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Chapter 1

Introduction

Metal fatigue refers to the progressive deterioration and eventual failure of components
subjected to cyclic stress that varies in time, being caused by mechanical forces or successive
temperature changes. Fatigue failure of a component occurs through an irreversible energy
dissipating process where surface damage activity will absorb some energy that was put
into the materials during their operation. This type of failure is a big concern and is
frequently present among all the various sorts of failures that a material might face.
Figure 1.0.1 shows some examples of fatigue failures that a component can undergo, and
may cause several accidents.

Figure 1.0.1: Examples of fatigue fracture surface and a pipeline leak. Font: NTSB 2010

There are two approaches to describe and investigate fatigue damage: metallurgical
aspect and mechanical aspect [1]. Metallurgical approaches are concerned with the
condition of the metal at all steps of the cyclic load, they are commonly interpreted to
encompass the study of metal fatigue mechanisms. This will be the main focus of this
study. Mechanical descriptions concentrate on the mechanical response to a certain range
of loading circumstances, such as the number of load cycles required to induce failure. It
is very important to take deep investigations of what leads to the fatigue failure because
this type of damage impedes the component to work properly and by predicting failures,
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CHAPTER 1. INTRODUCTION

efficiency can be improved concerning corrective maintenance.

The increased demand for clean energy sources has risen the interest in the use of
Liquefied Natural Gas (LNG). The components fabricated by 9Ni steels often comprise
oil and gas pipelines or part of the structure of containers due to their excellent cryogenic
resistance. The mechanical properties of this steel grade have been extensively studied
and it has been shown that the 9Ni steel and their welded joints attend very well the
requirements for LNG applications [2–5]. The components that are part of the LNG storage
and transport are frequently submitted to thermal contractions, often undergoing fatigue
loading, which can cause low cycle fatigue (LCF) failure. Hence, it is very important to
identify the LCF behavior for this material including cyclic plasticity and fatigue resistance.
This implies understanding how the microstructure controls the response of the material
against cyclic loading and how the fatigue damage starts in this material. Fatigue damage
involves metallurgical evolution of the microstructure, crack initiation and its propagation.
For the material of the present study, a martensitic steel, the metallurgical investigation
is a tough task because of its very complex microstructure. Whereas former models of
fatigue crack initiation are already proposed for simple microstructures.

By taking a deep look into the metallurgical approach of fatigue analysis, some
studies have been making an effort to propose a mechanism that explores the very first
stage of the damage accommodation [6–8]. In the case of less complex microstructures
such as monocrystals, ferritic, and austenitic steels, a mechanism of fatigue crack initiation
has been proposed by Pólak [7]. It is thought to be known that the initial surface damage
results from the persistent slip bands, which are the irreversible dislocation structure
formed under the cyclic straining. Those persistent bands will emerge at the surface,
being classified as persistent slip marks, composed of the pair of extrusions and intrusions.
The latter is related to be the very early stage of a microcrack initiation.

Concerning the complex microstructures, no former mechanism has been proposed
yet, once the microstructure differs considerably from the ones investigated for the former
mechanisms of crack initiation. It has been suggested that the finer martensitic structure
behaves itself as the persistent slip bands, that will slide between each other and further
developing a microcrack due to stress gradients. The martensitic interfaces play an
important role in the appearance of microcracks, as reported by studies done with the
12Cr martensitic steel [9]. Based on the observations done in the literature, it is very
interesting to observe if interfaces modifications can impact in some way the mechanism
of plasticity of complex structures such as martensite.

A critical understanding of the mechanism of fatigue crack initiation, based on
the influence of microstructural modifications induced by heat treatment promoting
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precipitation of a new phase is strictly important for comprehending what drives the
failure process of the material. Investigating the interface modifications is also interesting
to observe what can be done to improve the fatigue life. With the approaches and extensive
investigations carried out in this study, a new mechanism of fatigue crack initiation is
proposed sustained from the ones already present in the literature. It is worth mentioning
that the suggested fatigue crack initiation process for 9Ni steel can be extended to other
alloys with a similar complex microstructure that allows gentle interface modifications.

1.1 Goal

The challenging points concerning this study on a 9Ni steel are summarized below:

1. Identify the mechanical response under cyclic loading and understand the cyclic
plasticity mechanism in regards to the metallurgical microstructures;

2. Modify the interface by generating a new phase to observe its effects as well on the
macroscopic response as on fatigue micro cracks nucleation;

3. Determine the first signs of surface damage in fatigue crack initiation stage on the
different microstructures obtained

4. Propose a mechanism of fatigue crack initiation for the 9Ni complex martensitic
microstructure.
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Chapter 2

Literature Review

In this chapter, a detailed description of the background of the degree project is
presented together with related work.

2.1 Martensitic Steels

Martensitic steels are one of the most important structural materials, they are known
to have the highest hardness in the class of steels, possessing also high strength and wear
resistance. There are multiple types and grades of martensitic steels, they can be classified
into families according to their second major element and their application such as Fe-C,
Fe-Cr, Fe-Ni alloys, or stainless steels depending on the proportion of elements. Other
alloying elements in martensitic steels include manganese and molybdenum, for example.

