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Abstract

A series of AK-constant fatigue crack growth tests in Paris regime were carried out to
investigate the effect of second phase particle on fatigue crack growth behavior of
microstrucﬁlré controlled steels with uniformly distributed hard particles. Three kinds of
materials were used in this study, ferrite matrix with pearlite particles (FP), ferrite matrix with
bainite particlés (FB) and ferrite matrix with martensite particles (FM). The fatigue crack
growth tests by using a single edge cracked tension (SECT) type specimen was performed
inside a scanning electron microscope chamber equipped with a servo-hydraulic fatigue
machine. The results showeci that the fatigue crack growth rates for all materials did not
coincide with each other, even when the crack growth curves were arranged by the effective
stress intensity factor range. From the in-situ observations, crack tip stress shielding
pilenomena, such as interlocking, branching, etc. were found on the crack wake, which
enhanced fatigue crack growth resistance. In ferrite-pearlite (FP) steel, small size and small
spacing of hard particles seemed to induce small but frequent crack deflections, which
resulted in crack closure phenomena. On the other hand, large size of pearlite particle seemed
to induce stress shielding phenomena and then contribute to high crack growth resistance,
which was the main reason for higher fatigue crack growth resistance of the large size and
spacing of pearlite particle compared to the small size of pearlite particle. It was similar result
for the ferrite-bainite (FB) steel where the large size and large Spacing of bainite particles
enhanced the fatigue crack growth resistance. The higher volume fraction of hard particle also
influenced the fatigue crack growth behlavior. In this investigation, the result indicated the
higher volume fraction of hard particle in the ferrite-bainite (FB1) steel has significantly
increased the fatigue crack growth résista_nce compared to the ferrite-bainite (FB2) with lower

volume fraction and ferrite-pearlite (FP) sieels. The effect of hardness of second phase



particle was also investigated. The results revealed that the ferrite-martensite (FM) steel
showed significantly higher fatigue crack growth resistance compared to the ferrite-pearlite
(FP) and ferrite-bainite (FB) steels. From the in-situ observations, the crack tip stress
shielding phenomena, such as interlocking, branching, etc were found on the crack wake,
which enhanced fatigue crack growth resistance. In the FM steel, the deformation of plastic
constrained at the crack tip in ferrite region seemed to induce stress shielding phenomena and
then contribute to high crack growth resistance, which was the main reason for lower fatigue
crack growth rate of the FM steel with harden martensite particle compared to the FP and FB

steels with soften pearlite and bainite particles.

Keywords : Fatigue crack growth behavior, AK-constant fatigue crack growth tests , crack tip
stress shielding, interlocking, crack closure, ferrite-pearlite, ferrite-bainite, ferrite-martensite,
- hard particle, plastic zone size, plastic constrained deformation.
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Chapter 1 : Introduction

1.1 Introduction of TMCP steel

During the last several decades, steel-making industries have focused their efforts to
produce steels with higher toughness, better weldability and less expensive alloying elements.
Concurrently, there has been a trend towards the use of higher strength steels.to reduce
structural weight and fabrication costs. This has been partly possible by introducing a thermo-
mechanically controlled process (TMCP). For the TMCP process, the total control during
reheating of slab, plate rolling and cooling after plate rolling is important. According to exact
definition of TMCP as shown in Fig. 1.1, TMCP includes TMR (Thermo-Mechanical
Rolling) and with accelerated cooling (AcC). The aim of TMCP is to obtain the fine and
uniform acicular ferrite microstructure instead of ferrite/pearlite banded structure of
conventional steels. A.ccording to this fine and uniform acicular ferrite, TMCP steels have
higher strength and better toughness. The TMCP process is usually to related the AcC.
However, the several process variants of the accelerated cooling of plates are sﬁown in Fig.

1.2 [1-3]:-

a) Interrupted Accelerated Cooling: It starts just after the finish of hot rolling and
ends at an intermediated temperature, then followed by air cooling. This is the
most common case, where plate cooling is generally applied between 800°C and
500°C under rates between 5 to 80°C/s.

b) Direct Quenching: In this case plate cooling is more intense, ending at lower
temperatures and generaily promoting the formation of a full martensite
microstructure. Cooling generally starts at 900°C and ends at 200°C, under rates
from 5 to 60°C/s.

