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ABSTRACT
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Structural life and failure probability assessment has become increasingly common
practice in modern structural engineering, when attempting to optimize the overall costs
and service reliability of engineered structures. For same reasons, the use of ultrahigh-
strength steels (UHSS) has also become more common in structural engineering. Lack of
research, as well as relevant design and fabrication guidelines have however limited the
applications of UHSS steels as structural engineering materials. In this thesis, aspects of
fracture mechanical testing were examined for purposes of productizing the fracture
toughness testing method considered. The theoretical background of fracture mechanics
and the most essential testing standards were reviewed and fracture toughness of two
ultrahigh-strength, quenched and tempered martensitic steels at low temperature were
determined. Selected fracture toughness parameters were the crack-tip opening
displacement and the ductile-to-brittle transition reference temperature. Fracture surface
examinations were carried out with scanning electron microscope imaging. The studied
tool steel was found to behave structurally brittle while the studied stainless steel behaved
structurally ductile in the fracture toughness tests. Based on the standards and theory
addressed in this work, working instructions for fracture toughness testing as well as
spreadsheets for parameter calculations, and for determination of uncertainties of testing

for one of the parameters, were prepared for productization of the test method.

Keywords: fracture mechanics, fracture toughness, ultrahigh-strength steel, crack-tip

opening displacement, Master Curve, fracture toughness testing standard
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UHSS terdsten murtumiskdyttdytymisen méaarittiminen matalissa lampdétiloissa
Anna Sipola

Oulun yliopisto, Konetekniikan tutkinto-ohjelma

Diplomity6 2023, 104 s.

Tyon ohjaajat yliopistolla: Olli Nousiainen ja Sakari Pallaspuro

Rakenteiden kayttdidn sekd vioittumistodennikoisyyksien arvioinnit ovat kdytdntona
entistd  yleistyneempid optimoitaessa rakenteiden kokonaiskustannuksia sekd
huoltovarmuutta nykyaikaisessa rakennesuunnittelussa. Samoista syistd myds ultralujien
terdsten (UHSS) kiyttd on yleistynyt rakennesuunnittelussa. Tutkimuksen sekd
asiaankuuluvien suunnittelu- ja valmistusohjeiden puute on kuitenkin rajoittanut UHSS-
terdsten soveltamista materiaaleina rakennesuunnittelussa. Téssd diplomitydssa
perehdyttiin murtumismekaaniseen testaukseen murtumissitkeysmittausmenetelmén
tuotteistamista varten. Ty0Osséd tarkasteltiin murtumismekaniikan teoreettista taustaa ja
tarkeimpid testausstandardeja, sekd médritettiin murtositkeys kahdelle ultralujalle,
nuorrutetulle  martensiittiselle ~ terdkselle = matalassa  ldmpoétilassa.  Valitut
murtumissitkeysparametrit olivat sdrdon kdrjen avauma sekd sitked-hauras-siirtymén
referenssildmpdtila.  Murtopintatutkimukset — suoritettiin -~ pyyhkéisyelektronimikro-
skoopilla. Tyossd tutkitun tyOkaluterdksen havaittiin kéyttdytyvin murtumissitkeys
kokeissa hauraasti, tutkitun ruostumattoman terdksen puolestaan sitkedsti. TyOssd
tarkasteltujen standardien sekd teorian pohjalta laadittiin testausmenetelmén
tuotteistamista  varten tydohje  murtositkeystestauksen  suorittamiselle  sekd
laskentataulukot murtumisparametrien laskentaa ja erdén parametrin mittaepdvarmuuden

madrittdmisti varten.

Asiasanat: murtumismekaniikka, murtumissitkeys, ultraluja terds, sdron kdrjen avauma,

Master Curve, standardi murtumissitkeyden mddrittimiseksi
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A crack area

Am stress amplitude for the mth term

a crack length

ap initial crack length

ar final physical crack length

B specimen thickness

b specimen ligament length

ASTM  American Society for Testing and Materials
BCC body-centered cubic

C compliance

Cexp experimental compliance
Ciheo theoretical elastic compliance
Cm system compliance

ch. chapter

CMOD  crack mouth opening displacement V
CT compact tension

CTOA crack-tip opening angle

CTOD crack-tip opening displacement
DCG double clip gage

DC(T) disc-shaped compact

E Young’s modulus

e.g. exempli gratia, for example
EPFM elastic-plastic fracture mechanics
FCC face-centered cubic lattice

FEM finite element analyses

F fimax maximum fatigue force

Ftmin minimum fatigue force

Fmax maximum force

FM fracture mechanics

FT fracture toughness

G energy release rate, crack extension force, crack driving force
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proportionality of stress and strain distributions at the crack-tip, named
after Hutchinson, Rice and Rosengren

id est, that is

Institut fiir Eignungspriifung GmbH

International Institute of Standards

path independent contour integral around a crack, a measure of fracture
toughness

J at onset of unstable crack extension or pop-in without prior significant
stable crack extension

J at initiation of stable crack extension

J at 0,2 mm stable crack extension offset, an engineering parameter

J at the first attainment of maximum force plateau for fully plastic
behavior

J at onset of unstable crack extension or pop-in after stable crack extension
J at onset of unstable crack extension or pop-in when stable crack
extension cannot be measured

J at 0,2 mm stable crack extension offset, an engineering parameter
Japan Welding Engineering Society (standards designated with WES)
stress intensity factor

Weibull fitting parameter, a scale parameter located at the 63,2%
cumulative failure probability level

critical value of K, a measure of fracture toughness

plane strain fracture toughness, mode I loading

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

size-adjusted elastic-plastic equivalent critical stress intensity factor
median toughness for a data set

proportionality constant

longitudinal rolling direction of a plate

linear elastic fracture mechanics

constrain factor

Master Curve
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distance from the crack-tip or a dimensionless constant, rotational factor
plastic rotational factor

displacement behind the effective crack-tip

span between outer loading points in a three-point bend test or
short/normal direction of a plate

scanning electron microscopy

single-edge-notched bend

silicone rubber casting impression method

stretch zone width

transverse direction of a plate

ductile-to-brittle transition reference temperature

strain energy

absorbed energy

crack-tip opening displacement from crack plane, half of CTOD
ultrahigh-strength steel

crack mouth opening displacement

specimen width

fracture energy

work required to create new surfaces

correction factor for K, a dimensionless constant which depends on the

geometry and the mode of loading

surface energy per unit area

displacement or change

crack-tip opening displacement

0 at onset of unstable crack extension or pop-in without prior significant
stable crack extension

elastic component of crack-tip opening displacement

0 at initiation of stable crack extension

0 at 0,2 mm stable crack extension offset, an engineering parameter
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0 at the first attainment of maximum force plateau for fully plastic
behavior

plastic component of crack-tip opening displacement

0 at onset of unstable crack extension or pop-in after stable crack
extension

O at onset of unstable crack extension or pop-in when stable crack
extension cannot be measured

0 at 0,2 mm stable crack extension offset, an engineering parameter
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plastic geometry factor for J calculation
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component of stress in y-direction

component of stress in z-direction



1 INTRODUCTION

Over the years, structural life and failure probability assessment has become increasingly
common practice while assessing and optimizing the overall costs of engineered structure
all the way from production to service and maintenance, and to the end of service life.
This development has been further accelerated by the ever-growing need to produce more
economical, more durable, reliable, and easier-to-maintain structures in order to meet the
present-day challenges, such as those set by ever-spanning material and energy
consumption, lessening availability and rising cost of natural sources, e.g. alloying
elements, as well as the rapidly changing climate, i.e. the need to reduce COz-emissions
related to manufacture and service life of structures. (Lipidinen 2021, p. 1; Tomerlin et

al. 2022, p. 2)

Also, to tackle the aforementioned challenges, as well as the technical challenges
presented by constant scientific and technological advances, a wide range of materials
with enhanced properties better suited for demands of modern structural design have been
developed over the years and are widely adopted for structural engineering today. For this
reason, the use of ultrahigh-strength steels (UHSS) has also become more common.
(Heidarpour et al. 2014, p. 27; Ribeiro et al. 2021, p. 1) On the downside, UHSS steels
tend to have lower ductility and have been reported to be more prone to fatigue, than more
conventional structural steels, especially in the presence of flaws, and thus require a more
accurate prediction of failure (Trondl & Sun 2015, p. 1; MacKenzie et al. 1977, p. 167;
Pijpers et al. 2009, p. 14 — 16). Although these materials have been available by the steel
industry for many years and the greater strength to weight ratio does enable the design of
lighter and more durable steel structures, applications of UHSS steels as structural
engineering materials have currently remain limited due to the lack of research, as well
as relevant design and fabrication guidelines, supporting the use of these materials. The
use of UHHSs has undoubtedly also been limited by their rather poorly documented
fracture properties compared to more conventional steels covered by the codes (Wallin et

al. 2015, p. 219).

The total structural life refers to a period which spans over the whole structural service
time, including a crack initiation phase, followed by a phase of crack growth, till the time
a crack eventually reaches a critical dimension and a sudden failure of the structure

occurs. From a failure assessment viewpoint, the crack initiation phase falls within the
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domain of fatigue investigations, while the crack growth is determined by the principles
of fracture mechanics (FM) (Tomerlin et al. 2022, p. 2). Practically all engineering
structures contain at least some pre-existing flaws that can act as triggers for failure, hence
the need for determining valid criterions for fracture is relevant. In traditional fracture
mechanics the failure criterion for precracked structure is formulated in terms of
parameters, such as stress intensity factor K, J-integral and crack-tip opening
displacement (CTOD, 0), that characterize the stress field in the vicinity of the crack
(Kanvinde 2016, pp. 3 —4). These parameters can then be employed in structural integrity
and failure probability assessments, damage tolerance designs, fitness-for-service
evaluation and residual strength analysis, e.g. for determination of a critical crack size for
fracture or for fatigue or service life calculations, and can as well serve as a basis in
material characterization, performance evaluation and quality assurance for typical
engineering structures, such as nuclear power vessels and piping, petrochemical vessels
and tanks, oil and gas pipelines, and automotive, ship and aircraft structures (Zhu & Joyce

2012, pp. 4).

Over the years many organizations throughout the world, such as American Society for
Testing and Materials (ASTM) and International Institute of Standards (ISO), have
presented a variety of standardized procedures for determining different fracture
toughness parameters for metallic materials. From the parameters covered by the
standards the stress intensity factor K (or its equivalent the energy release rate G), the J-
integral, the crack-tip opening displacement (CTOD, 9), and the crack-tip opening angle
(CTOA) are the most important and used in fracture mechanics (Zhu & Joyce 2012, p. 4).
The parameters K ja J which describe the intensity of the singular crack-tip stress fields
in elastic and elastic-plastic materials, respectively, provide a more mathematical
approach for characterizing fracture behavior, whereas CTOD and CTOA offer more
physical representations of FT. Studies conducted earlier (Presno-Vélez et al. 2019;
Newman et al. 2002) suggest CTOD to be the most suited parameter for modeling stable
crack growth and instability during the fracture process. In a study conducted by Vasco-
Olmo et al. (2019) CTOD was also found to be a valid tool for characterizing fatigue
crack growth rate. Thus it can also be valuable for examining UHSS structures, where the
assessment of FT under cyclic loading is of especially great importance, since the absolute
and relative stress variations under fatigue loading will be higher in UHSS structures

compared to those in structures made of lower grade steels (Pijpers et al. 2007, p. 16).
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Until quite recently, the formulae for determining fracture parameters presented in
standards have fit rather poorly for heavily strain hardening steels and have provided
unconservative values for FT, while for intermediate and low strain hardening steels, such
as UHSS, same formulas tend to yield overly conservative values. However, also the
standards go through revisions and evolve constantly as more knowledge and experience
is gained. In the latest editions of standards ISO 12135:2021 and ISO 15653:2018, a
formula for calculation of CTOD better suited for strain hardening materials has been
adopted. ASTM standard has also been reviewed recently (2022, 2023) but since CTOD
evaluation has been approached from different perspective, the same alterations have not

been made.

In this work, fracture toughness (FT) of two steels, 1.4313 and a novel medium-carbon
steel were investigated. Both of these steels are ultrahigh-strength steels (UHSS) with
tensile strengths of about 850 MPa and 1400 MPa nominal, respectively. Both are
quenched and tempered and have a martensitic microstructure, but 1.4313 is referred to
as a soft martensitic steel while the medium-carbon steel is an engineering and tool steel,

with a hardness of about 44 HRC.

The goal of the work was to get familiar with the theory and performance of fracture
toughness testing as part of the process aiming to productize fracture toughness testing,
and to perform FT measurements for a proficiency test to be participated in. Another
objective was to investigate how the two selected steels would behave under quasistatic
loading at low temperatures, as this topic did not appear to have been addressed in
previous studies, although the materials in some of the proposed applications may well
be exposed to such conditions. One more aspect was the need to form an understanding

of the key differences between the most commonly used fracture toughness standards.
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2 THEORETICAL BACKGROUND

The next chapters focus on viewing the theoretical foundation behind fracture mechanics.
The most essential parameters are discussed as well as some fundamental concepts that

intrinsically affect fracture mechanic behavior in metals.

Toughness is often defined as the ability of material to absorb energy and is usually
characterized by the area under a stress-strain curve for a smooth (unnotched) tension
specimen loaded slowly to fracture (Liaw 2000, p. 563). Fracture toughness on the other
hand is described as a material’s ability to resist crack extension under loading (Zhu &

Joyce 2012, p. 4).

The fracture behavior of a metallic material depends on the microscopic fracture
tendencies and the strength and deformation behavior of the material, as well as the
constraint effect of the geometry of the body (Zhu & Joyce 2012, p. 4). The contribution

of these aspects has been attempted to enlighten in the following chapters.

2.1 Materials failure

The terms ductile and brittle are often used to describe both the macroscopic behavior of
a structure as well as the fracture micromechanisms. Structurally brittle indicates that
fracture occurs without significant plasticity, whereas structurally ductile implies that
fracture involves a large amount of plasticity. The term elastic-plastic, in turn, is used to
describe structures that exhibit fracture behavior between these two extremes. Structural
fracture behavior, however, does not directly indicate the fracture micromechanism. The
structural behavior can be brittle although the fracture micromechanism may be ductile,
and a brittle fracture micromechanism may result in an elastic-plastic fracture. A fully
ductile structural behavior however indicates also a ductile micromechanism. (Wallin

2011, p. 5)

When micromechanisms of fracture are discussed, fractures of engineering materials are
broadly categorized as ductile or brittle, but most structural steels can fail in either a
ductile or a brittle manner (or both) depending on several conditions such as temperature,
loading rate and constraint. (Zhu & Joyce 2012, p. 4; Anderson 2005, p. 247) High

temperatures, slow loading rates and low stress constraint promote plastic flow and
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consequently ductile microvoid growth and coalescence, whereas low temperatures, high
loading rates and high stress constraint hamper plastic flow and increase stress, and hence

promote the tendency to brittle cleavage fracture (Kanvinde 2016, p. 2).

2.1.1 Ductile fracture

When a ductile metal is subjected to uniaxial tensile stress and plastic deformation occurs,
material loss at the cross-sectional area is first compensated by the strain hardening of the
material. Eventually the stress state reaches a point after which strain hardening cannot

keep up with the pace of the material loss in the cross-section and a necked region forms.

In ductile materials fractures form through stages of nucleation, growth, and coalescence
of microscopic voids that initiate at inclusions, second-phase particles and in the absence
of second-phase particles, at blocked slip bands. Void nucleation occurs as a free surface
is formed around an inclusion or a second-phase particle either by interface decohesion
as a sufficient stress is applied to break the interfacial bonds between the particle and the
matrix, or by particle cracking. The details of the stages may vary widely in different
materials and with the state of stress during deformation. The fractographic appearance
of the final fracture surface is as well influenced by the same factors. In a material where
inclusions and second-phase particles are well-bonded to the matrix, void nucleation is
often the most critical stage and fracture occurs soon after the voids are formed. Whereas,
in a material where void nucleation occurs with little difficulty, fracture properties are
controlled by the growth and coalescence of microvoids. (Anderson 2005, pp. 219, 222;
Van Stone et al. 1985, p. 158)

Once microvoids have formed, further plastic strain and hydrostatic stress cause the voids
to grow through localized plastic deformation. If the initial volume fraction of microvoids
1s low, that is < 10%, each void can be assumed to grow independently, but as the growing
voids reach a critical size relative to their spacing, neighboring microvoids begin to
interact as plastic strain is concentrated along the ligaments between adjacent voids, and
a local plastic instability (necking) develops between the voids. In real materials voids
grow very rapidly when the void fraction reaches 10 to 20%, and the final stage in failure
is very abrupt, since fracture occurs with only a minimal increase in the nominal strain.
Eventually the growing microvoids coalesce resulting in failure. (Anderson 2005, pp.

219, 222, 230; Van Stone et al. 1985, pp. 164 — 171)
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The formation of so-called cup and cone fracture surface, figure 1, results from a bimodal
or trimodal particle distribution (i.e. a dispersion of different sized particles) and is
commonly observed in uniaxial tensile tests. Because of the triaxial stress state in the
center of the specimen, void nucleation and growth begin in the center in the larger
particles, figure 1 (b). A penny-shaped flaw forms in the center of the specimen as the
more closely spaced voids in center parts coalescence upon further strain, figure 1 (c).
The penny-shaped flaw produces deformation bands, where the strain is concentrated, at
45° from the tensile axis, figure 1 (d), providing sufficient plasticity to nucleate voids also
in the smaller, more numerous particles in the band region, figure 1 (e). The 45° angle
between the fracture plane and the applied stress results in a combined Mode I and Mode
IT loading. Because these small particles are closely spaced, an instability occurs soon
after the smaller voids are formed with just a modest increase in strain, resulting in a total
fracture of the specimen and the cup and cone appearance of the matching surfaces, figure
1 (f). At low magnifications, the central region of the fracture surface has a fibrous
appearance, typical for ductile fractures, but the outer region appears relatively smooth.