The hard meta-stable phase is obtained by rapid cooling (quenching) of the austenite
avoiding the formation of diffusion-dependent structures such as pearlite, ferrite, and
cementite. The final microstructure after the quenching heat treatment is brittle in that
way that the tempering treatment is necessary to ameliorate the mechanical properties.

2.1.1 Martensitic Transformation

The martensitic reaction starts at a temperature usually named Ms and ends at a
temperature designated as Mf. Ms and Mf depend on the chemical composition of the
material. If Ms is inferior to room temperature, no martensitic structure is obtained by
simple heat treatment. A complete martensitic structure is formed if Mf is higher than
room temperature.

The martensitic transformation is triggered from a given cooling rate which also
depends on the chemical composition of the material. Sometimes cooling from the
austenitic domain in water is necessary to transform the austenite into martensite, while
in other cases air cooling is sufficient. It is a diffusionless transformation due to rapid
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cooling, the carbon atoms are trapped in octahedral sites of a bcc structure. Then, the
martensite assumes the bct structure, since there is a distortion in the lattice. This
rapid transformation from fcc to bcc structure involves a substantial strain which is
accommodated by the introduction of high-density defects. The martensitic reaction is
formed by a shear mechanism, it happens when the surface is tilted into a new orientation.

A lattice deformation in the austenite structure is essential to generate the martensite.
The combined deformations along the c axis and the expansion along the ax axes is known
as Bain Strain, which turns the structure of the parent phase into a new microstructure
(Figure 2.1.1) [10].

Figure 2.1.1: Bain correspondence for martensitic transformation [11]

The strain model conceived by Bain does not sufficiently describe the whole
martensitic transformation. In order to minimize the energy during the martensitic
transformation, the martensite will form in the shape of thin plates, conserving at least
one plane from the parent austenite phase, combined with an appropriate rigid body
rotation [12]. The plane that is maintained invariant is also denominated as habit
plane. The habit plane is the preferred crystal plane in the parent austenite where the
martensite is formed, and it will remain undistorted and unrotated to accommodate the
deformation, being completely coherent with the parent austenite (Figure 2.1.2).

Figure 2.1.2: Formation of martensite in austenitic crystal [13]

The martensite is known as a hard phase due to the shear mechanism and the lattice
distortion caused by the trapped carbon atoms. When the martensite is heated up again,
the carbon atoms trapped in octahedral sites become mobile and form carbides, alleviating
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the tension; this process is known as tempering heat treatment [14]. The hierarchical
structure composed of packets, blocks, and laths act as barriers to dislocation movement,
giving its hard characteristic. The martensitic transformation results in very thin lath
shapes exhibiting a locally anisotropic microstructure [15].

2.1.2 Martensitic Microstructure

There are three types of martensite with different crystal structures: α’ bcc/bct
martensite (found in Fe-C-Ni alloys), ε hcp martensite, and fct martensite (vary rare).
Figure 2.1.3 shows the ε and the diverse α’ morphologies. The martensitic structures can
have different morphologies: lath, lenticular, and plate, for example. The formation of
each shape is determined by the Ms temperature and the chemical composition.

Figure 2.1.3: Different martensite morphologies found in steels. a) lath α’ (Fe-7%Ni-
0.22%C), b) butterfly α’ (Fe-20%Ni-0.73%C), c) plate type α’(Fe-8%Cr-0.9%C), d)
lenticular α’ (Fe-29%Ni-0.26%C), e) thin plate α’ (Fe-31%Ni-0.23%C), f) ε martensite
(Fe-24%Mn) [16]

The morphology of martensite in low carbon steels is typically the lath structure.
Lath martensite is present in Fe-C (<0.6% C), Fe-Ni (<28% Ni), Fe-Mn (<10% Mn) alloys,
and in the majority of heat-treatable commercial steels. Lath martensitic steels have big
industrial importance because it is usually a basic structure of high strength steels [16].
The lath martensite shows a very specific hierarchical structure, comprising packets, blocks,
and laths. An austenitic grain is divided into packets (a group of well-developed parallel
blocks that contains laths with the same habit plane). Each packet is then subdivided
into blocks (group of laths of the same orientation-variant and misoriented by less than
10°), as demonstrated in Figure 2.1.4. The possible variations in local yield strength
originated by the martensitic transformation linked to the lath size are represented by a
color gradient. In addition, dislocation density is revealed by electron channeling contrast
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imaging, and atom probe tomography (APT) highlights the interstitial carbon content
[17]. The finer structure present in martensite can involve dislocations and twins. The
substructure of water quenched lath martensite consists of tangled dislocations in high
concentration, created by athermal transformation from high temperatures [18]. The
terms cells and subgrains have been used to describe the morphologies of certain types of
low-energy dislocation substructures, resulted in their uniform distribution.