¢) Direct Quenching Plus Auto-Tempering: This approach of direct quenching uses

1



plate decalescence (i.e., the surface reheating following accelerated cooling due to
the heat flow from its core that is still hot) to promote a direct tempering to the

product.

The replacement of a conventional normalizing heat treatment by interrupted
accelerated cooling decreased plate grain size from 8-9 ASTM umits to 10-11 ASTM units,
changing the microstructure from ferrite-pearlitic to a mixture of ferrite, pearlite aﬁd bainite.
The use of direct quenching decreased even more grain size, to 11-12 ASTM units, and

produced a microstructure constituted of bainite, martensite and ferrite [2].

The microstructures of the steels are highly refined as compares to those of
conventional processed steels, resulting in a significant improvement in strength and
toughness of steels [4-8]. The steels are widely used as structural steels such as in ship
structures, pipelines, tanks, buildings, bridges and so on, which require not only strength and
téughness but also weldability [9-15]. Steel weldability represents how preferably a steel can
be welded without weld defect and how satisfactorily a joint welded with a relevant steel
performs during service. In the narrow sense, preferable weldability means that steels can be
welded with less hardened heat-affected-zone (HAZ) and without a risk of hydrogen-assisted
cold cracking [16, 17]. For concerning the weldability, the caobon equivalent (Pcm) value of
TMCP steel is so low that no pre-heating is needed in most cases, as shown in Fig. 1.3.

Consequently, TMCP steels have the excellent formability and weldability [18].

1.2 The application of TMCP steel

The typical applications and mechanical strength levels for steel plates produced

through TMCP process as shown in Table 1.1. Nowadays about 20% of stecl plates rolled all



over the world use this production route; this share doubles in the case of high strength steels,

that is, plate with tensile strength over 490 MPa [19].

In shipbuilding, the use of TMCP plates quickly expanded in this field, besides that, it
makes feasible the use of high strength steels in this specific application. This product
increased the competitiveness of shipyards, as this kind of material allows the reduction of the
dimensions of ship components without impairing its performance, decreasing manufacturing
and operatioﬂal costsf. The use of accelerated cooling also allows the reduction of carbon and
alloy elements contents in steel, increasing significantly weldablility. The use of accelerated
cooled plates with yield strength of 315MPa or 355MPa began in 1982; today they represent
more than 50% of steel used in a ship. Versions steel more stronger, with 390MPa yield
strength, began to be marketed in 1985; nowadays they constitute 30% of steel materials
present in a ship. More specifically, 80% of the steel plates used in a ship are processed

tfxrough TMCP process.

In civil construction, steels especially the 780MPa tensile strength grade are mainly
used in the construction of bridges with long spans and high buildings. These steels are

produced by TMCP process and in Japan around 10% of these steels are used.

In API pipes, the historical evolution of the alloy design use for API steel pipes along
past 40 years as shown in Fig. 1.4 [20]. As can be seen from the figure, the use of controlled
rolling with accelerated cooling, allowed a progressive reduction in the carbon content of steel,
and simultaneously increased mechanical strength. As a matter of fact, the yield strength of

' API pipes increased from 360 MPa (API grade X52) to 820MPa (API grade X120) along this
time span[1, 2, 8]. This mechanical strength increase allowed reduction of pipe thickness -
for example, an API X 120 pipe is 39% thinner than an equivalent API X70 pipe. Thinner

pipes are lighter and so transportation is easier and cheaper; the civil works needed for pipe



installation are smaller. Moreover, the arca to be welded is also smaller, which contributes to
reducing the cost of this expensive process, which is also decreased due to the lower carbon
content of the accelerated cooled steel plate. Besides that, the use of accélerated cooling
decreases the available time for carbon diffusion during austenitic transformation, reducing
the segregation of this element and minimizing the formation of hard constituents which are
weak points for hydrogen-induced cracking in pipes that conduct oil with a high H,S content.
So this TMCP process routed plays an effective role for the production of API grade steel

plates with higher mechanical strength and hydrogen-induced cracking immunity [1, 2, 8, 21].