(Anderson 2005, pp. 222 — 223)

(d)
deformation
bands 4<

Figure 1. Schematic presentation of the formation of a cup and cone fracture.

growing
voids
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Microvoid initiation, growth, and coalescence at the tip of a pre-existing crack is
schematically illustrated in figure 2. As a cracked structure is loaded, local stress state at
the tip of a crack becomes sufficient to nucleate voids: strain exhibits a singularity near
the crack-tip, and stress reaches a peak at a distance of approximately two times the crack-
tip opening displacement (CTOD, 0), that is ~26. Microvoid nucleation typically occurs
when a particle is ~28 from the crack-tip. Most of the microvoid growth, however, occurs
much closer to the crack-tip, relative to CTOD: as the crack blunts, the void’s distance
from the crack-tip, relative to CTOD, decreases although it remains in approximately
fixed place. Also the absolute distance from the crack-tip decreases as the crack grows.
After nucleation, microvoids grow as the crack blunts, and eventually link with the main
crack. More voids nucleate, grow and coalesce, thus growing the crack, as loading
continues. The growth and coalescence of microvoids are usually the critical steps in
ductile crack growth. As the ductile microvoid growth and coalescence tends to absorb
more energy, ductile fracture behavior usually results in slow and stable crack extension
producing a rising resistance curve, at least during the early stages of crack growth.

(Anderson 2005, p. 232; Zhu & Joyce 2012, p. 4)

R T A A O

“ Foobbd Foobbd
(b) ©

Figure 2. Mechanism for ductile crack growth: (a) initial state, (b) void formation at the
crack-tip, (c) void growth, (d) coalescence of voids with the crack-tip, plane of
maximum plastic strain at 45° angle, and (e) ductile crack growth in a 45° zigzag
pattern.
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Because of the through-thickness variation of stress triaxiality, an edge crack in a plate
exhibits a tunneling effect, illustrated in figure 3, as it grows by microvoid coalescence:
at the center of the plate where stress triaxiality is high, crack growth is fast, while near
the plate edges, where triaxiality is lower, the growth lags behind. The faster growing
crack at the center of the plate produces deformation bands near the free surfaces at a 45°
angle from the maximum principal stress, enabling microvoid nucleation at smaller
particles. Hence the crack growth near the edges occurs at a 45° angle, causing shear lips,

which are very similar to the cup and cone features in uniaxial tensile specimens.

(Anderson 2005, p. 232)

Deformation

bands
Fatigue Notch
. surface

Tunneling

Shear lips

Figure 3. Ductile growth of an edge crack.

When a crack is subject to plane strain Mode I loading, the maximum plastic strain occurs
at 45° angle from the crack plane, which on a local level is the preferred path for void
coalescence and crack growth. The global constraints, however, require that the crack
propagation remain in its original plane, normal to the applied stress. This leads to a
compromise where the fracture path locally forms a zigzag pattern (by altering the path
+45° from the crack propagation direction) when viewed at higher magnifications, but in
a global scale appears flat. The zigzag pattern, illustrated in figure 2(e), is often observed
in ductile materials. (Suresh 1991, pp. 139, 335; Hansson & Melin 2008, p. 1400;
Anderson 2005, p. 233)
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2.1.2 Brittle fracture

Brittle fracture is considered the most critical failure mechanism. This is because the
occurrence of brittle fracture is not related to the mechanical strength of the material and
may lead to failure at unexpectedly low stress levels. In brittle fracture, fracture is
typically preceded by a relatively low energy absorption through regions of small plastic
deformation and there is usually no apparent plastic deformation or distortion of the shape
of the part before the fracture event, when operating outside the material’s ductile-brittle
transition region. Brittle fracture often occurs at high speeds and propagates without
remarkable increase in applied loading. Often it has a unique, well-defined point of crack
initiation, corresponding to a sudden drop in load, and thus provides a measurement of a
point value of FT (Zhu & Joyce 2012, p. 4). Brittle fracture is characterized by a shiny
fracture surface with a grainy appearance, often featuring chevron patterns pointing back
to the origin of failure. (Wallin 2011, p.115; Anderson 2005, p. 234; MacKenzie 2008,
pp. 53 — 54)

Brittle fracture can be divided into two categories: transgranular cleavage fracture and
intergranular, grain boundary fracture. In intergranular fracture, failure occurs by
decohesion along grain boundaries, as illustrated in figure 4(a). Characterization of grain
boundary fracture may be difficult as it can be either brittle stress controlled or ductile
strain controlled. Although there is no single mechanism for intergranular fracture, a
variety of circumstances that may lead to cracking along the grain boundaries, such as
precipitation of a brittle phase on the grain boundary, intergranular corrosion,
environmental cracking or grain boundary cavitation and cracking at high temperatures,
exist. This type of failure mainly occurs in metals with higher level of impurities, and

thus does not usually concern modern metals. (MacKenzie 2008, p. 59; Lynch 2019)
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(a) (b)

Figure 4. Fracture paths of brittle fracture a) intergranular fracture b) transgranular
fracture.

Out of the two brittle fracture mechanism cleavage is the more commonly encountered
mechanism and is usually referred to when the term brittle fracture is used. Cleavage
fracture can be defined as a rapid crack propagation along specific crystallographic
planes. The preferred cleavage planes are those with the lowest packing density as the
distance between these planes is the greatest and there are fewer bonds to be broken, thus,
less energy is needed for separation. For an example, in body-centered cubic (BCC)
materials, such as ferritic steels, cleavage occurs along {100} planes. In the case of so
called quasi-cleavage fracture, which especially concerns martensitic and bainitic steels,
failure occurs also on {110} and {112} planes (ASM Handbook committee 1987, p. 20).
In quasi-cleavage the fracture surface exhibits both cleavage and plastic deformation
characteristics: fracture initiates at the central cleavage facets and as the crack radiates
forming river patterns the cleavage facets blend into areas of dimple rupture and the
cleavage steps become tear ridges (ASM Handbook committee 1987, p. 20). The river
markings on opposing fracture surfaces match ridge-to-ridge rather than step-to-step as
in cleavage (Martin et al. 2010, p. 1601). The underlying formation mechanisms of quasi-
cleavage fracture features still remain unclear, although the subject has been addressed
by many researchers in recent years (Cho et al. 2021 pp. 1 — 2; Martin et al. 2010). The
micromechanism of cleavage on the other hand is rather well known and further depicted

next.



19
Cleavage is most likely to occurs when the plastic flow of the material is restricted, that
is, when only a limited number of active slip systems exist, as is the case with BCC metals
at low temperature, or with polycrystalline hexagonal close-packed (HCP) metals, which
only have three slip systems per grain. Face-centered cubic (FCC) metals, on the other
hand, are generally not prone to cleavage since there are plenty of slip systems for ductile

behavior to take place at all temperatures. (Anderson 2005, p. 234)

For a cleavage fracture to occur, stress must locally be sufficient to overcome the cohesive
strength of the material to break the bonds between atoms. The theoretical fracture

strength of a crystalline solid or ~ E/m, where E is the Young’s modulus. The stress

peak at the distance of ~ 2§ from a (blunted) macrocrack-tip, however, is not adequately
high to provide sufficient stress concentration to exceed the bond strength. Sufficient local
stress concentration can be provided by local discontinuities ahead of the macroscopic
crack, such as sharp microcracks, precipitates, inclusions or grain boundaries acting alone
or in combination. Different mechanisms for microcrack formation have been proposed,
such as microcrack formation at intersecting slip-planes by means of dislocation
interaction (pile-up) or mechanisms provided by second-phase particles, e.g., carbides or
inclusion, which are more common mechanism in steels. A second-phase particle ahead
of the tip of a macrocrack is exposed to the local stress and strain concentrations caused
by the macrocrack. Cleavage nucleates as the second-phase particle cracks because of the
plastic strain in the surrounding matrix and then, providing a sufficiently high stress
concentration ahead of the macrocrack exists, propagates into the ferritic matrix, causing
failure by cleavage. The microstructural feature that nucleates cleavage depends on the
material and heat treatments performed. For an example, in mild steels, cleavage initiation
usually occurs at grain boundary carbides whereas, in quenched and tempered alloy steels,
the critical feature is typically either a spherical carbide or an inclusion. (Anderson 2005,

pp. 235 — 237, Wallin 2011, pp. 115 — 116)

In order to find a particle large enough to nucleate cleavage (weakest link), a finite volume
of material ahead of the crack-tip must be sampled. The critical particle size depends on
the magnitude of stress. Because the particle dispersion and the location of the critical
fracture-triggering particle is random, two nominally identical specimens of the same
material may display vastly different fracture toughness values as one specimen may
sample the fracture-triggering particle near the crack-tip, while in the other it may lie

further from the crack-tip. The latter specimen would thus produce a higher fracture
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toughness as a higher load is required to elevate the stress at the particle to a critical value.
This apparent randomness and the statistical nature of fracture explains why cleavage FT
data tends to be widely scattered and leads to an apparent thickness effect on toughness:
a thicker specimen is more likely to sample a large fracture triggering particle along the

crack front and will thus, on average, display a lower fracture toughness than a thin

specimen. (Anderson 2005, pp. 241 — 242)

The cleavage fracture path in polycrystalline materials is transgranular. Once the cleavage
crack has nucleated, additional work must be performed in order to enable the propagation
as the crack crosses randomly oriented grains, since the mismatch between grains in
polycrystalline materials obstructs cleavage propagation. The nominal orientation of the
propagating cleavage crack is fixed perpendicular to the maximum principal stress, which
means the propagating crack has to change direction each time it crosses a grain boundary
as it seeks the most favorably oriented cleavage plane in each grain, see figure 4 (b). This
cleavage crack propagation process across variously oriented grains in a polycrystalline
material, creates a multifaceted fracture surface, where each facet corresponds to a single
grain. As the propagating crack encounters a grain or a subgrain boundary, where the
nearest cleavage plane in the adjoining grain is oriented at a finite twist and/or tilt angle
from the current cleavage plane, it may distribute on several parallel planes in order to
accommodate the twist or tilt mismatch between the grains, as illustrated in figure 5. The
propagation process of these multiple cracks, however, consumes more energy than a
crack propagation on a single plane would, thus creating a tendency for the initially
parallel cracks to converge into a single crack due tearing between parallel cleavage
planes. The tendence of the propagating crack to continuously divide and converge as it
passes through a polycrystalline material, creates multiple lines that converge to a single
line, much like tributaries to a river, forming river patterns, which are a typical feature
for a cleavage fracture. The direction of crack propagation can also be inferred from these

river patterns. (Anderson 2005, pp. 234 — 235, 238, 244)



21

Cleavage Planes
Crack Propagation

Direction £
S ==

S
-‘-H—L: .

Grain or Subgrain

. Twist Boundary
Crack Propagation

Direction Grain or Subgrain
‘ Tilt Boundary

=Z70

TWIST
1

Figure 5. Formation of river patterns, as a result of a cleavage crack crossing a twist or
a tilt boundary.

So, for a successful cleavage event to occur, after the initiation at a sufficient crack
nucleation site, the driving force for fracture must be sufficiently high to overcome the
possible barriers for propagation, e.g. particle/matrix interface, grain boundary or a steep

stress gradient, otherwise the crack may arrest resulting in unsuccessful cleavage event.

Despite the fact that there is usually no apparent plastic deformation before the fracture
event, and regardless of the nucleation mechanism, brittle fracture in metals practically
always occurs through plastic deformation. Even in a case where a metal structure with a
superficial crack is subjected to tensile stress, a plastic zone forms at the crack-tip. The
significance of this plastic zone concerning brittle fracture is twofold: it rounds the tip of
the crack, reducing the stress concentration caused by the crack and the risk of brittle
fracture, but on the other hand, the plastic deformation itself nucleates microcracks in the
plastic zone, which propagate when the stress caused by the macrocrack becomes high
enough. Plastic deformation also occurs at the tip of the microcrack, making it difficult
for the crack to progress. The easier the plastic deformation occurs in front of a
microcrack and the more homogeneous it is, the easier the crack arrests and the tougher
the metal. Based on this, brittle fracture is often considered to be controlled by crack
propagation in many metals. (Hannula et al. 2020a, p. 95) However, depending on

material, temperature, loading geometry and rate, different stages of cleavage process are
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more likely to be most critical. For instance, for structural steels at lower shelf
temperatures in the case of cracks with very steep stress distribution, propagation of
microcrack to the ferrite matrix and advancing to surrounding grains is more difficult than
initiation and thus tend to control the fracture process. Whereas at higher temperatures,
where the steepness of stress distribution is lower, propagation becomes easier in relation
to initiation and initiation becomes more dominant for the process. The initiation
dominated temperature region is usually referred to as the transition region. In the case of
fatigue precracked specimens the dominating stages of cleavage process may often be
deduced by visually examining the fracture surface. At lower shelf temperatures,
numerous initiation sites are often visible, whereas at higher temperatures, corresponding
to transition region, usually only one or two initiation sites can be detected. Same
however, does not apply for notched or plain specimens where only a few initiation sites

can be seen even on the lower shelf. (Wallin 2011, p. 116)

2.1.3 The ductile-brittle transition

Body centered cubic materials may fracture both in a ductile or a brittle manner,
depending on the temperature and the initial toughness of a given microstructure. The
fracture toughness of ferritic steels, for instance, can change drastically over a small
temperature range. At low temperatures, steel may be brittle and fails by cleavage but at
higher temperatures, the material behaves in a ductile manner and fails by microvoid
coalescence. In the transition region between brittle and ductile behavior, both
micromechanisms of fracture can occur in the same sample. In the lower transition region,
the fracture mechanism is pure cleavage, but material toughness increases rapidly with
the rising temperature as cleavage becomes more difficult, whereas, in the upper
transition region, a crack initiates by microvoid coalescence but ultimate failure occurs
by cleavage. The fracture toughness in the transition region is governed by the statistical
sampling effect: on initial loading in the upper transition region, cleavage does not occur
as there are no critical particles near the crack-tip, but as the crack grows by ductile
tearing, more material is sampled. Eventually, the growing crack samples a critical
particle and cleavage occurs. This explains why the FT data in the transition region tends
to be highly scattered. Furthermore, the transition region fracture toughness is also
sensitive to constraint differences and the rate of loading. On the so-called lower shelf all
the possible initiation sites are activated and initiation occurs as soon as the crack is
loaded, making initiation event independent of the load level and subsequently of

specimen thickness (Wallin 2011, p. 130). Thus cleavage fracture stress hardly shows any
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temperature or strain rate dependence, but a triaxial stress state ahead of the tip of a sharp
crack constraints the onset of yielding, meaning, yielding occurs at a higher stress than
observed in uni- or biaxial stress state as schematically illustrated in figure 6. Cleavage
becomes possible at temperatures higher than the material’s transition temperature i.e. the
material acts more brittle. Influence of loading rate on the other hand is illustrated in
figure 7, where it can be observed that increasing loading rate causes a rise in the yield
strength, moving the ductile-brittle transition temperature to higher values (Wallin et al.

2015, p. 223). (Anderson 2005, p. 247; Wallin 2011, ch. 4, ArcelorMittal)
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Figure 6. Effect of triaxiality on the transition temperature for a ferritic steel.
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Specimen thickness, or rather the crack front length, also shows some influence.
Generally the fracture toughness decreases with increasing crack front length in the
transition region because initiation will be sufficiently difficult. However, as the crack
front length increases, initiation becomes more and more likely and at some point, will
no longer control the fracture event. The change from initiation to propagation control
will be gradual with the size effect slowly vanishing as the crack front length increases,
and varies with temperature, loading rate and specimen size. Estimation of the crack front
length at which the size effect will disappear is thus impossible, as the experimental

results would only reflect the controlling mechanism. (Wallin 2011, pp. 144 — 145)

So, as a recap, fracture toughness is dependent on a material (mechanical properties,
microstructure, micromechanism of failure, homogeneity, residual stresses), geometry of
the component (constraint), flaw size, temperature, and loading rate. Considering all these
different factors, it is easy to gather that the FT data obtained from laboratory specimens
may not directly describe the fracture behavior of real flawed structures. Thus, when
testing in the transition region, it is advisable to apply methods, such as the Master Curve,

that do consider all these different factors. (Wallin 2011, pp. 115 - 172, 393 — 430)

2.2 Fracture mechanics

Classical plasticity theory and mathematical descriptions of fracture events are full of
simplifications, such as assumptions of either fully elastic or fully plastic nonhardening
material behavior, small-scale yielding conditions or a case of a stationary crack and are
often derived from two-dimensional approximations. (Anderson 2005, pp. 73, 169) For
analysis purposes material under investigation is considered anisotropic and sufficiently
homogeneous to be represented by a simple continuum mechanics description (Wallin
2011, p. 115). Furthermore, in order to simplify calculations, linear-elastic and elastic-
plastic fracture mechanics assume a quasistatic process. What this means, is that work is
applied to the specimen slow enough, as not to affect the material typical fracture
behavior, and for the specimen to experience seemingly static, rate-independent
deformation, meaning that dynamic fracture mechanical aspects, such as inertia forces,
rate-dependent material behavior and reflected stress waves can be neglected (Anderson
2005, p.173). When the change is sufficiently slow, the system can be taken to be in

equilibrium at all times, meaning intensive quantities of the system can be defined at
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every instant during the process and the state of the system at any point can be expressed

with the equations of equilibrium.

The simple formulae of classical fracture mechanics, although sufficiently applicable for
some cases, are seldom rigorously correct, sometimes even provide a distorted view of
reality and often result in slightly over conservative estimations of fracture toughness. In
an effort to adapt these simplified descriptions of fracture to reflect reality as closely as
possible, many improvements and corrections for the original crude descriptions have
been developed and employed in practice as more precise techniques to assess fracture
mechanic phenomena have become available over the years. Nowadays, three-
dimensional finite element analyses (FEM) of components with cracks for instance, are

commonplace (Anderson 2005, pp. 73, 169).

The primary assumption for fracture mechanic analysis is that a structure already contains
a macrocrack-like defect which can act as a stress concentrator and a probable initiation
point for fracture (Kanvinde 2016, p. 3). Thus, originally, the microscopic phenomena
leading to fracture were not considered important for analysis and were often neglected
in calculations. As macrocracks were considered to have a greater importance in light of
fracture analyses purposes, the fracture behavior in the analyses is based on the global
behavior of materials, and hence depends on mechanical properties of materials, such as
yield strength ovs and Young’s modulus E. Nowadays, it is well acknowledged that also

the micromechanisms of fracture play a role in materials’ fracture behavior.

