions of K. are more conservative when using NDTT than
Takn S0 using the NDTT is recommended to give a safer estimate of crack arrest
properties, although this prediction is only valid at low temperatures

The wide-plate test results available in the literature on the EH47 steel indicates
that more conservative values of brittle crack arrest toughness may be achieved
from CCA tests

More experiments should be conducted in future work on the same material batch
to directly compare the CCA and wide-plate

Crack speed monitoring in CCA tests is challenging and may not be achieved by

instrumenting a plane sided face of the specimen
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6 Overall Discussion and Future Work

The results presented from this project provide a comprehensive characterisation of the
fracture properties of EH47 shipbuilding steel which is not currently available in the
public domain. This is presented alongside the properties of four other steel grades for
comparison to determine which characteristics of a steel provide enhanced brittle crack
arrest properties. This research will be taken forward by Lloyd’s Register to the
International Association of Classification Societies (IACS) and inform the development
of new standards which allow the certification of a shipbuilding steel’s brittle crack arrest

toughness based on small-scale testing.

The main focus of this research was on EH47 shipbuilding steel, as requested by the
project sponsor. Regardless, the six steels presented in this study were used to correlate
the different steels’ properties against each other to determine if trends could be found
I.e. relationships between certain material properties. In this way, it was attempted to
determine why a particular material had improved toughness compared to another — is it
due to the grain size, chemical composition, texture, or other metallurgical property of
the material. Some of the correlations between material properties confirmed those which
are well known e.g. small grain size correlated with high initiation toughness. This
indicates that the other correlations determined in this research have some weight behind

them.

6.1 Discussion of Results

The results confirm concerns that have been raised at TWI Ltd. about some modern steels
having high toughness measured from Charpy impact testing, but are nonetheless
susceptible to brittle failure at a temperature on the upper shelf. This can be explained by
the fact that the nil-ductility transition temperature (NDTT), which is not usually reported
by steel manufacturers, was located on the upper shelf in 4 out of 6 of the steels examined
in this study. i.e., Charpy testing alone is not enough to ensure brittle fracture is prevented
and the NDTT is a more suitable and conservative parameter to use in this case. One of
the most interesting findings was that the smaller the grain size, the higher the NDTT —
I.e. the worse the brittle crack arrest properties. It had been expected that grain refinement

would improve the crack arrest toughness but this is evidently not the case for these steels.
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This result was recently confirmed by another researcher who carried out experimental
and numerical work confirming that this is due to larger grains having a higher critical
threshold of local stress ahead of the crack tip which aids in arresting a brittle crack (see
section 2.7). The high Charpy toughness can be attributed to grain refinement, but this
has the opposite effect on crack arrest toughness. This important result shows that brittle
crack arrest properties must be considered independently from initiation properties when
selecting, designing, and manufacturing materials. Therefore, it is not recommended to
use any upper-shelf properties to indicate crack arrestibility, which is dominated by the
lower-shelf transition region. If Charpy testing is to be used to predict brittle crack arrest
behaviour, T27; should be used. T27; is preferable over Tan because it is simpler and easier
to calculate — it avoids analysis of the instrumented Charpy force-time trace and potential
extrapolation to find the Taw value. T27; can be calculated simply from the Charpy
transition curve and is often provided as part of a material specification. T»7; can be used
to predict NDTT with high accuracy. Preferably, NDTT should be directly measured from
the materials although it is appreciated that these facilities may not be as readily available

as the very common Charpy testing equipment.

Where large scale testing is concerned, very few test centres have the facilities to carry
out wide-plate crack arrest testing. Indeed most test centres certified to carry out wide-
plate crack arrest testing according to IACS standards are in Asia. This research is based
in the UK, and it can be appreciated that there is a need for test methods which can be
carried out more locally. Since wide-plate testing has already been carried out on EH47
shipbuilding steel, it was decided to undertake Compact Crack Arrest (CCA) testing in
this work. Although the CCA method is standardised by ASTM, itis not included in IACS
standards and is not a popular test method for shipbuilding steels. This may be because it
was developed with pressure vessel steels in mind and there is no tensile loading
component during the test which is a more realistic in-service condition for shipbuilding
steels. Nonetheless, this method was very successful at measuring the brittle crack arrest
toughness and showed good agreement with the master curve predictions from small-
scale testing. Other benefits of this method over wide-plate testing are the greatly reduced
cost of CCA testing. Quotations for carrying out the testing at TWI Ltd. revealed that
CCA testing was 5 times cheaper than double tension testing, which would be the

cheapest option of the wide-plate testing. Of course, there were some drawbacks of the
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CCA testing, namely that the toughness results were far lower than expected for this
material. However, the results showed the expected relationship between temperature and
CCA toughness which indicates that the CCA method could be adapted to include a factor
which adjusts the results so that this method can be used in place of expensive wide-plate

testing.
6.2 Impact of this Research

Going forward, these results will be taken into consideration by Lloyd’s Register to the
International Association of Classification Societies (IACS) to inform the development
of new standards which will allow the certification of a shipbuilding steel’s brittle crack
arrest toughness based on small-scale testing. This will make it more accessible for a
steel’s brittle crack arrest toughness to be quantified and make it more likely that the
methodology will be considered in other industries. Once the use of small-scale testing is
approved for the shipbuilding industry, it can be carried out by steelmakers on each batch
of steel to ensure that the quality is adequate for the requirements. Additionally, it will
ensure that appropriate crack arrest testing is always carried out since it will no longer be
prohibitively expensive. This will help to ensure that maritime disasters such as the break-
in-two failures of the MSC Napoli and the MOL Comfort never happen again and ensure

that fewer lives are lost at sea.