Table 1.1: Typical applications of TMCP steel [19]

Tensile Strength [MPa]
Application

490 590 690 780 950
Shipbuiding ' TMCP
Offshore -plalforms TMCP TMCP TMCP
API pipes TMCP TMCP DQ DQ
Civil construction ‘ TMCP DQ DQ DQ
Bridges TMCP DQ DQ DQ
Penstocks TMCP .DQ DQ DG DO
Low temperature tanks T™CP DQ
Cryogenic tanks TMCP DQ
Heavy machines TMCP DQ DQ DQ DQ




Figure 1.1: Schematic diagram of two method rolling process for conventional and
thermo-~mechanical control process (TMCP) [2]

Figure 1.2: Variants of the plate accelerated cooling treatment [2]



1.3 Fracture mechanic approach

It is well known that the presence of cracks threatens the integrity of engineering
materials and structures. Under applied load, a crack exceeds to critical size and thereby
breaks the cracked member into two or more pieces. This failure mode is known as fracture.
Even sub-critical cracks rﬁay also propagate to a critical size if crack growth occurs during
cyclic (or fatigue) loading. In LEFM, the crack that advances under monotonic, qﬁasi-static
loading is characterized by a critical value of the stress intensity parameter denoted by K.
The critical value of the stress intensity parameter under conditions of small scale yielding
and plane strain is generally termed as the fracture toughness, Kic. It has been reported that
under cyclic (or fatigue) loading, crack advances from a pre-existing flaw and this
phenomenon occurs at stress intensities well below the fracture toughness of the material.

Crack growth resulting from cyclic loading is called fatigue crack growth.

When the cyclic stresses applied to 2 component are small enough, such that the zone
of plastic deformation ahead of the advancing is small, LEFM provides appropriate
continuum descriptions for fatigue fracture [22]. Paris and Erdogan [23] established the use of

LEFM characterization of fatigue crack growth rate based on stress intensity factor range.
AK =K 0 — Kipin (1.1)

where, Kpax and Ky, are the maximum and minimum stress intensity factor during a fatigue

stress cycle, respectively. For an edge-cracked fatigue test specimen,

M:Aa@f(ﬁ] AG =0y~ | (12)
w » .



where fis a geometrical factor which depends on the ratio of crack length, a to the width of
the specimen W, and o, , and o, are the maximum and minimum values of a fatigue stress,

respectively.

Paris et al. [24] showed that the fatigue crack growth rate (da/dN) is related to the

stress intensity factor range (AK) by the power law relationship
dal dN=C(AK)™ ' (13)

where, C and m are experimentally obtained constants and influenced by variables such as

material microstructure, environment, temperature, and load ratio, R. The load ratio is defined

as:
o-min _ Kmm
R= o = _Km | (1.4

1.4 Fatigue crack growth behavior

Fatigue process can be divided into three stages of crack growth as shown in Fig. 1.5.
Region I, is an associéted with low growth rates and micro-structurally sensitive growth
process. The fatigue fracture process may start from macroscopic cracks that already present
in the structural materials during the manufacturing stage. The initiation can start in slip zones
adjacent to the outer or at‘ internal voids or inclusions in the materials. Then the mechanism is
a process of cumulative plastic strain between slip planes until small crack like defects are
produced. Among these initiated cracks, which are greater at a free surface relative to that in
the Bulk material, only a few may propagate further when the stress concentration is high
enough. In this stage the crack propagation is very small (smaller than the lattice spacing) and
it is difficult to predict, since it depends on the microstructure of the materials. At the
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threshold stress intensity range AKy, the rate of crack growth is so slow that the crack is often
assumed to be dormant or growing at an undetectable rate [25], since the crack driving force
is not large enoﬁgh to overcome the resistance of the crack growth. Sometimes the threshold
stress intensity factor is defined as the stress intensity factor at which the crack growth rate,
da/dN below than 10 m/cycles [26-28]. At low AK, the low crack driving force leads to a
uniform crack front, thereby the crack path becomes more tortuous or irregular, which results
in a crack closure effect. The crack closure reduces the driving force in the early contact
between the conjugate surfaces during the unloading phase of a load cycles [29-32].
According to Lincar Elastic Fracture Mechanic (LEFM) methods, a crack propagation

threshold which in a material property exists in this region, below which the crack does not

Zrow.