Much of classical fracture mechanics is predicted on the assumption that fracture
toughness is a material property and that there exists a single lower bound, geometry and
specimen size independent FT value for a crack under plane-strain stress state, that can
be expressed with a one-parameter continuum mechanics description of fracture criteria.

(Anderson 2005, p. 40; Wallin 2011, p. 1)

Two competing crack growth parameters — driving force and material resistance — are
compared in fracture mechanics. The driving force for fracture results from a combination
of flaw size (geometry) and loading conditions, whereas material resistance reflects the
material’s ability to resist crack propagation. Fracture mechanical parameters describe the
driving force, whereas characteristic or critical values of these parameters (i.e. of driving

force) describe the tearing resistance of the material. (Wallin 2011, p. 8)
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2.2.1 Flaw induced stress state

In practice, all structures contain some sort of material defects that can affect the structural
integrity and eventually lead to failure. Therefore, a fracture is often triggered around
sharp cracks, discontinuities and other stress concentrators in structures (Wcislik & Pata
2021, p. 2). For fracture mechanics analysis purposes, a crack is considered as a flat
surface: scales are such that roughness of the crack surface is considered negligible and
thus thought not to contribute to the outcome of the analysis (Liaw 2000, p. 563). Also
an assumption of a through crack with a straight crack front is usually made. In reality,
postulated flaws often have unrealistically long crack fronts compared to real structural
flaws since their size is often based on a driving force perspective. When applied, the
results derived from such specimens likely result in overly conservative estimates of

structural integrity. (Wallin 2011, p. 147)

There are three types of loading, referred to as modes (illustrated in figure 8), that a crack
can experience. On mode I loading, the crack tends to open as the principal load is applied
normal to the crack plane. On mode II loading, where loading type corresponds to in-
plane shear loading, one crack face tends to slide with respect to the other. And on mode
II1, crack faces also tend to slide with respect to one another, but the principal loading
corresponds to out-of-plane shear. Any cracked structure loading case can be presented
in analyses through any one of these modes, or a combination of two or three modes.

(Anderson 2005, p.43; Liaw 2000, p. 563)

Mode I: Mode II: Mode III:

Opening In-plane shear Out-of-plane shear

-y —

y

Figure 8. Three modes of loading that a crack can experience.
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Fracture mechanics concepts for each mode are essentially the same, but the great
majority of all actual cracking and fracture cases tend to shift to mode I problems. This is
because a crack in the very early stage of development will turn into a direction in which
it experiences only mode I loading, unless prevented from doing so by geometrical
confinement. For this reason, fracture mechanics analyses are usually confined to mode I
loading cases. (Liaw 2000, p. 563) Also, traditionally it has been assumed that the
fracture toughness in mode I is lower than in modes II or III, and thus provides a more
conservative estimate for FT, which is a valid assumption for the tensile stress state
controlled brittle cleavage fracture. However, same is not always true for the critical
failure strain controlled ductile fracture, where the shear fracture toughness may be

considerably lower than mode I fracture toughness (Wallin 2011, p. 11).

The stress distribution of a loaded structure is influenced by the existence of a sharp crack
like defect. When a structure, e.g. a plate, is loaded and there is no crack, the plate is in a
state of plane stress. But once a crack is introduced, a stress concentration is formed ahead
of the crack-tip, and the stress distribution in the plate is changed. Inglis provided the first
quantitative evidence for the stress concentration effect of flaws in 1913. He analyzed
elliptical holes that would begin to take on the appearance of a sharp crack in flat,
infinitely large plates. An infinitely sharp crack, with a radius of p =0, in a continuum is
a mathematical abstraction that is not relevant to real materials where, even in the absence
of plastic deformation, the minimum radius a crack-tip could have is on the order of the
atomic radius. Results of his analysis predicted an infinite stress at the tip of an infinitely
sharp crack, meaning that a material containing a sharp crack should thus theoretically
fail upon the application of an infinitesimal load. This obviously is not the case in real
materials where the continuum assumption, upon which the Inglis analysis is based on, is

not valid at the atomic level. (Anderson 2005, pp. 25 —29)

Much of the classical fracture mechanics theory is predicated on two-dimensional
approximation, that is, either pure plane stress or pure plane strain is assumed. In reality
these two-dimensional assumptions are often too simplistic and may give a distorted view
of reality, although in some cases a two-dimensional model can be appropriate. (Anderson

2005, p. 73)
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Stress distribution of a flawed structure is schematically illustrated in figure 9. The stress
state in front of the crack is close to plane strain, but far away from the crack-tip, the plate
is in a state of a plane stress. The global behavior of the structure is thus in a state between
plane stress and plane strain. In case of plane stress, one component of stress is assumed
zero, that is g,, = 0, and in case of plane strain, one component of strain is assumed zero,
&,, = 0, meaning in plane strain material flow is restricted in the z direction. Thus, in a
finite plate with a crack, material near the crack-tip is loaded to higher stresses than the
surrounding material. Because of the high stress normal to the crack plane, g, in figure
9, the material near the crack-tip tries to contract in the x and z directions but is prevented
from doing so by the surrounding material. This constraint causes a triaxial state of stress
near the crack-tip. The triaxiality of material near the crack-tip varies along the crack
front, being highest in the middle of the plate, where stress component in the z direction,
0,5, gets the highest values, and diminishing when nearing the free edges of the plate as
0,, — 0. This variation of triaxiality is illustrated in figure 10 as a schematic plot of the
stress parallel to the crack front, o,,, in a plate depicted in figure 9. The stress state in the
central region of the plate is essentially plane strain at distances from the crack-tip that
are small compared to the plate thickness. Near the free surface, the stress triaxiality is
lower, but a state of pure plane stress exists only at the free surface. (Anderson 2005, pp.
73 — 74) In real materials, where continuum mechanics description is not strictly valid,
also the microstructural differences on the size scale of grains affect the stress distribution
along the crack front length and there will be stochastic variation in local stresses and

strains (Wallin, 2011 p. 115).

Figure 9. Three-dimensional deformation at the crack-tip. The high normal stress at
the crack-tip causes material near side surfaces to contract, but material in the interior is
constrained, causing a triaxial stress state.
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Figure 10. Schematic variation of transverse stress and strain through the thickness at
near vicinity to the crack-tip.

As mentioned, triaxiality changes also along the x direction of the plate: material near the
crack-tip front experiences high triaxiality, but when x is a significant fraction of the plate
thickness g,, = 0. Thus, the stress state close to the crack-tip front is essentially plane
strain in the interior of the plate, but plane stress conditions exist remote from the crack-

tip front. (Anderson 2005, p. 74)

The triaxial stress state associated with plane strain results in higher stresses (2.5 times
higher compared to plane stress on the crack plane) in the plastic zone. In materials with
a ductile behavior, triaxial stresses assist ductile fracture processes such as microvoid
coalescence and for fracture mechanisms that are governed by normal stress, e.g. cleavage
in metals, the material will behave in a more brittle manner when subjected to a triaxial
stress state. Thus the effect of stress state can affect the fracture behavior of a given

material significantly. (Anderson 2005, pp. 73 — 75)

Because of the higher stress concentration (high triaxiality) in front of the crack, material
yield strength is exceeded locally and a plastic zone is formed around the crack-tip. The
size of the plastic zone depends on the material’s strength, strain hardening tendency,
geometry (constraint) and applied loading. The extent of plasticity is not the same at all
directions. Theoretical estimates of the plastic zone radius r as a function of 6 for both
plane stress and plane strain in each loading mode are plotted in figure 11 and define the

approximate boundary between elastic and plastic behavior.
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Figure 11. Theoretical crack-tip plastic zone shapes estimated from elastic stress
solutions and von Mises yield criterion: (a) Mode I, (b) Mode II, and (c) Mode III.

As can be seen from figure 11 (a), there is a clear difference in plastic zone sizes between
plane stress and plane strain conditions: plane strain suppresses yielding which results in
a smaller plastic zone for a given stress intensity K; value. A schematic presentation of
three-dimensional slip planes of a mode I crack for both plane stress and plane strain are
shown in figure 12. Due to the free surface effect, the three-dimensional plastic zone
shape in a finite plate, takes on the form of a ‘dog-bone’, as schematically depicted in
figure 13 (Wang 1996, p. 43). The theoretical estimates in figure 11 for plastic zone shape
are strictly not correct, since they are based purely on elastic analysis and, for an example,
do not consider stress redistribution caused by crack-tip plasticity or the effect of strain
hardening of the material. They do, however, provide reasonable estimates of the plastic
zone size and shape. The strain hardening effect on the plastic zone shape are
schematically illustrated in figure 14. This illustration is an adaptation of a presentation
provided by Anderson (2005), where a detailed elastic-plastic crack-tip stress solution
obtained from finite element analysis is compared to the plane strain plastic zone shape
estimate derived from the above mentioned elastic analysis (see Anderson 2005, p. 69).
As illustrated in figure 14, a higher strain hardening rate results in a smaller plastic zone
size because the material inside the plastic zone is capable of carrying higher stresses, and

thus less stress distribution is required. (Anderson 2005, pp. 66 — 69)
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Figure 12. Slip planes around a mode I crack for (a) plane stress and (b) plane strain.
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Figure 13. Schematic representation of the three-dimensional nature of the plastic zone
around a crack-tip in finite plate.
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Figure 14. Effect of strain hardening on the Mode I plastic zone shape.

Despite the redistribution of stresses after considerable deformation, the triaxial stress
state at the tip persist, even when the entire cross-section has yielded. The plastic zone
takes on a plane stress shape when it grows to a significant fraction of the plate thickness,
where 0,, = 0, that is, approximately half the plate thickness. Although the stress state at
the plastic zone boundary is plane stress when the plastic zone size is of the same order
of magnitude as the plate thickness, a zone of high triaxiality persists at the crack-tip and

can exist even in the presence of large-scale plasticity. (Anderson 2005, pp. 78 — 79)

Fracture mechanical parameters provide a description of the stress field ahead of a crack.
These parameters can be divided into linear-elastic and elastic-plastic parameters. Elastic
parameters can generally be considered as a special cases of elastic-plastic parameters,
meaning elastic-plastic parameters can be used as such in the elastic regime. Elastic
parameters, however, cannot be applied in -elastic-plastic regime without some

corrections. (Wallin 2011, p. 9)

2.2.2 Linear Elastic Fracture Mechanics

Originally linear elastic fracture mechanics (LEFM) analysis was restricted to structures
whose global behavior was linear elastic. More advanced theories have been developed
over the years to also account for nonlinear material behavior such as plasticity and
viscoplasticity as well as dynamic effects, but these more advanced concepts are all

extensions of linear elastic fracture mechanics. (Anderson 2005, p. 25)
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At an atomic level, a material fractures when sufficient stress and work is applied to break
the bonds, supplied by the attractive forces between atoms, that hold the atoms together.
The theoretical cohesive strength o, of a material can be estimated to be approximately
E /m, but experimental fracture strengths for brittle materials have been observed to be
typically three or four orders of magnitude below this theoretical value, which has been
acknowledged to be due to the flaws in actual materials. Since fracture cannot occur
unless the stress at the atomic level exceeds the cohesive strength of the material, existing
flaws must lower the global strength by magnifying the stress locally. (Anderson 2005,
pp- 25 —28)

The Griffith’s model, published in 1920, is based on a global energy balance and dictates
that for a fracture to occur, the energy stored in the structure must be sufficient to
overcome the surface energy of the material. The Griffith energy balance for an
incremental increase in the crack area dA, under equilibrium conditions, can be expressed

as follows:

-G (1)
where IT is the potential energy supplied by the internal strain energy and external forces
and Ws 1s the work required to create new surfaces. Since fracture involves breaking of
bonds between atoms, the local stress intensification on the atomic level, which can be
provided by flaws, must be equal to the cohesive stress c.. In other words, when the strain
energy change that results from an increment of crack growth is sufficient to overcome

the surface energy of the material, the flaw becomes unstable, and fracture occurs.

Since the Griffith’s model assumes that the work of fracture comes exclusively from the
surface energy of the material, the approach only applied to ideally brittle solids and failed
to predict the relationship between strength and flaw size in metals, since plastic
deformation at the crack-tip absorbs more applied energy than the surface energy. A
modification to Griffith’s model which extended the approach to metals by including the
energy dissipated by local plastic flow was later proposed independently by both Irwin
and Orowan. The modification could be further generalized to account for any type of
energy dissipation by substituting the terms of surface energy with fracture energy wr,

which could include plastic, viscoelastic or viscoplastic effects as well as consider the
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effects of crack meandering and branching, which increase the surface area of the crack.

(Anderson 2005, pp. 29 — 33; Zhu and Joyce 2012, p. 7)

In 1956 Irwin defined a new parameter, energy release rate G, also known as the crack
extension force or the crack driving force, which expresses the rate of change in potential
energy I1 with respect to the crack area A, and can be perceived as a measure of the
potential energy available for an increment of crack extension or, that is released from a
structure when the crack grows in an elastic material, and which therefore is valid for any
elastic material. According to Griffith’s model, for a through-thickness crack 2a long in
an infinitely wide plate subjected to a remote tensile stress perpendicular to the major axis
of the crack

arl _ mo’a
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and crack extension occurs when G reaches a critical value, that is when

Se =21 = 2w = G 3)
where vs is surface energy per unit area and G, is the fracture toughness of the material.
A plot of G vs. crack extension is called the driving force curve. The first fracture
toughness tests for metals were performed using the parameter G, but it was soon replaced
by the stress intensity factor K due to the simplicity of use. (Anderson 2005, pp. 34 —41;
Wallin 2011, pp. 9 - 10)

The potential energy of an elastic body depends on the strain energy stored in the body
and by the work done by external forces which in turn depend on whether the structure is
load or displacement controlled. The relation between force and displacement is defined

as the compliance C,

A
c =2 )

where A is the displacement and P is the load. The system compliance C,, = 0 for pure
displacement control and C,, = o for pure load control. When compliance is
incorporated in calculations of G for either load or displacement controlled case, it has
been shown that the difference between absolute values of the strain energies (dU)p and

(dU)a is negligible, and thus, the energy release rate G, as defined in equation (2), is the
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same for both load control and displacement control. In reality, most structures are subject
to conditions between the extremes of pure load control and pure displacement control,

meaning the system has a finite compliance. (Anderson 2005, pp. 35 — 38)

Crack extension occurs as

G = 2w; = R, ()

where R is the material resistance to crack extension, and crack growth can be either
stable or unstable depending on how G and wy vary with crack size. A plot of R vs. crack
extension is called R-curve or a resistance curve. Different materials exhibit different
kind of R-curves, for example, ductile fracture in metals usually results in a rising R-
curve, while for an ideally brittle material the R-curve is flat and some materials that fail
by cleavage can even display a falling R-curve. Stability of crack growth can be assessed
by comparing material’s driving force curve to its resistance curve. When the resistance
curve is flat, one can unambiguously define a critical value of energy release rate G., but
a material with a rising R-curve, cannot be uniquely characterized with a single toughness
value, though the value of G at the initiation of the crack growth can be determined. A
flawed structure fails when the driving force curve is tangent to the R-curve. The point of
tangency depends on the shape of the driving force curve, which in turn depends on the
material behavior and, to a lesser extent, on the configuration of the structure. Crack

growth is stable when

G =R
or
aG dR
< (6)

dG dR
T > a (7)

As illustrated above, the stability of crack growth depends on the rate of change in G, i.e.
the second derivative of potential energy. Although the driving force G is the same for

both load control and displacement control, the rate of change of the driving force curve
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depends on how the structure is loaded. Displacement control tends to be more stable than
load control, which is why specimens are usually tested in displacement control, or as
near to pure displacement control as is possible, when experimentally determining the R-
curve. Most of the common test specimen geometries exhibit falling driving force curves
in displacement control, which means it is possible to obtain a significant amount of stable
crack growth, but when an instability occurs during the test, the R-curve cannot be defined

beyond the point of ultimate failure. (Anderson 2005, pp. 38 —41)

Ideally, the R-curve should only be a material property and not depend on size or shape
of a cracked body, but size and geometry (constraint) of a cracked structure can exert
some influence on the shape of the R-curve. For example, because of a low degree of
stress triaxiality at the crack-tip in a thin sheet, a crack in a thin sheet tends to produce a
steeper R-curve than a crack in a thick plate, where the material near the tip of the crack
may be in plane strain. The R-curve can also be affected when a growing crack approaches
a free boundary in the structure. Thus, two plates of the same material with a different

width may exhibit a somewhat different crack growth resistance behavior.

OYY Elastic
o K
Oy = — I (0=0) Ya
.ﬁzm‘y
Elastic-Plasti i
Oy astic-Plastic

Ty
/onF% (0=0) e

Y

\ 4

crack crack

(2) h (b)

Figure 15. Crack-tip plasticity: a) Plastic zone and stress distribution at the crack tip.
b) Definition of the coordinate axis ahead of a crack-tip. The z direction is normal to the

page.

Figure 15 schematically presents the stress field in vicinity of a crack-tip in a linear elastic
and elastic-plastic materials. The stress field in any linear elastic cracked body, such as

represented in figure 15, is given by
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_ (X ” ™ (m)
Oij = (\/;) fi;(0) + zm=0Amr2gU 6) (8)
where 0;j 1s a stress tensor

k is a proportionality constant

r and 6 are as defined in figure 15

fij is a dimensionless function of 6 in the leading term
A, 1s the amplitude, and

gi(;n)is a higher-order term, a dimensionless function of 6 for

the mth term.

The higher-order terms depend on geometry, but the solution for any given configuration
contains a leading term that is proportional to 1/+/r. As r — 0, the leading term
approaches infinity, but the other terms remain finite or approach zero. Thus, regardless
of the configuration of the cracked body, stress near the crack-tip varies with 1 / /r, and
displacement near the crack-tip varies with v/7 . Since stress is asymptotic to r = 0,
equation (8) describes a stress singularity. A cracked body can be loaded in any one of
the three modes of loading, or a combination of two or three modes. Each mode produces
the 1 / +/r singularity at the crack-tip, but the proportionality constants k and fi; are mode

dependent.