Any structures which are at risk of brittle fracture would benefit from assurance that a
brittle crack will not result in catastrophic failure. With the huge cost reduction of brittle
crack arrest testing associated with using small-scale test methods, it would be feasible to
incorporate the crack arrest toughness into defect tolerance assessments. In such a way,
the lifetime of an asset could be extended once it is confirmed that the materials used have
a sufficient crack arrest toughness to arrest a brittle crack. For example: if this
methodology was implemented for offshore wind turbine foundation structures, it would
enable further reductions to the levelised cost of energy through reduced operational costs
and increased operational lifetime. This would further promote the take-up of offshore
wind, which relies heavily on cost reduction in order to compete with other energy

sources, and help with reduction of global carbon emissions.
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6.3 Suggestions of Future Work

One of the main limitations of this work, and the key area for future work, is finite element
modelling (FEM). It was not possible for the crack speed during the CCA tests to be
measured because the standard technique of using crack propagation monitoring wires
was unsuccessful. This technique did not work because there was extensive crack
tunnelling which meant that the crack propagation monitoring wires, which were attached
to the surface of the specimen, did not break. It may be possible to use other non-visual
methods to determine the crack speed (e.g. ultrasonics). This should be investigated in
future work as large-scale testing is very expensive and it is important to capture as much
data as possible from each test. The crack speed is an essential input into FEM, which
would allow the experiments to be modelled and predictive models to be developed. This
has successfully been carried out by other researchers, but never for the CCA specimens
—see Section 2.7 for further details. Future work should focus on developing a predictive
model for crack arrest in CCA specimens. This would allow CCA testing to become more

widely used for brittle crack arrest toughness measurement.

In future work, it would be recommended to take further measurements of the texture
from multiple specimens and throughout the thickness of the material. This will help to
see the full picture more clearly, understand the in-service properties of the steels, and
investigate how the texture variation affects the resistance to fracture propagation. This
was not possible in this piece of work due to the high demand for neutron imaging
facilities and the high cost of EBSD — instead it was chosen to focus on large scale crack
arrest testing which was supplemented by comprehensive material characterisation on the

small scale.

It is recommended to carry out CCA testing and wide-plate testing on the same batch of
steel in future work to have confidence in the agreement between the results of these two
test methods. This would enable determination of a correction factor which can directly
relate CCA results to wide-plate test results. Additionally, it is recommended to carry out
CCA testing on the other materials used in this study which will give more confidence in
the relationships between small-scale mechanical properties and crack arrest toughness

that have been presented in this research.
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7 Overall Conclusions

It is vital to prevent brittle fracture of welded offshore structures. This is particularly
important for a number of industry sectors including offshore wind, oil & gas, and
shipbuilding where structural failure risks loss of human life and loss of expensive assets.
By ensuring that a material has resistance to a propagating brittle crack, i.e. high brittle
crack arrest toughness, catastrophic failure can be avoided even in the case that a brittle
fracture initiates. Wide-plate test methods allow for direct measurement of the crack arrest
toughness but this kind of testing is incredibly expensive. Therefore, there is a need for
cheaper and simpler test methods which are able to measure a material’s brittle crack

arrest toughness and ensure the asset and human life is protected from accidental damage.

Small-scale testing was carried out on five different steels, which include S355 structural
steel (with two different thicknesses), X65 pipeline steel, two high strength reactor
pressure vessel steels and EH47 shipbuilding steel. The small-scale testing included a full
microstructural analysis of the materials, and mechanical testing such as: tensile, drop
weight Pellini, instrumented Charpy and SEN(B) fracture toughness testing. Furthermore,
compact crack arrest testing was successfully carried out on 80mm thick EH47
shipbuilding steel to measure its crack arrest toughness. This research will be taken
forward by Lloyd’s Register to the International Association of Classification Societies
(IACS) and inform the development of new standards which allow the certification of a
material’s brittle crack arrest toughness based on small-scale testing. The key conclusions
from this research are:

e There was a low correlation between microstructural measures of texture and
macroscopic fracture parameters of the steels, indicating that the texture does not
play a large role in fracture initiation and arrest.

e Although grain refinement contributes to increased initiation toughness for a steel,
it has the opposite effect on crack arrest toughness. i.e. steels with smaller grain
size have a lower brittle crack arrest toughness.

e For modern steels, the criteria that result in good crack arrest properties are not
the same as those which result in a high upper shelf fracture initiation toughness.

Therefore, it is suggested to avoid using upper shelf fracture toughness parameters
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such as CTOD 4, and Charpy energy to indicate crack arrestibility of modern
steels due to poor correlation.

The present study has proved the possibility of achieving valid results from CCA
testing on thick (i.e. 80 mm) steel plates. The wide-plate test results available in
the literature on the EH47 steel indicate that more conservative values of brittle
crack arrest toughness may be achieved from CCA testing.

The crack arrestibility of a material is most strongly correlated with reference
temperatures based on the onset of brittle behaviour (such as T27; and Tan from
Charpy tests or NDTT from drop weight Pellini tests) — even for a steel where the
NDTT is located at a temperature on the upper shelf of the Charpy transition
curve.

There is good agreement between crack arrest toughness predictions based on a
master curve approach and the toughness measured through CCA testing.

It is recommended to characterise the brittle crack arrest properties of steels using
lower shelf parameters. The recommended method is to use the NDTT determined
from Pellini testing.

The cost reduction associated with using small-scale testing to quantify brittle
crack arrestibility of a steel will enable other industries such as offshore wind to
make use of the brittle crack arrest methodology. This can be incorporated into
the defect assessment tolerance procedure and allow for asset life extension under
certain circumstances.

This research will be taken forward by Lloyd’s Register to the International
Association of Classification Societies (IACS) and inform the development of
new standards which allow the certification of a material’s brittle crack arrest

toughness based on small-scale testing.
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