Above the threshold, there is a significant increase in da/dN with AK called Region II.
'l;his region also known as the Paris regime ié a steady crack propagation phase that is
relatively insignificant to microstructure and is characterized by crack propagation normal to
the direction of applied loading. In this stage of crack growth has been subjected to many
detailed analyses using the linear elastic fracture ﬁechaﬂcs [33-37]. At this stage, the stress
intensity factor range, AK curve is linear and representing the majority of fatigue propagation
life. Crack propagation can be quantitatively calculated by using the Paris law. The increment
of crack growth with each loading cycle is due to the plastic deformation around the crack tip
in many materials. The plastic zone around the crack tip covers many grains at high stress
intensity range values. The attendant crack propagates along two slip systems, including the
simultaneous or alternating flow. This duplex slip mechanism leads to a planar crack path to
the loading axis. It means that fatigue cracks deviate from the primary slip plane and

propagate in a direction normal to the maximum principle stress direction.



Finally, dynamic crack propagation may complete the failure process in the stage HI.
In this stage, the stress intensity factor become equal to the critical stress intensity factor, K,

where crack growth rates increase rapidly causing catastrophic failure.

1.5 Factors that Influences fatigue crack growth rate

The different mechanisms that affect the fatigue crack growth can be divide into two
classes: (a) intrinsic rﬁechanism and (b) extrinsic mechanism, [38] and is illustrated in Fig 1.6.
The intrinsic mechanism determines the inherent resistance of a material against fatigue crack
propagation. In ductile material, during loading the plastic blunting of the crack tip produces a
new fracture surface and unloading reshapes the crack tip and is the dominant intrinsic growth
mechanism. However, voids and microcracks in the crack-tip process zone also known as
intrinsic effect mechanism, The lower the fatigue crack growth resistance of the material,
r;:sulting in accelerated FCG rates. On the others, the extrinsic mechanism causes a reduction
of crack tip driving force at the crack tip. They are often referred to shielding mechanism. The
most important extrinsic mechanisms are: crack bridging, crack deflection, crack branching
ahd crack interl_ocking, and crack closure induced by plasticity, roughness and corrosion

debris induced closure.

1.6 Crack closure

Premature contact and consequent wedging of the crack faces during the unloading
portion of a fatigue cycles at a load above the minimum load is called crack closure [39]. The
mechanism has been studied and highlighted by Elber [40] on the basis of exi)erimental
observation. Crack closure has been widely accepted as a significant mechanism affecting the
crack growth behavior of fatigue cracks, particularly in metallic materials. Elber monitored
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the changes in the compliance by using extensometer in thin sheets of cracked 2024-T3
aluminum alloy and argued that a zone of residual tensile deformation is left in the wake of
fatigue crack tip. The attendant reduction in crack opening displacement gives rise to
premature contact between the faces of the crack and causes a reduction in the apparent
‘driving force’ for fatigue crack advance. From a continuum viewpoint, it is considered to
result from cyclic plasticity which leaves a band of stretched material in the crack wake, a
process which is promoted under plain stress condition [39]. The Elber’s closure due to
residual plastic stretch at crack wake is kﬁown as plasticity-induced crack closure (Fig. 1.7(a)).
Studies [29, 41] have also revealed other mechanisms of closure which are also active under

plane-strain conditions. These mechanisms are illustrated schematically in Fig. 1.7.

The roughness-induced crack closure (RICC) (Fig. 1.7 (b)) is due to contact of rough
crack surfaces and was first proposed by Adams [42], Purushothaman and Tien [43], and
Walker and Beevers [44]. The RICC occurs when misaligned rough crack surfaces contact
during unloading. Rough fatigue cracks have a mixed-mode crack-tip stress state resulting in
mode II crack face displacements and asperity misalignment. The resulting contact props the
crack open, ‘and reduces the effective crack-tip driving force, AK s Although RICC is not
necessatily restricted to threshold conditions, it is most likely a significant contributor at low
AK because of the tendency of rough crack paths and smaller crack-tip opening displacement,
CTOD. RICC is influenced by (a) small plastic zone size at the crack tip (i.c. typically less
than a grain size diameter), which induce single shear mechanism, (b) small CTOD, which
are of a size scale comparable to the asperity height such as in the near threshold region, (c)
coarse-grained materials with coherent and shareable precipitates capable of inducing coarse
planar slip, (d) crack deflection mechanisms and (e) low load ratios where the minimum crack