The proportionality constant k is replaced with the stress intensity factor K, which defines
the amplitude of the crack-tip singularity as K = kv/2m . Provided that the crack is
stationary, all the stress and strain components near the crack-tip increase in proportion
to K, and if K is known, all components of stress, strain, and displacement as a function
of rand 6, can be solved. The mode of loading for stress intensity factor is usually

denoted by a subscript Ki, K, or K. (Anderson 2005, pp. 42 —45)

The stress field ahead of a crack-tip in an isotropic linear elastic material (under mode I

loading) can be written as

. 0 _ K D
g}_%lo'ij —mfij ). )
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When more than one loading mode is present, the principle of linear superposition applies
and, the individual contributions to a given stress component are additive, that is

(total) _ (D n (1

i = 0y + oy +0ij . (10)
Since all the stress components at all locations in linear elastic bodies increase in
proportion to the remotely applied forces, the crack-tip stresses and K must also be
proportional to the remote stress 6. This makes it possible to determine the stress intensity
factor for a given body from remote loads and the geometry. (Anderson 2005, pp. 45 —
46, 95 -97)

Much of fracture mechanics is based on the assumption that fracture toughness is a
material property uninfluenced by the size of the structure, that is, the crack dimensions
and plastic zone at the tip of a crack are thought to be negligible small compared to the
dimensions of the structure and thus, crack-tip conditions are thought to be uninfluenced
by external boundaries. Finite size of structures, however, sets some restrictions as the
outer boundaries of a structure begin to exert an influence on the crack-tip as the crack
size increases or the plate dimensions decrease. Defining a closed-form K solution for
finite structures is usually not possible, but some techniques to approximate such
boundary conditions do exist. Many stress intensity factor solutions for different kind of
common configurations have been obtained from FEM analysis. For more complex
configurations, stress intensity solutions can be built from simple cases for which the
solutions are well established. This is possible since stress intensity factors, like the
individual components of stress, strain, and displacement, are additive for linear elastic
materials and the principle of superposition applies as long as the mode of loading is
consistent. (Anderson 2005, pp. 48 — 50, 54 — 55) Although stress intensity factors are
given in a variety of forms, K can always be related to the closed-form solution for K for
a through crack in an infinite plate subjected to a remote tensile stress provided by

Westergaard (1939) through the appropriate correction factor

K = Yovma (11)

where o and a are the characteristic stress and characteristic crack dimensions,
respectively, and Y is a dimensionless constant that depends on the geometry and the

mode of loading (Anderson 2005, p. 53). For an example, Kj solution for a single-edge-
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notched bend (SENB) specimen, the same form as used on fracture testing standards, such

as ISO 12135 and ASTM E1821, to calculate K, is as follows

3% % a a
Ki= - z(1+z;;)(1gv)3/2] [1.99 -2 (1 - W) {2.15 -
393 () +27 (%)2}] (12)

where F is the applied force, B and W are the thickness and width of the specimen,
respectively, and S is the span between outer loading points in a three-point bend test,

also illustrated in figure 16.
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Figure 16. Single-edge-notched bend specimen.

At the point where stresses and strains in the material reach a state when material fails
locally, stress intensity reaches a critical value Keiit or K¢, and crack extension occurs. Ke
is a material constant, ideally independent of the size and geometry of the cracked body,
and a measure of fracture toughness. The nomenclature for K. is modified to include the

loading mode, e. g. Kic for mode I. (Anderson 2005, pp. 69 —71)

Both parameters G and K describe the behavior of a crack. The energy release rate
describes the global behavior of a crack as it quantifies the net change in potential energy
that accompanies an increment of crack extension, and the stress intensity factor is a local

parameter that characterizes the stresses, strains, and displacements near the crack-tip.
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Relationship between G and K| for linearly elastic materials is

_ K
G= 7 (13)
where E’ is E (Young’s modulus) for plane stress and 1_Ev2 for plane strain, where v is

Poisson’s ratio. The significance of this relationship is, that it connects the global energy
concept to the more easily calculatable crack-tip parameter. Because of the relation
between stress intensity and energy release rate, G also provides a single-parameter
description of crack-tip conditions and the critical value G¢ can be perceived as an

alternative measure of FT for linear elastic material. (Anderson 2005, p. 58 — 61)

When evaluating measured K. values for specimens with altering thicknesses, there seems
to be an apparent thickness dependence of toughness in certain materials: the measured
Kerit values decrease with increasing specimen thickness until a plateau is reached, after
which the toughness appears relatively insensitive to further increase in thickness. The
stress intensity toughness value obtained from this plateau region is referred to as plane
strain fracture toughness Kic and is assumed to be a (specimen)size-independent material
property. Generally the specimens that exhibit a decrease in apparent toughness with
increasing specimen thickness correspond to materials in which the crack propagation is
ductile and crack tunneling occurs: Because of the higher stresses in the region of high
triaxiality, a crack growth is faster at the center of the specimen and lags behind on the
outer regions where triaxiality is lower. The resulting fracture surface appears relatively
flat in the center region, while shear lips are formed to the edges as fracture occurs at a
45° angle to the applied load, illustrated in figure 17. Fracture toughness tests on very
thin specimens typically result in a 45° shear fracture, while at larger thicknesses, there
i1s generally some mixture of both shear and flat fracture. This apparent thickness
dependence is due to the relative portions of flat and shear fracture. The stress distribution
illustrated in Figure 10 is typical for all section thicknesses, thus a central plane strain
region exists even in thin specimens, as long as the distance from the crack-tip is
sufficiently small. However, if the distance over which high triaxiality conditions exist is
smaller than the fracture process zone, pure slant fracture occurs. The fracture process
zone, where the micromechanical processes that lead to ductile crack extensions occur, is
a function of microstructural parameters such as inclusion spacing and thus, is usually
much smaller than the plastic zone. In very thin specimens, plane strain conditions do not

exist at fracture process zone, but as the thickness increases, the size of the plane strain
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zone increases relative to the low triaxiality zone near the free surfaces, resulting in
varying fracture surface morphology with the specimen thickness, as illustrated in figure
17. The apparent thickness dependence of fracture toughness thus reflects the relative
contributions of two distinct fracture mechanisms. Additionally, it might be worth
mentioning, that there is no such thing as “plane stress fracture” (except perhaps in very

thin foil) and there is nearly always some level of triaxiality along the crack front.

(Anderson 2005, pp. 75 - 77)

Plane Stress

Mixed Mode

Plane strain

Fracture toughness K.
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Figure 17. Effect of specimen thickness on fracture toughness.

Nowadays as fracture toughness testing is performed to materials that exhibit ductile
crack growth, and where shear lips cause the apparent thickness dependence of toughness,
side-grooved specimens are typically used. This specimen design eliminates shear lips
thus providing an accurate measure of the resistance of the material to flat, ductile
fracture. Though fracture toughness specimens that fail by cleavage usually do not form
shear lips, cleavage FT does exhibit a slight thickness-dependence due to weakest link

sampling effects. (Anderson 2005, pp. 77 — 78)
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The following size requirements for Kjc testing on standard specimens, have been adopted

in ISO 12135:

a,B,(W—a)=>25 ("—’)2 (14)

gys

Recall that the quantity (K;/oys)? is proportional to the plastic zone size. The minimum
requirements for the crack length and ligament length (W — a) are designed to ensure that
the plastic zone is sufficiently small for fracture to be K-controlled. The thickness
requirement in turn, is based on experimental data and is intended to ensure plane strain
conditions along the crack front, although, the apparent thickness dependence in fracture
toughness results from the relative mixtures of flat and shear fractures and could be
eliminated by side-grooving. Also, it is far more stringent than actually necessary to
ensure plane strain conditions along the majority of the crack front. Hence, the real reason
for size criterion in the K. standard stems purely from the need to be able to determine
the fracture toughness based solely on load, which requires that the specimen be globally
in the linear elastic regime. When this is not the case and excess plasticity occurs, the
fracture toughness based on load underestimates the true fracture toughness. (Anderson
2005, p. 79; Wallin 2011, p. 34) In fact, the above presented requirement for a and B have
been removed from corresponding ASTM standard E399 (2019), while for the ligament
length it is still valid.

K is a fracture parameter that uniquely characterizes crack-tip conditions when the plastic
zone at the crack-tip remains small and inside of the singularity-dominated zone. 1/+/r
singularity applies only to linear elastic materials and does not consider plasticity or other
types of nonlinear materials behavior at the crack-tip. This means that equations for stress
field components defined for isotropic, linear elastic materials do not describe the stress
distribution inside the plastic zone. Fracture may not nucleate in the singularity zone,
because the microscopic events that lead to fracture usually occur within the plastic zone,
even if the zone is very small. However, K still uniquely characterizes crack-tip
conditions as long as the plastic zone remains inside the singularity-dominated zone, i.e.,
in a region where the stress varies as 1/+/7. This is because the size of the plastic zone
and the stress distribution inside the area (a free-body diagram construction), where
boundary conditions are set by 1/+/r singularity, are a function only of the boundary
conditions and material property. (Anderson 2005, pp. 69 — 70)



43

2.2.3 Elastic — Plastic Fracture Mechanics

Since the theorems of linear elastic fracture mechanics only apply to materials where
nonlinear material behavior, i.e. plastic deformation, is confined to a very small region
surrounding the crack-tip, characterizing fracture behavior of materials, which exhibit
such behavior, e. g. structural steels, becomes virtually impossible by the means of
LEFM. To account for fracture behavior of materials that exhibit time-independent,
nonlinear behavior, parameters of elastic-plastic fracture mechanics (EPFM) were

derived.

Crack-tip opening displacement (CTOD) serves an engineering fracture parameter which
can be used to describe both brittle and ductile failure in practical applications (Zhu &
McGaughy 2018 p. 1). Wells (1963) was the first to propose the opening at the crack-tip
as a measure of fracture toughness (Zhu & Joyce 2012, p. 3). While examining fracture
behavior of structural steel specimens he observed that plastic deformation blunts an
initially sharp crack prior to fracture and the degree of blunting increases in proportion to
the toughness of the material. He related CTOD to K in the limit of small-scale yielding,
through an approximate analysis utilizing Irwin’s plastic zone adjustment. Irwin had
postulated that the crack-tip plasticity makes the crack behave as if it were slightly longer

and introduced the use of an effective crack length of a + 7, where 7y, is the displacement

behind the effective crack-tip, as illustrated in figure 18.

plastic
zone

Figure 18. Estimation of CTOD from the displacement of the effective crack in the
Irwin plastic zone correction.
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Wells’ estimate for CTOD is given by

4 K}
T oysE

6= 2u, =

(15)

where 6 is the CTOD and u,, is a displacement as illustrated in figure 18. CTOD can

further be related to G by application of equation (13)

§=25% (16)

T Oys )

Thus, he came to conclude that, as both G and K are related to CTOD in the limit of small-
scale yielding, CTOD is an appropriate parameter to characterize crack-tip conditions

when LEFM is no longer valid. (Anderson 2005, p. 103 — 104)

Another means to analyze CTOD is provided by the strip-yield model, where CTOD is
defined as the crack-opening displacement at the end of the strip-yield zone. CTOD as
derived from the strip-yield model, as a/ays — 0, is given by

K _ &

— (17)

oysE oys

which differs slightly from estimations concluded by Wells. The strip-yield model,
however, assumes plane stress conditions and a nonhardening material, but the actual
relationship between CTOD, K| and G depends on the stress state and strain hardening of

the material. The more general form of the relationship is expressed as

Kt G
maoysE'’ moys

(18)

where m 1s a dimensionless constant known as constrain factor.

Several alternative definitions for CTOD exist, but the two most common ones are the
displacement at the original crack-tip and the 90° intercept, of which the latter, suggested
by Rice, is commonly used to infer CTOD in finite element measurements (Zhu &
McGaughy 2018 p. 2). It is also worth mentioning that if the crack blunts in a semicircle,
the two definitions are equivalent. Figure 19 illustrates these two definitions for CTOD.

(Anderson 2005, pp. 104 — 105)
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(a) (b)

Figure 19. Alternative definitions of CTOD: (a) displacement at the original crack-tip
and (b) displacement at the intersection of a 90° vertex with the crack flanks.

Today, most laboratory measurements of CTOD are made on edge-cracked specimens,
loaded in three-point bending, and by measuring the opening displacement at the crack
mouth (CMOD or V) with a clip gauge. CTOD is inferred from measured value of V' by
assuming the specimen halves are rigid and rotate about a hinge point, see figure 20.

CTOD can be estimated from a similar triangles construction as follows

4
r(W-a) - r(W-a)+a

_ rw-a)v
6= r(W-a)+a (19)

where 7 is a dimensionless constant between 0 and 1, and W is the width of the edge-
notched bend specimen, as illustrated in figure 20. (Anderson 2005, pp. 105 — 106; Zhu
& McGaughy 2018 p. 2)

Figure 20. Principle of the hinge model for estimating CTOD from three-point bend
specimen.
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Because the hinge model is inaccurate when displacements are primarily elastic, a
modified hinge model is typically adopted in standard methods for testing CTOD. In
standard method analysis the displacements are separated into elastic and plastic

components and the hinge assumption is applied only to plastic displacements

K}  rpW-a)V
moysE’ o rp(W-a)+a

6= 8¢+ 6, = (20)
where subscripts el and pl denote elastic and plastic components, respectively, K; is the
elastic stress intensity factor, calculated by inserting the load and specimen dimensions
into the expression obtained from finite element analysis for selected specimen
configuration, and 7, is the plastic rotational factor, which depends on crack size and
specimen type and which for typical materials and test specimens, is approximately 0.44.
(Anderson 2005, pp. 105 — 107; Zhu & McGaughy 2018 p. 3) In the latest ISO standards
ISO 12135 and ISO 15653, a value of 1, = 0.43 has been adopted. However, both

experimental and numerical investigations have shown that rp is not in fact a constant
during bending, but strongly depends on the a/W ratio and material strain hardening
when a/W < 0,45 (Zhu & McGaughy 2018 p. 3). With the application of double clip
gage (DCQG) method to measure CTOD, the use of 1, correction becomes unnecessary

however (Zhu & McGaughy 2018 p. 1).

Rice (1968) provided the basis for extending fracture mechanics methodology beyond the
validity limits of LEFM. He idealized the elastic-plastic deformation as nonlinear elastic
and defined a term deformation plasticity to describe this behavior which relates total
strains to stresses in a material. This idealized material behavior is depicted in figure 21
where the uniaxial stress-strain behavior of both nonlinear elastic and elastic-plastic
material is presented. The two display identical loading behavior as the stresses increase
monotonically in both materials, but as unloading occurs, the material responses differ

significantly from one another. (Anderson 2005, pp. 107 — 108)
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Figure 21. Schematic presentation of the stress-strain behavior of nonlinear elastic and
elastic-plastic materials during a) loading and b) unloading.

While the nonlinear elastic material unloads along the same path it was loaded, the elastic-
plastic material follows a linear unloading path with a slope equal to Young’s modulus.
So, while there is a unique relationship between stress and strain in an elastic material, in
an elastic-plastic material the stress for given strain can take on different values if the
material is unloaded or cyclically loaded. Thus, an analysis for an elastic-plastic material
that assumes nonlinear elastic behavior may only be valid providing unloading does not
occur. Also, as the problem is generalized to three dimensions, the loading behavior of
nonlinear elastic and elastic-plastic materials may not necessarily be identical, but there

are instances where this is a good assumption. (Anderson 2005, pp. 107 — 108)

Rice applied the principles of deformation plasticity to the analysis of a crack in a
nonlinear material and introduced a new parameter, the J contour integral for analysis of
cracks. He also provided a mathematical proof that the value of J-integral is independent
of the path of integration around the crack, and later showed that the value of J-integral
is equal to the energy release rate in a nonlinear elastic body containing a crack.

(Anderson 2005, pp. 107 — 108, 156 — 159)
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The energy release rate definition, equation (2), for linear materials holds also for

nonlinear elastic materials, with the difference that G is replaced by J

darn

j=-Z e

dA’

where A is the crack area and II is the potential energy that is given by

N=U-F, (22)

where U is the strain energy stored in the body and F is the work done by external forces.
Comparison of J values derived for a cracked plate in either load or displacement control
leads to a conclusion that, since the difference between the strain energy values for the
two cases is vanishingly small compared to overall strain energy, J for load control is
equal to J for displacement control. The same result was obtained earlier for G, thus, J
can be perceived as a more general version of the energy release rate. For a linear elastic

material ] = G, and for linear elastic mode I loading

Kf
E

J= (23)

However, the energy release rate concept has a rather different interpretation for elastic-
plastic materials than for elastic material, where the energy release rate is usually defined
as the potential energy released from the structure as the crack grows. In an elastic-plastic
material a plastic wake is formed behind a growing crack and much of the strain energy
absorbed is not recover as the crack grows or the specimen is unloaded. Thus, J is rather
related to the difference in energy absorbed by specimens with neighboring crack sizes,
though, the distinction between the two definitions is important only as the crack grows.