tip opening displacement may be substantiaily smaller than size of the surface asperities [45].
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Oxide induced crack closure (OICC) (Fig.1.7 (¢)) was first documented by Walker and
Beevers [44], Endo, et al. [46], and Suresh, ef al.[47]. The OICC promotes crack face contact
when a voluminous oxide layer forms on the crack surfaces, partially filling the crack mouth.
Oxide forms in the crack mouth when freshly exposed surfaces in the crack wake react with
environmental agents. Because oxide layers are typically small (approximately 10 A for
aluminum [48]), OICC is negligible where crack-tip opening displacements (CTOD) are large,
ie. at high AK ... However, OICC becomes dominant in the threshold region as the oxide
thickness increases relative to the CTOD [49]. Fretting contact of rough crack surfaces can
repeatedly remove portions of the oxide film creating oxide debris in the crack mouth [47].
Oxide debris due to fretting crack surfaces is much thicker than normally expected, resulting

in higher crack closure levels.

Crack closure can also be associated with the hydrodynaﬁlic action of fluids inside the
cfé.ck, known as vis;ous fluid-induced crack closure (Fig. 1.7(¢)), and from residual
compressive stresses resulting from the dilation associated with an in situ phase
transformation, known as transformation-induced crack closure (Fig. 1.7 (d)) [22]. The major
types of closure are influenced at low R ratios and stress-intensity level close to the fatigue
threshold, where the crack-tip opening displacements are cémparable with the dimensions of

the oxides or asperity wedges.

Several methods such as compliance technique, potential drop technique, acoustic
wave and foil strain gage were introduced for measuring the crack closure [50-57] and
compliance technique is the one of the most widely used one. In the compliance technique,
during FCG .test, crack length was monitored during fatipue crack growth by using
compliance data from a back face strain gage. Compliance data from the closure-free portion
of the load cycle is used to determine crack length. Load versus strain data (both closure-

affected and closure free) can also be used to measure fatigue crack closure event. As the
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fatigue crack closes, the effective crack length (aes) is reduced. The effective crack length is
defined here as the crack length measured from the starter notch to the closest point where
crack face contact occurs'. Schematics of changes in g, due to crack-tip closure is shown in
Fig. 1.8. In Fig. 1.8(a), the entire crack is open and g,z is equal to the actual crack length.
During unloading the crack partially closes, so a.; becomes less than the actual crack length,
(Fig. 1.8(b)). A strain gage was mounted ahead of the crack tip to detect the crack closing
load. The compliance technique (slope of the strain against load curve) has been used to
determine the opening load, as shown in Fig. 1.9. From this figure, the steps to determine
crack closure as follows; (a) Load-strain loop corresponding to cyclic loading (b) selection of

the unloading curve and determination of compliance value and (c) closing load determination.

However, Due to crack closure, the crack can propagate only during fraction of the
fatigue loading cycle in which the crack faces are separated. This results in the decrease from
the nominal (applied) values of stress intensity factor range, AK to an effective siress miensity

factor range, AK4.
AR gy =Ko =Ko (1.5)

where, K,a¢ is the maximum stress intensity factor and K is the stress intensity factor when
the cracks opens. Schematic illustration of effective stress intensity factor range under fatigue

loading is shown in Fig. 1.10.
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Figure 1.8 : A schematic used to illustrate the effective crack length changed during
. crack closure. ‘
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Figure 1.10 : Effective stress intensity factor range, AKeg
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1.7 Crack tip stress shielding mechanisms

Besides crack closure, crack tip stress shielding another mechanism also affects the
fatigue crack growth behavior. Like crack closure, it also reduces the ‘driving force’ for crack
propagation. Therefore, both the crack closure and crack tip shielding are known to be
responsible for crack retardation. While the crack closure is widely known and attributed to
the crack retardation in metallic materials, the crack shielding is more widely use in non-
metallic materials, such as ceramics and composites. In ceramics and composites, the cra_ck
tip stress shielding plays a significant role in crack retardation. Fig. 1.11 shows a schematic

representation of several crack tip stress shielding.