(Anderson 2005, pp. 108 — 110)

Nonlinear elastic material behavior can be idealized by assuming a Ramberg-Osgood
power law relationship between plastic strain and stress for a strain hardening material
(Hutchinson 1968; Rice and Rosengren 1968). By expressing the stress solution as an

infinite series and noting the stipulation for path-independency of J, it can be concluded,

. . . . -1 .
that the leading term in the series becomes proportional to r /n+1 and dominates as 7 —
0. This proportionality of the stress and strain distributions at the crack-tip is known as
the HRR singularity, named after Hutchinson, Rice and Rosengren. Just like the stress

intensity factor K characterizes the amplitude of the linear elastic singularity, theJ
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integral defines the amplitude of the HRR singularity and thus completely describes the
stress conditions within the plastic zone where the linear elastic solution is invalid. Thus,
a structure in small-scale yielding has two singularity-dominated zones, see figure 22:

one in the elastic region, where stress varies as 1/+/r, and another in the plastic zone

where stress varies as 1 /n+1. The latter often persist long after the first one mentioned
has been gulfed by the growing plastic zone at the crack-tip. (Anderson 2005, pp. 111 —
114, 159 — 162)

The HRR singularity solution dominates only very near the crack-tip, well within the
plastic zone, but does not persist all the way to the tip. This is because the HRR solution
is based on the small strain theory, which breaks down at strains greater than
approximately 10 %, and therefore does not consider large strains near the crack-tip or
effects caused by crack-tip blunting, which reduces the triaxiality locally. The finite strain
region, where large deformations invalidate the HRR theory, occurs within approximately
26 from the crack-tip. As the plastic zone size increases, the higher-order terms in the
series become significant and loading often becomes nonproportional. This means a
single-parameter description may no longer be possible and J no longer characterizes the
crack-tip conditions adequately when crack-tip blunting occurs. However, similarly as
with the validity of K as a crack-tip stress field describing parameter, as long as there is
a region surrounding the crack-tip where stress fields can be described by the HRR
singularity, J integral uniquely characterizes crack-tip conditions and a critical value Jc
can be perceived as a size independent measure of fracture toughness. (Anderson 2005,

pp. 111 -114, 128, 159 - 162)

For linear elastic materials, calculation of J is relatively simple since ] = G and G can
be computed from the load and crack size, assuming a K solution for chosen configuration
is available. For a nonlinear material, however, the principle of superposition no longer
applies and J is no more proportional to the applied load, thus a simple solution relating
J, load and crack length, is usually not available. A generalized equation, expressing the

J integral for a variety of configurations, can be written in the following form

j= L=, (24)

where 1 is a plastic geometry factor that depends on the a/W ratio and specimen type

(Zhu & McGaughy 2018 p. 4), Ucis the energy absorbed, B is the thickness of the
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specimen and b is the length of the ligament in front of the growing crack. The generalized
equation must further be separated into elastic and plastic components to apply for both

elastic and elastic-plastic conditions (Zhu & McGaughy 2018 p. 3), that is

J= NetUc(el) + NpUp
Bb Bb

_ K | mpUp
= 2 + o (25)

where subscripts el and p denote elastic and plastic components, respectively. (Anderson
2005, pp. 114 — 119) Additionally, because the J-integral was defined in terms of
deformation theory of plasticity, the J estimation equation needs to be correct for crack

growth for a quasistatic or growing crack (Zhu & McGaughy 2018 p. 4).

In the limit of small-scale yielding, the relationship between J and CTOD can be derived
from the linear elastic relationship between CTOD and G, see equation (18), and from the

notion that for linear elastic material ] = G. Thus,

] = mo'y56 5 (26)

where m is a dimensionless constant (constrain factor) that depends on the stress state
and material properties. The term J-controlled fracture corresponds to a situation where
the crack-tip conditions are completely characterized by J. Because of the unique
relationship between J and CTOD, a J-controlled fracture implies a CTOD-controlled
fracture. Though the relationships mentioned above are derived from LEFM theory, they
have been shown to apply well beyond the validity limits of LEFM (Shih, 1981, p. 323)
and thus, both J and CTOD parameters can be applied in the elastic-plastic regime.
(Anderson 2005, pp. 120 — 123)

It is important to point out though, that the J-dominance at the crack-tip does not require
the existence of a HRR singularity which is merely one possible solution to the more
general requirement that J uniquely define crack-tip conditions. In reality, the flow
properties of most materials do not conform to the idealization of a Ramberg-Osgood
power law, upon which the HRR analysis is based. The leading term of the power law
solution presented by Hutchinson, dominates as r — 0, but the higher-order terms become

significant for moderate values of r and the computed stress field still scales with J /(a,7)
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though it deviates from the HRR field. J-dominance therefore does not necessarily imply

agreement with the HRR fields. (Anderson 2005, p. 130)
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Figure 22. Effect of plasticity on the crack-tip stress fields: (a) small-scale yielding,
(b) elastic-plastic conditions, and (c) large-scale yielding.

Figure 22 schematically illustrates the effect of plasticity on the crack-tip stresses of a
stationary crack. Figure 22 (a) represents a small-scale yielding case, where both K and J
-dominated region exist, and finite strain region, where the HRR theory is invalidated by
large deformations, occurs within approximately 28 from the crack-tip. Both K and J
(CTOD as well) are valid parameters to characterize the crack-tip conditions in small-
scale yielding. Figure 22 (b) in turn shows the elastic-plastic conditions, where J-
dominated zone still persist but K-dominated region has disappeared as the plastic zone
size has increased. Thus, J remains as an approximately valid parameter to characterize
the crack-tip conditions as well as CTOD. Figure 22 (c) illustrates large-scale yielding.
The size of the finite strain region has become significant relative to in-plane dimensions
and the crack-tip conditions have evolved from plane strain to plane stress as the plastic
zone size has grown to significant fraction of the thickness. The region uniquely
characterized by J has disappeared. In large-scale yielding a single-parameter description
of crack-tip conditions is no longer valid and the critical values of J exhibit a size and
geometry dependence. For some configurations, where the K and J zones are vanishingly
small, a single-parameter description is not possible except at very low loads. However,
a single-parameter FM may be approximately valid even in the presence of significant

plasticity if high level of triaxiality is maintained. (Anderson 2005, p.133)
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As well as large plastic strains, also crack growth poses a problem for the calculations of
J, since the equations (24) and (25) derived from the pseudo energy release rate definition
of J are valid only for a stationary crack. When excessive plasticity or significant crack
growth occurs in an elastic-plastic material, some of the energy that would be released is
absorbed during deformation or is dissipated in a plastic wake that forms behind a
growing crack. Also the specimen becomes less stiff and the compliance increases as the
crack grows (Zhu and Joyce, 2012 p. 19). Thus fracture toughness and J — CTOD
relationship become depended on the size and geometry of the structure or test specimen
and critical values at instability can no longer be treated as a material property. (Anderson
2005, pp. 126 — 128) Therefore, when significant crack growth or plasticity occur, R-

curves provide a better description of the fracture behavior of the material.

2.3 Fracture toughness testing

Various methods for evaluating fracture behavior have been developed over the years.
Qualitative tests are quick and easy to execute and are well suited for internal quality
control in production facilities but are not particularly accurate and do not describe the
actual fracture properties of the material with sufficient accuracy. Methods based on
fracture mechanics, on the other hand, are more accurate, but also much more complex
and time consuming as well as more expensive to carry out (Presno-Vélez et al. 2019, p.
2). On the other hand, the ever growing need to pursue the most accurate methods to meet
today's increasingly demanding design challenges, the importance of FM-based methods

has been emphasized and are a subject of a growing interest.

2.3.1 Methods

The most common qualitative tests to evaluate material’s fracture properties still in use
today are the Charpy impact test, [zod impact test and the Pellini drop weight test (also
drop weight tear and dynamic tear tests). Both methods are still widely applied to
structural materials. These methods provide a qualitative indication of material toughness
and are cheaper and easier to perform than fracture mechanics based methods, but they
lack the same mathematical precision and predictive capabilities. (Anderson 2005, pp.

340 — 341)
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Charpy is a pendulum impact test that measures the energy of separation in notched
metallic specimens. The procedure was first developed at the beginning of 20" century
and it is still the most common standard test to evaluate material’s fracture properties.
Testing is conducted on relatively small specimens that do not consume much material
and the test itself is quick and simple to perform making it a cost effective method for
fracture testing. The most common notch geometries used today are the V- and the U-
notch and the choice of notch configuration is usually connected to material type. For
structural steels that exhibit ductile-to-brittle transition, such as ferritic steels, the V-notch
is commonly used, whereas for brittle materials, such as cast irons, or tough materials like
austenitic stainless steels, the U-notch is the normally chosen design. The main parameter
determined in the test is the energy required to fracture the specimen. This fracture energy
is believed to be indicative of a material’s resistance to brittle fracture. The deficiency of
a Charpy test is that it does not distinguish between the different events related to the
fracture process, that is, the relative amounts of energy that is absorbed between crack
initiation, propagation and the plastic deformation of the specimen cannot be determined.
Both ASTM and ISO have provided standard methods for conducting the Charpy test.
The Izod impact test is a variant of the Charpy impact test. The Charpy specimen is a
simple notched beam that is impacted in three-point bending and the Izod specimen is a
cantilever beam that is fixed at one end and impacted at the other. The main differences
between Charpy test and FM test are that Charpy employs a blunt notch, while FM
specimens have sharp fatigue cracks, Charpy uses subsize specimens which has a lower
constraint compared to FM specimens, and Charpy applies impact loading, whereas most
FM test are conducted under quasistatic conditions. These differences preclude forming
simple relationships between qualitative and quantitative measures of fracture. Attempts
on transforming the results from a simple Charpy test to be applied for FM based fracture
toughness evaluations, with sufficient accuracy, have been studied over the years, but are
yet to be seen. However, quantitative information from fatigue precracked Charpy
specimens can be obtained if the impact striker is properly instrumented. Such an
experiment turns essentially to a subsize dynamic FT test. (Wallin 2011, pp. 259 — 263;
Anderson 2005, pp. 340 — 342; Presno-Vélez et al. 2019)

The Pellini drop weight test provides a qualitative measure of crack arrest toughness. The
test was developed in 1950s and is still applied for structural materials. The procedure
has been standardized by the ASTM and involves impacting a drop weight on a plate

specimen with a notch in a brittle weld bead in three-point bending. A cleavage crack
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initiates at the starter notch and either propagates into the parent metal or arrest,
depending on material properties and temperature. In the test, a nil-ductility transition
temperature (NDTT) is determined by performing a sequence of drop weight tests over a
range of temperatures in small increments until a temperature at which two no-break
results can be obtained is reached. Thus determined NDTT provides a qualitative estimate

of crack arrest toughness above which an arrest is more likely to occur. (Anderson 2005,

pp. 341 — 344; Hannula et al. 2020b, pp. 194 — 195)

Quantitative methods for assessing material’s fracture properties are based on fracture
mechanics and material behavioral aspects that were reviewed in chapters 2.1 and 2.2.
These methods address material fracture in terms of fracture toughness and measure the
resistance of a material to crack extension under quasistatic loading. These methods are
further discussed in the following chapters which concern the most commonly used

standard procedures.

2.3.2 Standards

A variety of standardized procedures for fracture toughness measurements have been
published by different organizations throughout the world. The first standards for K and
J testing were developed by the American Society for Testing and Materials (ASTM) in
1970 and 1981, respectively, and the first CTOD test method was published by the British
Standards Institution (BSI) in 1979. The International Institute of Standards (ISO) and
The Japan Welding Engineering Society (JWES/WES) have published their own
standardized procedures as well. All of these existing fracture toughness standards are
broadly consistent with one another, usually differing in minor details, and evolve
continuously as the technology develops and more experience is gained. Today, the most
widely used ones throughout the world are probably those published by ASTM and ISO,
and the majority of fracture tests are conducted according to standards ISO 12135, ISO
15653 (for welds), ASTM E1820 and ASTM E1921. (Anderson 2005, p. 299; Zhu &
McGaughy 2018, p. 3 -5)

Majority of the standards for fracture toughness testing include several common features.
Most have similar specimen designs and importance of addressing the specimen
orientation relative to symmetry directions is emphasized. The five most commonly used
specimen design types that are featured in standards are illustrated in figure 23. No single

standard allows the use of all five figurations, however (Zhu & Joyce 2012, p. 6). The
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vast majority of the tests are performed on single-edge-notched bend (SENB) and
compact tension (CT) type specimens. In each standard, the test pieces are precracked by
fatigue before testing, although the requirements for fatigue loads vary between
standards. The basic instrumentation required for measuring load and displacement is
common to most tests, though some do require additional instrumentation to monitor
crack growth. (Anderson 2005, pp. 22, 299 — 300; ISO 12135 2021; ISO 15653 2018;
ASTM E1820 2022; ASTM E1921 2022)

Figure 23. Standardized fracture mechanics test specimens: (a) single edge-notched
bend (SEN(B)) specimen, (b) compact tension (C(T)), (c) disk-shaped compact tension
(DC(T)), (d) middle-cracked tension(M(T) panel, and arc-shaped tension (A(T))
specimen.
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2.3.3 IS0 12135 and ASTM E1820

The standard ISO 12135 provides a unified method for determining FT in terms of K, J,
0 and R-curves for homogeneous metallic materials subjected to quasistatic loading. The
first edition of this standard was published in December 2002 (corrected in January 2008),
the second edition in November 2016 and the latest version, the third edition, in July 2021
(corrected in august 2022)(ISO 2023). Some corrections, additions and improvements
have been made over the years as more knowledge and experience has been gained in the
field, but the essentials of the standard have remained the same since the launch of the
first edition. The most notable change to the earlier version is the replacement of formulae
to calculate CTOD with those based on rigid rotation assumption throughout the standard,
meaning, in the latest version, the formulae for CTOD calculations for determining R-
curves is now also based on rigid rotation assumption whereas in the earlier edition it was
based on CTOD values determined from J. Also the CTOD formulae for SENB specimens
is now corrected for the material yield to tensile strength ratio, i.e. considering the
variation of crack-tip blunting due to strain hardening, as based on recent research. This
new correction was proposed by Kawabata et al. (2016) as a solution for the already well
established (see, e.g. Tagawa et al. 2010; Tagawa et al. 2014) fact that when examining
highly strain hardening steels, CTOD values obtained with the previous formulae were
overly unconservative. The same correction had already been implemented a few years

earlier (2018) to the ISO 15653 for welds.

The ASTM standard for measurement of fracture toughness dates further back than the
corresponding ISO standard ISO 12135. Since the early 1970s, ASTM had over the years
published several different fracture toughness standards for the different FT parameters,
first being the E399-72 for the plane strain fracture toughness at or near to the onset of
crack initiation, K. To follow were the E813-81 for the J-integral testing and E1152-82
for the J-R curves testing, both published in 1982, that later, in 1996, merged into a single
standard E1737-96. In 1989 ASTM published a CTOD test standard E1290-89 similar to
the earlier (1979) published BS 5762 standard by British Standards Institution, which
adopted the plastic hinge model for the estimation of critical dc from CMOD
measurements. ASTM E1820-96 was the first standard to combine these different
standards to a single common test procedure for measurement of all these different
fracture parameters. The first version of ASTM E1820(-96) was published in 1997 and
has since undergone a series of revisions, the latest being the current version E1820-23,

which was published in March 2023 just a year apart from the previous version, which
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was also still active at the time of drafting of this thesis. In 1993, Kirk and Dodds showed
that the J-converted CTOD values were insensitive to material strain hardening.
Subsequently, in 2005, E1820 discarded the plastic hinge model and adopted the J
conversion to determine the critical dc value, as it was felt as a better approach to tackle

the issue of extending the standard to shallow crack geometries (Zhu and Joyce, 2012, p.

32).

In short, both standards provide a unified method of test for the determination of fracture
toughness that characterizes the material’s resistance to crack extension. Depending upon
the level of plasticity realized in the specimen during the test, fracture toughness is
presented either in terms of specific, single point values (that define the onset of unstable
crack extension or describe stable crack extension or ductile crack instability) or a
continuous curve relating fracture resistance to crack extension over a limited range of
crack extension (in cases where crack grows in a stable manner under ductile tearing
conditions). The standards provide both the procedure for determining specific point
values and alternative procedures for R-curve determination. Regardless of the predicted
outcome, all specimens are notched, fatigue precracked, and tested under slowly
increasing displacement while measuring the displacements and forces realized during
the test. The measured values are then used in conjunction with some pre- and post-test
specimen measurements to determine the fracture toughness of the chosen material. The
advantage of the test procedure for determining point values is that the test can be
performed even to an unknown material without any prior assumption about its fracture
behavior (provided that the tensile properties of said material are known or can be
determined), and the most suitable parameters to characterize its fracture behavior can be

selected according to the observed material response during the test.

The standards also provide general information, instructions and requirements on fracture
parameters, test specimens, specimen preparation (material condition, crack plane
orientation, machining), fatigue precracking, side-grooving, pre-test measurements, test
apparatus (calibration, force application, displacement measurement, test fixtures), test
requirements (test temperature, recording, testing rates and analysis), post-test
measurements and reporting of the results as well as some additional information and

instructions regarding the aforementioned (matters) in the appendixes included.
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Fracture parameters determined by the methods covered by the standards ISO 12135 and
ASTM E1820 are shown in table 1. Corresponding parameters can be found on both
standards, with the exception of the Kj. parameter, which has been removed from the
E1820 standard to avoid duplication among similar ASTM standards, and for which the
reader is hence advised to refer to ASTM E399 instead (ASTM E1820-22). K, ¢, J¢, Ou,
Ju, Ouc, Jue, Om and Jm, of which the parameter Kic (in ISO 12135) is considered a size
insensitive value and the rest as size sensitive i.e. specific for the thickness tested, are
point values determined through the basic procedure. Initiation parameters 00251 and
Jo2srL (ISO) and corresponding parameters dic and Jic (ASTM) in turn are determined
graphically from 06-Aa and J-Aa resistance curves, respectively, which are either
determined through multiple- or single-specimen procedures. Multiple-specimen
procedure involves testing on series of at least six nominally identical specimens, which
are loaded to selected displacement levels, each providing a data point on the R-curve.
The corresponding amounts of crack extension are then measured and corresponding
values of & or J determined. The data may then be used in tabular form or as a plotted
graph to form the R-curve from which parameters Kjo2sr, 0028L and JozL can be
graphically determined. Single-specimen procedure in turn enables determining the R-
curve by making use of elastic compliance or other techniques, such as electrical potential
techniques, to obtain multiple points on the R-curve from the test of a single specimen.
The parameters Kjo2sL and Kjic can then be evaluated from the predetermined Jo 5L and
Jic values, respectively. ISO 12135 also covers two additional parameters, the initiation
toughness parameters d; and J;, which are determined by performing stretch zone width
(SZW) measurement for fracture tested specimens using scanning electron microscopy
(SEM) and by combining these results with the data from 6-Aa or J-Aa determination
procedures. (ISO 12135 2021; ASTM E1820 2022)

Table 1. Fracture toughness symbols from the standards ISO 12135 and ASTM E1820.

Size sensitive quantities

Parameter Size insensitive quantities n )
(specific to thickness B tested)
ch
K
Kio,28L
&i (1S0), Oic (ASTM) Oc(p)
6 So,28L 80,281(8)

Oue), Suce), Om) (ISO)

i Jes)
J Jo,28L Jo,28L(8)

Juw), Juce), Jme) (1SO)
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Both standards allow the use of two specimen designs, CT and SENB, and provides
proportional dimension and tolerance requirements for both, as well as other details
regarding the specimens design, machining, fixtures, fatigue precracking, etc. ASTM
E1821 also includes the disc-shaped compact DC(T) specimen design, but only the two
designs included in both standards are addressed here, although many aspects discussed
here apply for the DC(T) design as well. The bend specimen design maintains a relatively
high level of triaxiality (high constraint) under fully plastic conditions such that the crack-
tip conditions are similar to the small-scale yielding case, meaning, even in the presence
of significant plasticity (and well beyond the general yield load), a single-parameter
description of fracture toughness persists approximately valid as the specimen remains in
contained yielding. This explains why most laboratory measurements of fracture
toughness are performed with bend-type specimens, such as the compact and three-point
bend geometries: it is simply because these specimen types present the fewest

experimental difficulties (Anderson 2005, pp. 133 — 134, Wallin 2011, p.72).

The two specimen types have other benefits as well. Both designs are quite simple and
thus easy and quick to machine. The compact geometry consumes less material and may
thus be more economical when testing plate material or forging, although it requires some
extra material in width direction due to the pinning holes. On the other hand, since the
compact specimen is pin-loaded by special clevises and requires separate testing fixtures
for each specimen size, it usually limits the number of specimen sizes that can be tested.
Also, friction between the loading pins and the sample is a common error source with CT
specimens and may affect the measured compliance by up to 10% (Wallin 2011, p. 79).
The simple geometry of SENB specimen, in turn, may be preferable for weldment testing
as it consumes less weld metal in some orientations. Also the fixture for SENB specimen
testing is usually designed such a way that it can be adjusted continuously to any value
within its capacity in order to correspond the standard loading span of 4W, thus making
it possible to test a wider range of specimen dimensions with a single fixture. (Anderson
2005, p. 301) Both bend designs have historically been considered to produce similar FT
values, but since the CT specimen has a slightly higher geometrical constraint than the
SENB specimen, SENB specimens tend to yield higher fracture toughness values than
CT specimens. However, since the bend specimen types have generally higher constraint
than any structural component, they both provide conservative estimates of fracture

toughness for structural integrity purposes. (Wallin 2011, p. 160 — 161)
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As the CT specimen is pin-loaded in tension, it experiences close to 85% bending load
and 15 % tension load. The actual proportions between bending and tension components
depend on the crack length. The bending component that the ligament experiences
increases proportionally, the longer the crack length is. Also, CT specimens are poorly
suited for shallow flaw testing as it has a second axis of moment, which encourages the
crack to deviate from the fatigue crack plane, especially if the material is textured and has
weak planes. Other problem with testing shallow cracks is that the load on the pins grow
large very easily. SENB specimens, however, are not as prone to non-planar crack growth
as they lack the tensile component and are hence better suited for shallow crack testing.
The major error source in SENB testing in turn comes from friction, rotation and sliding
of the outer roller pins. The movement of outer rolls will reduce span length in large
displacements, whereas for very large displacements, the rolls may start to glide causing

an increase in the span length. (Wallin 2011, pp. 77 — 79, 90)

The standards recommend the use of a specimen width-to-thickness ratio (W/B) of 2 as
preferred for both allowed specimen designs, but allows values ranging from 1 to 4 for
bend specimens. For compact specimens ISO standard allows values ranging from 0,8 to
4 and ASTM from 2 to 4. As stated in the ISO standard, evidence gained over the years
has suggested that specimen proportions of W/B = 4 yields slightly higher R-curves than
the lesser proportions of W/B = 2. This is mainly due to the crack tunneling effect, which
is enhanced in slim samples where, in a plane-sided specimen, the ductile crack growth
is suppressed at the side surfaces and occurs mainly in the center of the specimen. This
results in a steepening of the tearing resistance curve and increases the value of stress
intensity for maximum load. However, this only becomes a problem when the crack
growth is significantly larger than 2 % and can be avoided with the use of side-grooving.

(Wallin 2011, pp. 31 — 33)

The standards set some limits and requirements for crack starter notch geometries as well.
The dimensional requirements for the machined notch are designed such as to promote
nucleation of a stable and uniform crack in a delimited area during fatiguing, as required
for fracture testing (Presno-Vélez et al. 2019, p. 2). The minimum length requirement for
the fatigue precrack, in turn, is designed such as to ensure the fatigue crack front
effectively samples enough grains to smear out the microstructural variability of the
material, thereby attaining similitude conditions necessary for the application of the

theorems of LEFM and/or EPFM for fracture toughness determination (Castelluccio &
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McDowell 2016, p. 521). The crack geometry also affects the number of grains required
along the crack front to reach this condition. As stated on the standards, the allowed ratio
between the initial crack length a, consisting of the machined starter notch and fatigue
precrack, and specimen width W is 0,45 <a/W < 0,70 except for the Kic
determination, when 0,45 < a/W < 0,55 is required by the ISO standard. Kic
determination has been removed from the ASTM E1820-22 standard in order to avoid
duplication, and the user is advised to refer to the standard ASTM E399 where the ratio
a/W = 0,5 is recommended. Crack length influences elastic-plastic fracture toughness
in two ways, through the proportional crack length, which affects the overall constraint
of the specimen, and through the absolute ligament length, which affects the measuring
capacity of the specimen. Effect of proportional crack length is not the same for both
ductile and brittle fracture, but shows a similar trend, that is, short cracks tend to produce
higher fracture toughness values compared to long cracks. Also, it is only marginal for
ductile tearing resistance curve with crack lengths larger than a/W = 0,5 and for the
ductile fracture toughness values close to initiation. The proportional crack length effect
is usually enhanced with high strength materials. For standard geometry bend specimens,
the loss of constraint is almost entirely controlled by the absolute ligament length, which
controls the specimens measuring capacity with respect to the fracture mechanical
parameters in question. The thickness of a specimen starts to affect constraint only after
the loss of constraint due to ligament size has occurred. Since fracture toughness
measuring capacity is dependent on the fracture mechanism, the effects of absolute
ligament length on brittle and ductile fracture are not the same, but opposite. After the
measuring capacity is exceeded, the brittle fracture toughness increases, whereas the

ductile tearing resistance usually decreases. (Wallin 2011, p. 58 — 59, 157 — 158)

Specimens should be machined from material in its finally heat treated and/or
mechanically worked condition (ISO 12135; ASTM E1820). The anisotropy of
engineering materials must be taken consideration when choosing the specimen
orientation, as the microstructural, and consequently mechanical properties of a material
are often sensitive to direction. This sensitivity to orientation affects the fracture
toughness measurements, since the microstructure in the preferred orientation may
contain planes of weakness, making crack propagation relatively easy. If the purpose of
the test is a general material characterization or screening, a low toughness orientation,
where crack propagates in the rolling direction, that is, T — L or S — L, should be chosen

(see figure 24), whereas, if the purpose is to simulate conditions of a specific flawed



62
structure, the chosen crack orientation should match that of the structural flaw. (Anderson

2005, pp. 301, 303)

It has also been pointed out (Wallin et al. 2015; Neimitz et al. 2014) that UHSS steels
may exhibit non-homogeneity of the fracture properties through the thickness of the plate.
This is suggested by Neimitz et al. (2014) to be due to microstructural variations through
the plate thickness caused by the thermo-mechanical treatments (tempering) applied in
order to achieve those high strength properties pursued after. What this suggests, is that
if one were to extract specimens of different thicknesses in the T — L direction, this would
lead to an apparent size effect, if the thin specimens concentrate to the weaker center
region of the plate. Thus, in order to guarantee the specimens crack fronts lie in similar
material, either T — S or L — S orientation should be applied. However, also the
geometrical constraints must be considered as they may preclude some orientations. For
an example, S — T and S — L orientations may only be practical in thick sections, as well
as T— S or L — S orientations, especially if integral knife edges are to be used. (Anderson
2005, p. 303) Considering the aforementioned, and assuming the fracture toughness
results to be measured are to be used for structural life assessment, meaning the as-
conservative-a-result-as-possible is preferred, perhaps the low toughness T — L
orientation should be preferred, at least, when the specimen thickness B can be fitted to

the thickness of the plate to be tested.
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Figure 24. Crack plane orientations (basic identification), where L = Longitudinal
direction (direction of principal deformation/maximum grain flow), S = Short transverse
direction (direction of least deformation) and T = Transverse direction (direction normal
to L-S plane). Note that the orientations L-T-S in standards ISO12135 and ISO15653
are marked by X-Y-Z and N-P-Z, respectively.
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Both standards also address the use of side-grooving with some minor detail differences.
Side-grooving can be done to avoid shear lips and crack tunneling, thereby to diminish
crack front bowing. However, the use of too steep side grooves produces lateral
singularities which cause the crack to grow more rapidly at the outer edges and thus
should be concerned. (Anderson 2005, pp. 307 — 308) Hence the standards have set some
limiting factors to be followed. ISO 12135 standard states that specimens for the
determination of point values may be either plane-sided or side-grooved but the
specimens for R-curve testing shall all be side-grooved. ASTM E1820 in turn highly
recommends that side-grooving is done when the compliance method of crack size
prediction is implemented. Both standards state, that side-grooving shall be carried out
after fatigue precracking. However, the ISO standard allows shallow side grooves (i.e.
less than 5 %) prior to fatiguing, if done as an aid to precracking some materials, and are
to be extended to their full depth after fatiguing. Rather similar limiting values for the
total thickness reduction (0.2B — 0.25B), and for the root radii and included angles of the

side grooves are also set in the standards.

Specimens for fracture testing must be precracked by fatigue before fracture testing. This

is done in order to create a sufficiently sharp crack to adequately satisfy the validity of

fracture mechanics theory that applies only to infinitely sharp cracks impossible to

produce in practice. As straight a crack front as achievable is desired in order to ensure

comparatively uniform stress state along the entire crack front (Wallin, 2011 p. 422). The

most efficient way to produce such a crack is by cyclic loading. (Anderson 2005, p. 303)
F fmin

The ratio of minimum-to-maximum force (R = ———) in the fatigue cycle shall be in the
fmax

range of 0 to 0.1 except that to expedite crack initiation one or more cycles of R =— 1.0
may be first applied. Also the maximum allowed force applied during fatigue precracking
is determined from equations provided in the standards. The force maximum value is
determined to ensure that the plastic zone, which inevitably forms during fatiguing, does
not grow as large as to significantly affect the material characterizing FT values
determined in the fracture test. Because the crack produced during cyclic loading also has
a finite radius, it must be made sure that the crack-tip radius at failure is larger than the
initial fatigue crack radius in order for the fracture toughness to reflect true material

properties. (Anderson 2005, p. 304)
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The crack mouth opening displacement (CMOD or V) measurements are carried out with
a displacement gauge, such as an extensometer, that can be attached to the specimen with
knife-edges either integral or attached. The standards also provide instructions for
measuring the load-line displacements if appropriate. The observed displacements during

the test are recorded as well as corresponding force data.

After the test, specimens are broken open and the initial crack length ao is measured from
the fracture surfaces of failed specimens. Measurements are carried out as instructed in
the standard and the value of ao is obtained using the nine-point averaging procedure
where first the two surface measurements made at positions 0.001B inward from the
surface (or from the side groove roots) are averaged, and then averaging these values with
the sum of the seven equispaced inner measurements as follows:
1 fai+a
ap = 3 (% + X8, ai). 27)

Measurement of the initial crack length a is the most remarkable error source for FT

determination.

The measured initial crack length data, combined with the recorded force and
displacement data, are used in calculations of the pursued fracture toughness parameters.
Interpretation of the recorded test data and selection of the force and displacement values
to be used in calculations depends on the material’s observed fracture behavior during the
test. Sometimes pop-in behavior is observed during the test. The term pop-in refers to an
abrupt discontinuity in the force — displacement record, typically featuring a sudden
increase in the displacement record and, generally, a simultaneous drop of force, after
which the test record may continue on to higher forces and increased displacements still.
If a pop-in results from an arrested unstable brittle crack extension in the plane of the
precrack, the corresponding results must be considered as characteristic of the material
tested and need to be considered in calculations. Pop-in behavior may also arise from
other sources, such as delaminations or splits normal to the precrack plane, roller or pin
slippage in bend or compact specimen load trains, respectively, improper seating of
displacement gauges in knife edges, ice cracking in low-temperature testing, or electrical
interference in the instrument circuitry of force and displacement measuring and
recording devices, in which case it can be ignored. Examination of fracture surface may

be needed to establish the cause of a pop-in, although not insisted in the standards except
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for weld specimens. However, methods to evaluate the significance of pop-ins are

presented in the standards.

The main differences between the standards lie in the calculation formulae for fracture
toughness parameters. Formulae to calculate point values for K, and point and resistance
curve values for J, are the same in both standards, but formulae for determination of
CTOD differ from one another remarkably. In ISO standard the formulae to calculate
CTOD are based on modified rigid rotation assumption, while in ASTM, CTOD is
converted from J-integral. Additionally, J values are corrected for crack growth in the
ASTM standard while in the ISO standard they are not. Based on this, fracture toughness
values determined in terms of CTOD or J are likely to differ at some extent when
calculated values are compared between the two standard methods. In fact, the difference
between the CTOD results determined with different standards have been shown (Tagawa
etal. 2010; Tagawa et al. 2014; Khor et al. 2017, pp. 12 — 13) to depend on material strain
hardening rate or yield-to-tensile ratios, and the ASTM CTOD estimate has been shown
to always provide underestimates when compared to actual CTOD values obtained with
silicone rubber casting (SRC) impression method, thus providing slightly conservative
values for CTOD. In a study conducted by Khor et al. (2017) it was observed that both
the latest ISO and the ASTM estimate of CTOD gave consistent but conservative
estimations of CTOD for materials with yield-to-tensile ratios between 0.44 to 0.98, with
the latest ISO estimate being fractionally closer to the SRC values of CTOD as well as
FEM modeled prediction of CTOD.

Other small differences between the standards can additionally be found on the specimen
tolerance bounds and formulae for maximum fatigue precracking force. It is also worth
to mention that the standards provide slightly different definitions for the theoretical
elastic compliance used in calculations. Formulae for elastic compliance are otherwise
the same, but in the ISO standard, plane strain stress state is applied, while in the ASTM,
plane stress state is assumed. While the crack-tip region in detailed elastic-plastic finite
element analysis has been found to be closer to plane strain, the global response of the
specimen (measured by the compliance) is closer to plane stress. Wallin (2011, pp. 73,
196) also points out that it has been found most appropriate to use the plain stress form
of modulus of elasticity in the compliance equations. In light of this, and since both
standards allow the compliance to be referred from the measured load and displacement

data, one should preferably apply the experimental compliance for calculations rather
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than the calculated theoretical elastic compliance. ASTM E1820 also provides some other
methods or means, which are not covered by the corresponding ISO standard, such as a
method for rapid-load J-integral fracture toughness testing, a normalization data reduction
technique, method for fracture toughness tests at impact loading rates using precracked
Charpy-type specimens and guidelines for measuring FT of materials with shallow
cracks. Although ISO 12135 does not cover shallow flaw FT testing, it is covered in the
ISO 15356, which is a complementary document for the standard ISO 12135, and
provides special testing requirements and analysis procedures necessary for the testing of
weldments. ASTM has also published a similar standard for welds, ASTM E2818-11,
which draws heavily from the corresponding ISO -standard (ISO 12135 (2021); ASTM
E1820 (2022); ASTM).

2.3.4 ASTM E1921

When examining ferritic steels that undergo cleavage fracture in the ductile-to-brittle
transition, both ASTM E1820 and ISO 12135 recommend the application of procedures
proposed in ASTM E1921. The Master Curve (MC) Standard E1921 provides methods
to characterize the fracture toughness scatter, statistical size effects and empirically found
temperature dependence, both for the transition region and the lower shelf, with a single-
parameter description (Walli, 2011, p. 117). The MC method was developed specifically
to analyze data sets of highly variable cleavage fracture instability values to evaluate the
ductile-to-brittle transition reference temperature To, which defines the onset of lower
shelf cleavage behavior in ferritic structural steels (Zhu and Joyce 2012, p. 21), and
corresponds to the temperature where a 25,4 mm thick specimen (1T) has the mean

fracture toughness of 100 MPam®’ (Wallin et al. 2015, p. 219).

The test procedure follows the same pattern as in ISO 12135 and ASTM E1820, but a
minimum of six uncensored individual tests is required for data analysis in this method.
From the test results, the J-integral value J. at instability, i.e. at onset of cleavage fracture,
is calculated for each datum and converted into equivalent elastic-plastic stress intensity
factor, Ky, values. Censoring limits are then applied to the Kjc data, with respect to the
measuring capacity of the specimens and in case cleavage fracture was preceded by stable
crack growth. Scatter among individual test results is expected. Weakest link statistics
combined with conditional cleavage propagation criterion are used to treat the data scatter
and model specimen size effects in the transition range between lower shelf and upper

shelf fracture toughness. Individual Kjc values, both censored and uncensored, are size-
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adjusted and converted to 1T size equivalents. Then a provisional To value, Tog, is
determined. If tests are conducted at multiple temperatures this requires application of an
iterative procedure, but if all test are conducted at a single temperature, a direct evaluation
of scale parameter Ko, median fracture toughness Kjcmedy and Toq, is possible. The basic
temperature dependence expression for MC employs empirically determined constants,
that were originally chosen such as to ensure a median fracture toughness of 100 MPam®>
at To. The standard MC with these fixed constants is applicable for steels with To in the
range -100 °C to +50 °C. In ASTM E1921 the MC is fitted to the data in the temperature
range -50 °C < Ty <+50 °C and will thus provide a satisfactory description of the fracture
toughness in this temperature region. Hence, as long as test temperature T satisfies the
condition -50 °C < T — Toq < +50 °C, the provisional Toq value can be considered as a
valid To value. Then a material homogeneity screening evaluation is performed to
establish conservative lower bound type fracture toughness estimates, and to account for
the increased uncertainty related to small data sets. After screening, the transition
temperature curve, i.e. Master Curve, is established employing the tuned values derived
from screening, if appropriate. Lastly, upper and lower tolerance bounds can be
determined and margin adjusted, i.e. an upward temperature shift of the tolerance bound
curve can be added, to cover the uncertainty associated with the use of only a few
specimens to establish To. The Master Curve determined by this method can be used to
define a transition temperature shift related to metallurgical damage mechanisms. (ASTM

E1921 2022; Wallin 2011, pp. 152 — 156, 175 - 177)
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3 MATERIALS AND METHODS

3.1 Materials

Fracture toughness of two steels, martensitic stainless steel, 1.4313, and a medium carbon
tool steel, were studied in this work. Both are UHSS steels with tensile strengths of about
850 MPa and 1400 MPa, respectively. Both of these steels are quenched and tempered
and have a martensitic microstructure, but 1.4313 is refed to as a soft martensitic steel
whereas the medium-carbon steel is an engineering and tool steel, with a hardness of
about 44 HRC. 1.4313 was chosen for this study, as it was the material examined in a
proficiency test which DEKRA was to participate in. Also, it shall later be used in the
company’s quality control concerning this method. The other steel studied is a relatively
novel material that cannot be found on standard material listings. It has a higher strength
and hardness than the other chosen steel, with a same sort of microstructure and heat
treatment history. Very little research data on the fracture toughness of base material

seems to be available for this specific steel.