Under monotonic or cyclic conditions crack tip stress shielding can be expressed as [38]:

K

tip

K -K, (1.6)

AK, = AK-K : 1.7)

lip 5

where Ky, and AK,, are the local near tip stress intensity and stress intensity range,
respectively, K. 15 applied or nominal stress intensity, AK is the applied nominal stress

intensity range given by Kipae - Kuin, and Kj is the stress intensity due to shielding.

Crack tip stress shielding has been observed and suggested in crack retardation in
ceramics [38, 58-66] and composites [38, 60, 66-72]. In metallic material, crack defection [45,
73-78] and crack branching [79-84] has been observed. It has been reported that crack
branching can be introduced due to influence of overloads [74, 79, 80]. However, crack
branching would reduce mode I crack driving force and has been known to play a significant

role in crack retardation [74, 79, 80, 84, 85].
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Figure 1.11 : Schematic of several crack tip stress shielding mechanisms
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1.8 Literature review

In fatigue crack growth, it is well known that in near-threshold region is largely
influenced by micro-structural factors whereas in Paris regime, the microstructures have less
influence on fatigue crack growth behavior. Therefore, these regions have received the most '
attention since they dominate the crack propagation life. There are many microstructural
factors that can play a role on fatigue crack growth behavior. Grain size [28, 86], mdrphology
and distribution [73, 87-91], volume fraction [69, 73, 89, 92], hardness [87, 93-95], inclusion
[69, 73, 89, 92, 96] and so forth, have important effects on near threshold fatigue crack
growth. The effect of grain size on fatigne crack growth behavior has been reported for both
near-threshold and Paris regime. In near-threshold regime, coarser grain size has been known
to increase the threshold value. While, it was found that grain size appears to have a
negligible effect on fatigue crack growth behavior in the intermediate crack growth region [86,
97, 98]. It was also reported that improvement in crack growth resistance with coarser grain
size was obtained in the laboratory air [30, 86, 90, 91, 97-103]. Deng et al. [104] have
reported that threshold values increase linearly with increasing square root of the grain size.
This result from the fact that the larger grain size can lead to higher roughness induce crack

closure [105].

Grain size also reported to influence the transition from the near-threshold regime to
the intermediate stage (Paris regime) of fatigue crack growth. Experimental observations of
such transitions have been reported for titanium alloys [99, 100, 103], aluminum alloys [31,
74, 88, 106, 107], ferrous alloys [30, 101, 105, 108] and nickel-base superalloys [109]. The
transition typically occurs when the size of the cyclic plastic zone 7, becomes comparable to

the characteristic microstructural dimension I” of the alloy system.
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Related to the study, Suzuki and McEvily [87] carried out the fatigue crack growth
tests of dual phase low carbon steels. The materials investigated was AISI 1018 dual phase
steel with two different microstructure: (a) martensite with islands of ferrite encapsulated

(MEF) and (b) continuous ferrite matrix with islands of martensite encapsulated (FEM). The
data showed that MEF steel has higher threshold value (ISMPaM } compared to that of

FEM microstructure steel (threshold value was 8MPa Jm ). The constraining effect By

martensite in MEF microstructure provided higher closure compared to than that in FEM

microstructure.

Minakawa and McEvily [73] studied the effect of duplex microstructure on fatigue
crack growth in the near threshold region for AISI type 1018, 2.25 Cr-1 Mo, 1045 and 10B35
steels. In steels, threshold level decreases as yield strength increase, a trend followed even for
the microstructure of lower ferrite (high carbon) content. Only the low carbon duplex steel
showed an exception. In this paper, they reported that, the relationship between crack opening
level, Kop and stress intensity factér range, AK, for low carbon duplex microstructure steel
were much higher than those of normalized microstructure at the same stress intensity level.
Similar to Suzuki and McEvily results, they also found that the duplex microstructure which
consists of a continuous martensite phase encapsulating ferrite indicated high threshold level
and yield strength in both the AISI 1018 and 2.25 Cr-1 Mo steel.s compared to the normalized

microstructure due to the high crack closure levels.