3.1.1 Martensitic stainless steel

Little information about the other test material was known before the tests. Material code
1.4313 was provided and could be found in seven different EN standards (SFS-EN 10028-
7, SFS-EN 10088-1, SFS-EN 10088-2, SFS-EN 10088-3, SFS-EN 10272, SFS-EN
10250-4). Tensile properties at room temperature were revealed, but exact product form
and condition were not provided. Material condition was assumed QT as deduced from
the material code and the information listed in the standards which included the material.
Tensile properties for the material, as provided by Institut fiir Eignungspriifung GmbH
(IfEP), are gathered in the table 4. Chemical composition of the material was as well
deduced from the material code and is presented in table 5. Orientation of the 1.4313
samples was unknown as the sample blanks were delivered as premachined sample bars

without notation of orientation.
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Table 4. Mechanical properties of 1.4313 at room temperature, obtained from IfEP.

Yield Tensile Young's Poisson's Impact
strength strength modulus ratio Elongation toughness Hardness
RpO.Z R E v A Kv2
Steel MPa MPa GPa % J
1.4313 (X3CrNiMo13-4) 802 863 206 0.3 14 70 -

Table 5. Chemical compositions of 1.4313, obtained from SFS-EN 10028-7 (2006).

by mass
€ Si Mn P S Cr Mo Ni N
Steel <% <% <% <% <% % % % 2%
1.4313 (X3CrNiMo13-4) 0.05 0.70 1.50 0.04 0.015 | 12.0-14.0 | 0.30-0.70 | 3.50-4.50 | 0.020

The material code 1.4313 corresponds to designation X3CrNiMo13-4. Equivalent grades
include steels such as UNS S41500, FONM, F 6NM, 13Cr-4Ni, UNS J91540, CA-6NM,
SS 2384, UNS S42400, SCS5, X5CrNil3-4, and AISI 415. These steels are classified as
martensitic stainless steels. 1.4313 has been reported to be a typical representative of the
group of soft martensitic steels (Koster et al. 2013 p. 90). Generally, steels of this group
(soft martensitic steels) are characterized by a low carbon content of around 0.05 wt%
which leads to a decrease of hardness and to an increasing fracture toughness and
corrosion resistance. They are also associated with a high strength combined with good
ductility as well as good cavitation erosion resistance, excellent weldability and good
castability (Koster et al. 2013 p. 90; Foroozmehr et al. 2017, p. 262; Thibault et al. 2014,
p. 6). Due to their chemical composition, soft martensitic steels have been reported to
generally undergo a martensitic transformation even when cooled in air. By performing
additional heat treatments, a microstructure that consists mainly of martensitic, austenitic
and ferritic phases can be achieved. The favorable, so called “tempered” martensitic
microstructure, combines high strength with high strain at failure (Koster et al. 2013 p.
90). According to Foroozmehr et al. (2017), the microstructure of quenched and tempered
13Cr-4Ni/1.4313 steels typically consists of a combination of lath martensite, stable
reformed austenite and a small amount of delta ferrite. In their study (2017) they found
that the finely-dispersed austenite phase was in the form of lamellae located within the

laths of martensitic matrix.
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Due to their favorable properties, soft martensitic steels are often used for demanding
applications where the material may be exposed to complex loading conditions in service,
such as for production of pumps, compressors, centrifuges and turbines, in nuclear

engineering, chemical engineering and for marine constructions (Koster et al. 2013 p. 90

—91; Foroozmehr et al. 2017 p. 262).

Most of the studies conducted in recent years concerning X3CrNiMol3-4 steels have
addressed fatigue related subject such as cyclic behavior, reformed austenite, effect on
hydrogen embrittlement, brazed and weld joints and welding residual stresses
(Hassanipour et al. 2016; Hassanipour et al. 2017; Thibault et al. 2011; Thibault et al
2014; Fan et al. 2017; Briick et al. 2018; Schindler et al. 2009; Ghafoori-Ahangar &
Verreman 2019; Baser et al. 2010). Other studies also addressed welding, cavitation
erosion, slurry erosion and corrosion behavior of these materials (Sarafan et al. 2017,
Sarafan et al. 2020; Thibault et. al 2010; Wiednig & Enzinger 2017; Roa et al. 2021;
Grewal et al. 2013). Studies where quasistatic fracture toughness had been investigated,
though not many could be found, concerned welded and brazed joints as well as bulk
material (Foroozmehr et al. 2017; Foroozmehr & Bocher, 2021; Leinenbach et al. 2010;
Paucar Casas et al. 2009; Chen et al. 2013).

3.1.2 Medium-carbon ultrahigh-strength steel

The studied medium-carbon ultrahigh-strength steel is a modern typically quenched and
tempered (QT) low alloyed engineering and tool steel with a fine-grained tempered
martensitic structure. The fine lath martensitic structure and consequently the remarkably
well mechanical properties of the steel, shown in Table 2, are obtained by meticulous
choice of alloying elements combined with a careful selection of parameters for thermo-
mechanical treatments (e.g. the temperature of hot plastic deformation or cooling
rate)(Mandal et al. 2022; Nowacki et al. 2016; Ahlblom et al. 2007; Ozgowicz &
Kalinowska-Ozgowicz 2008). The chemical composition is presented in Table 3.
Mechanical properties and chemical composition for this steel were obtained from the

material certificate.
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Table 2. Mechanical properties of the studied medium-carbon ultrahigh-strength steel at
room temperature, obtained from a material certificate.

Yield Tensile Young's Poisson's Impact
strength strength modulus ratio Elongation toughness Hardness
Rpo2 R E v A200 Charpy-V HRC
Steel MPa MPa GPa % J
Medium-C tool steel 1284 1410 210 0.3 9 22 44

Table 3. Chemical composition of the studied medium-carbon ultrahigh-strength steel,
obtained from a material certificate.

by mass
C Si Mn P S Cr Mo Ni N
% % % % % % % % %
0.32 1.06 0.79 | 0.008 | 0.001 | 1.35 | 0.795 | 0.67 | 0.004

Steel Vv Ti Cu Al Nb B
% % % % % %
0.138 | 0.011 | 0.02 | 0.003 | 0.017 | 0.002

Medium-C tool steel

The steel seems to have been used mainly for manufacturing of plastic injection molds
and forging dies, as well as pressure casting and plate forming tools. It is also stated to be
suitable for machine components, wear-related parts, rail guides and applications at
elevated temperatures (Ribeiro et al. 2021). Consequently it appears, that recent studies
concerning this specific material have mainly been focused on subjects regarding either
tool and mold/die (also micro-mold) manufacturing (i.e., machining, surface quality,
microstructural changes, and wear and thermal fatigue resistance at elevated
temperatures), or welding (Ribeiro et al. 2021; Schneider et al. 2008; Schneider et al.
2011; Hernandez et al. 2015). Studies conducted on similar steels seemed to concern same
subjects as well (Nowacki et al. 2016; Mandolfino et al. 2013; Pijpers et al. 2007; Krum
etal. 2017). Similarly, studies concerning fracture toughness testing conducted for similar
steels, seem to be focused on weld details (Wallin et al. 2015), and only one was found
where fracture toughness test was conducted only on similar base material (Melo et al.
2019). All and all, research material on this specific steel was scarce to be found and some

seemed vague enough to be considered as a reliable research source.
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3.2 Testing and fractography

SENB specimen design was chosen, as required for proficiency test, and the 1.4313
samples were machined to the nominal dimensions requested. Machining of 1.4313
samples was done in DEKRA’s metals laboratory in Oulu, except for the EDM wire
cutting (electrical discharge machining) of the starter notch, which was executed by the
Future Manufacturing Technologies (FMT) group in ELME studio in Nivala. Machining
of medium-carbon tool steel samples had been conducted earlier and samples were
received as machined conforming to ASTM E1820. The 1.4313 sample blanks were
delivered as premachined close to the target dimension, and orientation of the samples
was not revealed. Orientation of the medium-carbon steel samples was L-T (see figure

24).

The nominal dimension for 1.4313 SENB specimens were thickness B = 15 mm, width
W =30 mm and span S = 120 mm (total length of the specimen was 138 mm). Starter
notch was machined to a depth of about 13 mm and fatigue precracking was done in order

to achieve a combined original crack length ap of 15 mm.

The nominal dimension for the medium-carbon steel SENB specimens were thickness B
=10 mm, width W = 20 mm and span S = 80 mm (total length of the specimen was 90
mm). Starter notch was machined to a depth of about 8 mm and fatigue precracking was

done in order to achieve a combined original crack length ap of 10 mm.

Tensile properties at test temperature were determined from the room temperature tensile
data with appropriate formulas, presented in the standard ISO 15653. The determined

tensile properties for both studied steels are presented in table 6.

Table 6. Tensile properties for the studied ultrahigh-strength steels.

Tensile properties

Tensile properties

Test temperature At room temperature At test temperature
0°C Yield strength Ultimate tensile Yield strength Ultimate tensile
strenght strenght
Steel RpO,Z Rm RpO,Z Rm
| | [MPa] [MPal [MPal [MPa]
1.4313 | 802 | 83 || 817 || 887
(Medium-CUHsS || 1284 || 1410 || 1299 || 1449
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Fatigue precracking of SENB specimens was performed at the University of Oulu with a
Zwick / Roell Vibrophone 100 high-frequency pulsator using three-point bending
fixtures. Fatiguing was performed in ambient room temperature. Maximum fatigue
precracking force was determined according to ISO 12135 standard, and an appropriate
value well below the determined maximum value was adopted for the actual maximum

force value of prefatiguing.

Fracture toughness testing was also conducted at the University of Oulu with a Zwick /
Roell Z100 universal testing machine using three-point bending fixtures. In total, five
1.4313 and eight medium-carbon steel samples were tested. Tests were carried out under
crosshead-displacement control. Required ambient temperature for testing on low
temperatures was achieved by using environmental chamber, Severn Thermal Solutions
Model EC75D. Temperature for all tests performed was 0 °C as required for proficiency
test. Crack mouth opening displacement CMOD was measured with a clip-on
extensometer, Sandner EXRC5+6x. Test procedure was followed according to the
instructions presented in the ISO 12135 standard for both materials. Consequently the
requirements presented in the standard also satisfied the requirements of the ASTM
E1820 standard. Calculations of CTOD for both test materials were done according to
both ISO 12135 (as required by the proficiency test) and ASTM E1820 standards,
whereas for the To determination, the measured test results were dealt with according to

the ASTM E1921 standard.

All samples were measured before the tests as required in ISO 12135. After tests samples
were broken open and original crack lengths were measured from the fracture surfaces
with a laser microscope as instructed in ISO 12135. Measured values for 1.4313 and the
medium-carbon UHSS samples are combined in tables 7 and 8, respectively. For 1.4313
samples #3 and #4, fatigue crack length at one of the near-surface measuring points did
not quite fulfill the minimum length requirement of 1,3 mm set in the ISO 12135 standard.
For medium-carbon UHSS sample #1 fatigue crack length at any of the nine measuring
points did not fulfill the minimum length requirement set in the ISO 12135 standard,
neither did the fatigue crack lengths at both of the near-surface measuring points on
sample #2. However, all the fatigue crack length measurements in all the tested samples
fulfilled the minimum fatigue crack length requirements set in the ASTM E1820 standard.
Thus none of the samples were excluded from further calculations in this thesis, although

for the proficiency test, only valid results were submitted.
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Table 7. Measured values for martensitic stainless steel samples.

1.4313 #1
1.4313 #2
1.4313 #3
1.4313 #4
1.4313 #5

Table 8. Measured values for the medium-carbon UHSS samples.

TS10 #1
TS10 #2
TS10 #3
TS10 #4
TS10 #5
TS10 #6
TS10 #7
TS10 #8

Fracture surfaces of one martensitic stainless steel (1.4313) sample and of three medium-
carbon tool steel samples were examined with scanning electron microscope, Zeiss Xigma

FESEM, to establish the fracture micromechanisms that occurred during the fracture tests.
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4 RESULTS

4.1 Martensitic stainless steel

In 1.4313 samples fracture instability did not took place, but fracture occurred through
stable tearing. The load — displacement curves obtained from the fracture toughness tests
conducted on the 1.4313 samples are combined in figure 25. Force maximum values and
corresponding displacement values for each sample are shown in table 9.
40000
35000
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25000
/ 1.4313#1
20000

—1.4313#2

Force [N]

—1.4313#3

15000
—1.4313 #4

—1.4313 #5
10000

5000

0 0,5 1 1,5 2 2,5 3 3,5 4

Strain [mm]

Figure 25. Load — displacement curves for 1.4313 samples.

For 1.4313 samples, CTOD was determined both according to ISO 12135 and according
to ASTM E 1820, see table 9. In samples #3 and #4, the measured fatigue precrack lengths
at one of the near-surface measuring points did not meet the required 1.3 mm minimum
length, thus marked with asterisk (*). However, as corresponding requirements in ASTM
E1820 are not as strict, the minimum crack length requirements at all measuring points in
all samples were easily met. For comparison, the CTOD determined according to the ISO
standard has been calculated using both theoretical elastic compliance, Cineo, and

experimental compliance, Cexp. Values calculated with the theoretical elastic compliance
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yielded slightly larger estimates for CTOD. The CTOD calculated according to ASTM
was determined through the J-integral, but unlike the standard states, the J values have
not been corrected for crack growth Aa, because the final physical crack size ar values
had not been determined. However, had the J values been corrected for crack growth, the
CTOD estimates would have decreased further from their current values. Results show
that CTOD values determined according to ASTM E1820 provide more conservative
estimates than values determined according to ISO 12135, which is in line with previously

observed trend.

Table 9. Combined test data, and crack-tip opening displacement values calculated
according to standards ISO 12135 and ASTM E1820.

Fracture ISO 12135 ASTM 1820
tough ness Test data with theor. elastic compliance  with experim. compliance with experim. compliance
Force CMOD CTOD CTOD CTOD
Specimen Frmax v Sm(15) 8m(s) 6
[N] [mm] [mm] [mm] [mm]
[1.4313 || 34414 | 150 | Mean | 0,449 || 0,433 H 0,350 |
Median | 0,454 | 0,439 H 0,356 |
Standard deviation | 0,054 | | 0,054 | | 0,044 |
14313 #1 34151 1,63 0,490 0,474 0,384
1.4313 #2 34733 1,51 0,454 0,439 0,356
1.4313 #3 * 34478 1,38 0,410 0,393 0,317
1.4313 #4 * 34057 1,70 0,511 0,494 0,400
1.4313 #5 34653 1,29 0,382 0,366 0,295

Calculations were also made to assess whether fracture toughness of 1.4313 could be
evaluated by the MC method, although the observed ductile macroscopic behavior during
fracture tests already suggests this to be unlikely. Calculated Kjc values and corresponding
limit values for each 1.4313 sample are gathered in table 10. As can be seen from the
results, all of the calculated individual Kj. values exceeded the corresponding Kiclimit
values, indicating the method would not be suitable for this material, as expected. Hence

calculations were not carried out further.
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Table 10. Calculated Kjc values and corresponding limit values for 1.4313 samples.

Test data Calculated values

Force CMOD
Specimen Fmax \ Kjclimit Kje

[N] [mm] [MPa+y/m] [MPaym]
1.4313 #1 34151,1 1,63 306,5 356,8
1.4313 #2 34732,9 1,51 307,9 343,3
1.4313 #3 34478,0 1,38 308,2 323,8
1.4313 #4 34057,2 1,70 306,6 364,2
1.4313 #5 34652,9 1,29 308,0 312,6

Since all 1.4313 samples showed rather similar behavior during the fracture test, only one
sample was chosen for fracture surface examination. Fracture surface appearance
obtained with FESEM can be seen in figures 26 — 28. Fracture surface examination
confirmed that fracture mechanisms during the fracture test was ductile in this steel.

Figure 26 shows an overview of the ductile fracture surface and figure 27 displays a closer

view of the surface, where ductile dimples are shown more clearly.

100 pm* EHT = 5.00 kv Signal A = InLens Date :30 Mar 2023
— WD = 3.3 mm Mag= 200X 1.4313-08 4if

Figure 26. Overview of the fracture surface in martensitic stainless steel.
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A £ Ni7 7 ! -5 N
20 pm* EHT = 5.00 kv Signal A = InLens Date :30 Mar 2023
WD = 3.3mm Mag= 200K X 1.4313-11 tif

Figure 27. Close-up of the fracture surface with ductile dimples.

Crack propagation during the test is demonstrated in figure 28. SEM pictures (a) and (c)
in figure 28 are taken from outer regions of the sample, about 2 — 3 mm inward from outer
surfaces, as schematically illustrated, and (b) is combined from two different pictures
taken from the center region and shows the length of the crack propagation in the middle
of the sample. As can be observed, crack growth during the test in the center area of the

sample was clearly faster compared to growth in the outer regions of the sample.
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EHT = 500k Signal A = InLens Date 30 Mar 2023 —
WD = 35mm Mag= 100X 14313108
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EHT = 500V Signal A = InLens Date :30 Mar 2023 f—
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Signal A = InLens. Date :30 Mar 2023
WD = 36 mm Mag= 200X 1431307 60

Figure 28. Fracture surface of the propagated crack in martensitic stainless steel sample.

4.2 Medium-carbon ultrahigh-strength steel

In the medium-carbon steel samples macroscopic fracture behavior was brittle and
fracture occurred without significant stable crack growth. Load — displacement records
for two of the samples showed significant pop-in behavior during the test. The load —
displacement curves obtained from the fracture toughness tests conducted on the medium-
carbon UHSS samples are combined in figure 29. Some scatter can be observed in the

load — displacement records.
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Figure 29. Load — displacement curves for the medium-carbon UHSS samples.

Since this material was known to undergo ductile-to-brittle transition, fracture toughness
calculations were carried out according to ASTM E1921 which provides a method for
determination of reference temperature Ty for ferritic steels in the transition range. Force
and corresponding displacement data as well as calculated values for Master Curve
determination have been combined in table 11. Force values ending with asterisk *
correspond to force values determined at the first significant pop-in for the sample, other
force values correspond to obtained maximum force at fracture instability. The calculated
values in table 11 have been determined according to standard ASTM E1921. In this data
set, there were no censored data as none of the generated K. values violated the censoring
criteria. Calculations were conducted according to a single temperature analysis
procedure as all test were carried out at 0 °C. Size of the data set was rather small, only
eight samples. Hence the homogeneity screening procedure suggested for small data sets

was applied.
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Table 11. Calculated values for Master Curve.

Test data Calculated values
Force CMOD

Syt Frnen v Kje Kjeam) Ko Kjetmeay

(N] [mm] [MPa+/m] [MPay/m] [MPay/m] [MPaym]
TS10 #1 13056,2 || 0,18 85,5 720 || s | 669
TS10 #2 10334,6* | 0,15 58,1 50,2
TS10 #3 119464 | 022 92,6 77,5 "
TS10 #4 10544,3 || 0,19 82,4 69,5 o)
TS10 #5 124208 || 0,22 95,5 79,8
TS10 #6 9823,7* 0,16 64,3 55,1 33,7
TS10 #7 114894 | 021 89,9 75,4
TS10 #8 115556 || 0,20 86,3 72,5

Figure 30 represents the determined Master Curve with 95 % and 5 % tolerance bounds
for the 1T specimens of the studied medium-carbon ultrahigh-strength steel. The figure

also contains the size adjusted Ky data for each sample tested.

250
200
150 Klc(med)
— Klc(0.95)
£
.1 — + . Klc(0.05)
£ 100 _/
= ' Py O  Kic(1T)
= L )
e
50
0
-100 -80 -60 -40 -20 0 20 40 60 30

T [°C]

Figure 30. Master Curve for 1T specimens of medium-carbon UHSS.
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CTOD calculations were carried out also for the medium-carbon steel samples. Again,
CTOD was determined according to both ISO 12135 and ASTM E1820, see table 12. The
measured fatigue precrack lengths did not meet the required 1.3 mm minimum length at
any of the measuring points in sample #1, nor were they met, at either of the near-surface
measuring points in sample #2, thus marked with asterisk (*). But again, the measured
fatigue precrack lengths at all measuring points in all samples did fulfill the minimum
crack length requirements stated in ASTM EI1820. Also here, the CTOD values
determined according to the ISO standard were calculated using both theoretical elastic
compliance and experimental compliance. Again, values calculated with the theoretical
elastic compliance yielded slightly larger estimates for CTOD. The CTOD values
calculated according to ASTM were determined through the J-integral, without relevant
crack growth corrections. However, since stable crack growth before fracture was

practically nonexistent, the correction would not have made any perceivable difference.

Table 12. Combined test data, and crack-tip opening displacement values calculated
according to standards ISO 12135 and ASTM E1820.

1SO 12135 ASTM 1820
Fracture Test data w~ith theor. elastic compliance  with experim. compliance with experim. compliance
toughness Force CMOD CTOD CTOD CTOD
Spec'men Fmax V 6 6 5
[N] [mm] [mm] [mm] [mm]
IMedium-c || 11396 || 019 | Mean | 0,021 H 0014 || 0,013 |
Median | 0,023 H 0,015 | 0,014 |
Standard deviation | 0,005 | | 0,004 | | 0,003 |
TS10 #1 * 13056 0,18 0,022 0,015 0,014
TS10 #2 * 10335 0,15 0,015 0,009 0,009
TS10 #3 11946 0,22 0,026 0,019 0,016
TS10 #4 10544 0,19 0,018 0,014 0,013
TS10 #5 12421 0,22 0,028 0,020 0,017
TS10 #6 9824 0,16 0,015 0,010 0,010
TS10 #7 11489 0,21 0,024 0,018 0,015
TS10 #8 11556 0,20 0,024 0,016 0,014

Three medium-carbon steel samples were selected for fracture surface examinations, two
of which exhibited pop-in behavior during the fracture test and one which did not.
Fracture surface appearance obtained with FESEM for the studied medium-carbon steel
can be seen in figures 31 — 35. Fracture surface examination revealed that fracture

mechanisms during the fracture toughness test showed both brittle and ductile
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characteristics in this steel. Fracture surface examination of the two samples, that
exhibited pop-ins during fracture test, did not reveal any particular reason for the observed

pop-in behavior.

Fracture surfaces of all studied medium-carbon UHSS samples showed similar features.
In the central region of the samples, deep secondary cracks were found in front of the
fatigue crack front, figures 31 and 32 (a) and (c), surrounded by regions of mostly ductile
fracture, figures 31 and 32 (b), (d), and (e). These locations were considered as likely
initiation sites for fracture. Secondary cracks with ductile fracture surfaces were also
visible every here and there on the examined fracture surfaces, figure 33. Figure 33 (a)
and (b), taken from samples #1 and #2, present the mostly brittle fracture surfaces with
secondary cracks. Figure 33 (c) was taken at the edge of one of the secondary cracks
found on sample #6. Here, the dark area at the right edge is the secondary crack, the light
area in the middle is the upright fracture surface of the secondary crack garnished with
ductile fracture features and the slightly darker area on the left side of the picture shows

the fracture surface consisting of both brittle and ductile features.

20 pm* EHT = 5.00 kv Signal A = InLens Date :30 Mar 2023
— WD= 3.2mm Mag= 500X MediumC1_06 tif

ZEISX

Figure 31. Overview of the fracture surface at vicinity of a deep secondary crack ahead
of the fatigue precrack front in medium-carbon steel sample #1.
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Medium-carbon steel, Medium-carbon steel,
sample #2 sample #6

EHT = 5.00kV Signal A = InLens Date ;30 Mar 2023 EHT = 5.00kV Signal A = InLens. Date :30 Mar 2023 ZEIxS|

WD =28mm Mag= 500X MediumC_08 tf

— WD = 3.3mm Mag= 200X MediumC2_024f

Signal A = InLens. Dale :30 Mar 2023 3 I EHT = 5.00 k¥ Signal A = InLens ) Date :30 Mar 2023
I 1 WD = 3.3mm Mag= 320KX MediurnG2_01 tif f WD = 28mm Mag= 200KX MediumG_05.4f

(b) (d)

Eall 23
Signal A = InLens. Date :30 Mar 2023
WD =28mm Mag= S00KX MediumC_04 5

(e)

Figure 32. Deep secondary cracks found ahead of the fatigue crack front in medium-
carbon steel: a) sample #2, b) close-up of the ductile area at near vicinity of the deep
secondary crack at fatigue crack front shown in a), ¢) sample #6, d) close-up of the area
highlighted in ¢), and e) close-up of the area highlighted in d), showing ductile dimples.
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Medium-carbon steel, Medium-carbon steel,
sample #1 sample #2

Signal A = InLens Date : ar 2023 3 Signal A = InLens Date :30 Mar 2023
WD = 28 mm Mag= 120X MediumC1_04 tif WD = 33mm Mag= 150X MediumC2_04 tif

(b)

EHT = 5.00 kW Signal A = InLens Date :30 Mar 2023
WD = 2.8 mm Mag= 250KX MediumC_08 tif

©

Figure 33. Overview of the mostly brittle fracture surfaces with ductile secondary
cracks, taken a) at the central region of the fracture surface formed at fracture
instability in sample #1, b) at the central region of the fracture surface in sample #2, and
¢) at an edge of a secondary crack found on sample #6.

Macroscopically fracture surface had a shiny, grainy appearance, characteristic of brittle
fracture. Closer examinations revealed a fracture surface consisting of mostly brittle
characteristics accompanied by ductile features. Ductile tearing ridges could be observed
here and there, between which brittle cleavage facets dominated the fracture surface,

figure 34.
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Figure 34. Brittle and ductile features on fracture surfaces of medium-carbon steel,

a) mostly brittle surface with ductile tear ridges, b) closer view of a ductile tear ridge,
c) closer view of the brittle fracture surface showing mostly cleavage facets, but also
small ductile regions, and d) close-up of one of the facets in the highlighted area in c)
showing ductile dimples on the facets.

The border between the fracture surface created at fracture instability during the test and
the one formed during the final opening of the sample after test, proved very challenging
to distinguish, since no heat tinting nor fatigue cycling after fracture tests were performed,
making the deduction of the length of unstable crack extension at the end of the test very
unreliable. However, it appeared that the surface created at the final opening of the
samples, figure 35 (a), appeared somewhat less coarse and more even compared to the
fracture surface created at fracture instability, figure 35 (b), although same fracture
features were presents in both surfaces. Secondary cracks were more numerous and
deeper at fracture surface created at fracture instability. Crack extension at instability,

although not easily detectible, appeared to be rather even along the whole crack front.
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The primary initiation sites of the macroscopically brittle failure could not be indisputably

identified.
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Figure 35. Fracture surface a) formed at the final opening of the samples and b) formed
at fracture instability during fracture test.
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5 DISCUSSION

The chemical compositions and mechanical properties of the two studied ultrahigh-
strength steels were quite different, and although both of these materials had a lath
martensitic microstructure, they behaved very differently on fracture toughness tests
conduct at 0 °C. The fracture behavior of the martensitic stainless steel was structurally
very ductile, whereas the medium-carbon tool steel behaved structurally brittle in fracture
tests. Fracture surface examinations with SEM confirmed that the fracture
micromechanism in the martensitic stainless steel was ductile, as expected, whereas for
the medium-carbon tool steel, although being structurally brittle, fracture seemed to have
involved a mixture of both brittle and ductile micromechanisms, likely initiating with
ductile micromechanism but propagating mainly by brittle mechanisms. This was well in
line with what was discussed in section 2.1, being that the structural fracture behavior

does not directly indicate the fracture micromechanism.

In the martensitic stainless steel samples fracture was found to have experienced
tunneling. Although final physical crack lengths were not measured, it is likely that if
they had been measured, some of the lengths would have violated the deviation
requirements set in the standards. Although the standards do not insist the use of side
grooves when determining point values for ductile materials, side-grooving is either
insisted or highly recommended for R-curve determination. From this view, it might be
appropriate to use side-grooving also for the determination of point values when testing
very ductile materials, as a more even crack extension along the thickness would perhaps
result in somewhat different load-displacement record and thus affect the values obtained

by calculations.

Measurement of the initial crack length was identified in the literature as the most
significant source for uncertainty. In this work it was as well found rather cumbersome
and probably the most time consuming individual step during the whole process. In the

future, ways to facilitate this step should be looked into.

Some of the fatigue precracks were found not to fulfill the minimum length requirements
set in the ISO standard, although same prefatiguing specs were applied for all the samples
belonging to the same set. Deviation in fatigue precrack lengths between specimens was

not remarkably large in martensitic stainless steel specimens, while among the medium-
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carbon tool steel specimens it was notable. In the future, fatigue precrack growth should

be monitored more carefully and fatiguing be continued further as necessary.

It was also found, that distinguishing the boundary between the fracture surface created
during the fracture test, and the surface formed when opening the samples after tests, was
not practical with either the used laser microscope, where the depth resolution is not
sufficient, or with SEM. Thus it would be advisable to perform either heat tinting or
fatigue cycling on the samples after fracture tests, as suggested in the standards, if ar is to

be measured. That is at least the case with the two materials studied here.

CTOD calculated according to ISO 12135 utilizing theoretical elastic compliance yielded
the highest values, i.e. the least conservative estimates, for fracture toughness. CTOD
calculated according to ASTM E1820 in turn yielded the smallest values, providing the
most conservative estimates of the lot. For the ductile martensitic stainless steel, the
difference between CTOD values calculated with Cieo and Cexp according to the ISO
standard was smaller than the difference between CTOD values calculated according to
ISO and ASTM standards using Ceyp. For the medium-carbon tool steel showing
structurally brittle behavior, the difference between CTOD values calculated according
to the ISO standard with different compliances was clearly larger than the difference
between CTOD values calculated using Cexp between the two standards. For this steel, the
difference between CTOD values calculated using Cexp between the two standards was
about 8 % whereas for the ductile martensitic stainless steel it was about 20 %. Based on
this, it seems, that the difference between the CTOD values calculated between the two
standards using Cexp, may increase with increasing ductile behavior. For 1.4313, the
standard deviations of the differently calculated CTOD values were of the same order,
about 12— 12,5 %. For the tool steel, standard deviations were expectedly higher as brittle
materials are known to show more scatter in the FT data, but also deviated more between
the differently calculated CTODs. CTOD results calculated according to ASTM showed
the smallest standard deviation, about 21 %, while the highest standard deviation was
with the CTOD values calculated according to ISO using Cexp, about 29 %. For both
materials CTOD calculated using the Cieo yielded the greatest, i.e. the least conservative

values of FT. In light of this, it might be more appropriate to use the Cexp for calculations.

MC calculations for the studied tool steel suggest the possibility of cleavage to be present

at normal operating temperatures, i.e. at room temperature.
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All and all, fracture toughness determination process with all the different stages from
specimen machining and preparation all the way to FT parameter determination truly is
time consuming. From the viewpoint of productization it is essential to optimize the time
used for the whole process and for each individual step. The entire procedure, starting
from extracting and machining the samples, ending to the calculation, should be planned
aforehand, and assessment is to be made throughout the procedure, in case anything
unexpected arises that needs to be considered before continuing further. In each step, it is
crucial to ensure all individual tasks are carried out with attentiveness, making sure all
essential requirements are met before proceeding to the next stage. To ease and to speed

up the calculations, use of spreadsheets is necessary.

It is important for the tester to be aware of the effects on fracture toughness arising from
factors such as specimen geometry, temperature and loading rate. Such knowledge is
useful for example when assessing which specimen geometry would be most suitable for
the case at hand, which parameters would provide the most appropriate or useful data on
fracture toughness for the case, or where lies the most critical sources for uncertainty.
Same factors, such as testing rate as a function of stress intensity factor or actual success
of prefatiguing and initial crack size, are truly known only after test and/or final opening
of the samples, which inflicts some uncertainty for testing. Since the fracture behavior of
materials 1s affected by so many different factors, the tester should be familiar with the
backgrounds of fracture mechanics. An understanding of material engineering and
metallurgy is also beneficial, especially for testing of welds. Comprehension of fracture
micromechanisms and identifying different mechanisms and mechanism typical features
on fracture surfaces, is valuable. Although the standard procedures in principle enables
testing of unknown materials, choosing the right specs for testing may require an educated
guess, and thus, in practice, requires practice, and knowledge of the FM theory as well as
materials is beneficial for the tester. It is also useful to distinguish the differences, as well

as the connections, between different fracture toughness parameters.

Testing standards set the limits within which the results are likely to be representative of
the materials fracture toughness, but the grounds for the given limits are not much
clarified. The set limits provide primary certainty, but knowledge of the FMs backgrounds
brings additional reassurance for the interpretation of the test data and assessing the
soundness of the results, as well as aids the selection of most appropriate fracture

toughness parameters.
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6 CONCLUSIONS

For purposes of productizing the fracture toughness testing method, aspects of fracture
mechanical testing were examined. Theoretical background of fracture mechanics and
fracture toughness testing was reviewed in this work, and fracture toughness of two
martensitic ultrahigh-strength steels at low temperature was investigated. Initially the
plan was to perform fracture toughness testing just for the martensitic stainless steel at
several low temperatures, but the plan had to be altered and the other material was
introduced as the delivery of the stainless steel samples was delayed remarkably. In the
end, the long waited samples did arrive, but as the number of specimens at that point was
limited and results of the fracture toughness tests for proficiency test had to be transmitted
on rather a tight schedule, the initial idea of multiple temperature testing was abandoned

to save time. Based on all examinations the following conclusions were made:

- The studied martensitic stainless steel showed ductile behavior in the fracture
toughness tests conducted at 0 °C. Micromechanisms of fracture was as well
found to be ductile, as could be expected.

- For the martensitic stainless steel, fracture toughness at 0 °C was determined in
terms of CTOD. If these results were to be used in the future, e.g. for failure
probability assessment analysis, orientation of the samples used should be
determined. Values calculated using Cexp should be preferred instead of values
calculated using Cineo.

- The medium-carbon tool steel behaved structurally brittle during the fracture tests
conducted at 0 °C. It was found that in this steel fracture occurred through both
brittle and ductile micromechanisms at the investigated temperature.

- For the medium-carbon tool steel fracture toughness was determined in terms of
both CTOD and MC. Since some scatter appeared among the test results, MC
likely provides a more suitable parameter to characterize fracture toughness in this
material.

- MC calculations for the studied tool steel suggest the possibility of cleavage to be
present at normal operating temperatures, i.e. at room temperature.

- The addressed testing standards ISO 12135 and ASTM E1820 had many common
features and differed from one another mainly on the calculation formulas for the

CTOD parameter.
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- Fracture toughness testing in all is a time consuming process that involves
multiple different stages, the execution of each of which requires attentiveness.
From the productization viewpoint, ways to optimize the time used in the process
should be looked into.

- It is advisable to use spreadsheets to aid and speed up calculations.

- In the future, fatigue precrack growth should be monitored more carefully and
fatiguing be continued further as necessary.

- Also in the future, heat tinting or fatiguing should be applied after fracture test to
aid measurement of final physical crack length.

- When testing ductile materials, side-grooving is advisable to prevent excess
tunneling.

- Experimentally determined compliance values should be preferred for parameter
calculations instead of theoretical compliance values.

- It is beneficial for the tester to be familiar with the theory of fracture mechanics
in order to distinguish the differences and connections between different FT
characterizing parameters and to recognize the limits in which each parameter can
be considered as a valid representative for fracture toughness. It is also important
to understand the effects of different factors (such as temperature, specimen

geometry and loading rate) affecting fracture toughness.

Based on the standards and theory addressed in this work, working instructions for
fracture toughness testing as well as spreadsheets for parameter calculations, and for
determination of uncertainties of testing for the parameters, were prepared for
productization of the test method, but on grounds of company confidentiality policy are
not included here. In the future, a procedure based on the working instructions composed

along this work will be used for fracture toughness determination at DEKRA.
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