Homg and Fine [110] also carried out the similar study of McEvily et al. [73, 87] and
showed that the MEF microstructure showed the higher value of threshold and fatigue crack
growth resistance in HY80 and 1018 steels. In their research, they also observed the effect of
centre notch (CN) and single edge notch (SEN) specimen geometries on near threshold

fatigue crack growth behavior. From their observations, it was found that in all cases the SEN
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specimens indicated lower fatigue crack growth rate, higher threshold value and crack closure.
This is due to high Mode Il displacement for SEN specimens, which increase the surface

roughness, enhance fretting and crack to close at higher applied stress intensity.

Duta et al. [91] observed the long fatigue crack growth behavior of Fe-28i-0.1C dual
phase steel with ferritic-martensitic microstructures. They reported that the duplex
microstructure pronounced fatigue crack growth at load ratio, R (0.05) over wide range from
10® 10 10 mm per cycle, without changing its strength level. They also reported that
microstructure with coarse martensite in continuous ferrite (similar to FEM) and

microstructure with fine globular martensite along ferrite boundaries, possesses the highest
threshold values, 17.1 MPa+/m and 19.5 MPa~/m , respectively. This is aftributed to a

meandering crack path, generated by the coarser macrostructure, which promotes roughness

induced crack closure and crack deflection effects.

Ramage ¢t al. [94] investigated the effect of phase continuity on fatigue crack growth
of a Fe-C-Mn steel with two different microstructures: (a) continuous ferrite (similar to FEM)

and (b) continuous martensite (similar to MEF) and reported that the continuous martensite

steels exhibited an extremely high fatigue threshold value (20MPa Jm ), compared to

continuous ferrite microstructure (threshold value was 16 MPa+/m ). This is due to the higher
crack closure in continuous martensite steels, which comes from the high constraint plastic

~ deformation in the ferrite phase.

Shang et al. [69] investigated the effect of volume fraqtion of martensite of dual phase
stee] on fatigue crack growth behavior of low carbon steel AISI 1008, The result showed that
the volume fraction of martensite was 53% increase the fatigue crack growth resistance. This
is due to higher crack closure which was considered to result in a significant contribution to

crack tip shielding such as crack deflection and roughness-induced crack closure.
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In contrast, Wasynczuk et al.[89] investigated the effects of particle size of ferrite and
martensite in a duplex ferrite-martensite microstructured ASIS 1018 steels on fatigue crack
growth and reported that the threshold region is not influenced by the volume fraction of

martensite.

More recently, Korda et al. [95] was investigated the effect of pearlite morphology on
FCG behavior in ferrite-pearlite steel. The results showed that the Steel D (uniformly
distributed peralite paﬁicle n a ferrite matrix) was lower FCG rate compared to the Stecl N (a
coarse network pearlite phase with enéapsulated ferrite phase). They explained that th'; higher

FCG resistance of Steel D due to the higher crack closure and crack tip stress shielding.

1.9 Significance and objectives of study

In recent years, with the increasing number of aging ships, damage of ship hulis
caused by corrosion and fatigue has become a problem. Fatigue damage in ship hull structures
are resulted from various type of cyclic loadings including the action of waves, vibration
caused by the engine and propellers, and changes in intémal pressure due to load. In particular,
because the cyclic loadings caused By waves reach an average of roughly 10* cycles in 20
years of ship service, these are conside_red a main factor with a possibility of causing serious
accidents in hull structural components [12]. Nippon Kaiji Kyokai [111] lists the intersection
between vertical and horizontal members (side longl., trans ring) and the ends of side struts as
the category of fatigue members/parts (Fig. 1.12). In 1990s, a lot of fatigue damage occurred
at these parts in single-hull very large crude carrier (VLCC) [112]. From a structural
viewpoint, it is considerable that these types of damage may alsb occur in double-hulled

VLCC. Moreover, the area around slot openings in double-bottom floor plates is a part where
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