Figure 2.1.4: Quenched lath martensite structure in low carbon alloys [17]

Recent studies using the EBSD technique have helped to provide some advances
in the comprehension of the complex martensitic structure [9, 15, 19–23]. The EBSD
technique helps to visualize the relation between the parent austenite and the transformed
martensite; make the distinction between the substructures; indicate the presence of
misorientation induced by the geometric necessary dislocations and finally combine the
morphology and crystallography. The different morphology and crystallography of low (0.2
wt%) and medium carbon (0.4 wt%) martensitic steels analyzed by EBSD is represented
in Figure 2.1.5.

Figure 2.1.5: EBSD-Inverse Pole Figures of 0.2% low carbon (left) and 0.4% medium-
carbon steel (right). Boundaries bigger than 8° are drawn as black lines [24]

8



CHAPTER 2. LITERATURE REVIEW

2.1.3 Crystallography

A good crystallographic pairing between the parent and resulted phase in martensitic
transformation is needed. During the martensitic transformation, the crystal lattice of
the fcc austenite will suffer a shearing mechanism parallel to certain crystallographic
planes with its vector parallel to particular crystallographic directions. The martensitic
variants are those probable directions where the shearing mechanism will happen [12].
The orientation relationship states what planes and directions from the parent austenite
and the transformed martensite are parallel. For a given orientation relationship, there are
multiple equivalent orientations of the inherited phase, which are referred to as variants.
In an idealized scenario, throughout the transformation, all variants have an equal chance
of appearing in austenite grain. It has been observed, however, that some variations
occurred more frequently during the transformation (known as variant selection) [25].
There are essentially three orientation relationships (ORs) that link the parent austenite
and the transformed martensite:

• Kurdjumov-Sachs (K-S)

• Nishiyama–Wassermann (N-W)

• Greninger and Troiano (G-T)

Each of them fits well for a given material.

The G-T and N-W ORs are observed in alloys where the martensite plates have {259}
habit planes:

{111}γ || {011} α’ and <112>γ || <011>α’

The G-T ORs are suitable and accurate for 9Cr ferritic/martensitic steels:

{110}γ || {111} α and <17 17 7>γ || < 12 17 5> α’

The K-S ORs is valid for high-carbon steels with {225} habit planes [14]:

{111}γ || {101} α’ and <110>γ || <111> α’

However, low carbon lath martensite also practically obeys the K-S relationship and
its habit plane is close to {111}γ or {557}γ [16]. Since the 9Ni presents low carbon
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content, attention will be paid to the K-S orientation relationship. The 24 K-S possible
variants present in Figure 2.1.6 are grouped into four packets, which includes six variants
sharing the same {110}α’ habit plane (i.e. V1 to V6, V7 to V12, V13 to V18, and V19 to
V24). The packets are further subdivided into blocks separated by high-angle boundaries
that limit the dislocations slip [15]. The microstructure is yet divided into finer structures
such as sub-blocks and low angle misoriented laths [17]. It was observed that in low-carbon
steels, the sub-blocks have two K-S variants with a misorientation around 10 degrees [15].
The different misorientation characteristics of various boundaries in the lath martensite
are expected to affect differently the strength of the lath martensite [26].

Figure 2.1.6: The 24 variants in K-S relationship [15]

Based on the OR approaches, some computer-based statistical attempts from the
EBSD data have been done with the purpose of reconstructing the parent austenite grain
to better understand the plastic deformation and damage mechanisms for hierarchical
structures. Several developments regarding the Parent Phase Reconstruction have led
to devoted software, directly integrated in the latest versions of the EBSD data analysis
suites from EDAX (TSL OIM) and Oxofrd Instruments (Aztec Crystal), but also to
stand-alone applications such as, ARPGE [27], Merengue2 [28] and the MTEX analysis
toolbox in MATLAB [29].
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2.1.4 Tempered Martensite

The low toughness of quenched martensitic microstructures is a consequence of
several factors that may include the lattice distortion caused by the shearing mechanism
with the consequent creation of geometrically necessary dislocations (GNDs) and the
high number of interfaces. In the quenched state, the carbon stays dissolved into the
martensitic matrix in a supersaturated solid solution, showing high levels of tension.
In that case, the tempering process is extremely needed to accommodate the tension,
consisted of reheating the sample at temperatures below the Ac1, and cooled by air at
moderate rates. This heat treatment allows the diffusion of elements and increases the
ductility and toughness by coalescing the previous sharp structure due to the migration
of dislocations, forming a particular microstructure of tempered martensitic laths. The
laths are assembled in parallel inside a block, and those laths are composed of subgrains
or recovered cells, with an average size of less than a micron. The laths have low angle
boundaries weakly misoriented (less than 3°), the blocks, packets, and prior-austenitic
grains have high-angle boundaries (greater than 15°).

2.1.5 Plastic Deformation in Martensitic Steels

Differently from the other family of steels which shows very simple structures, the
martensitic steels show a hierarchical and complex structure. In that way, it is very
important to understand how this microstructure reacts to the application of stresses.

Morsdorf et al [17] observed that the martensite plasticity is influenced by three
combined mechanisms: the topological inclination, the slip system orientation, and
microstructure. Those mechanisms are organized in Figure 2.1.7.

Figure 2.1.7: Representation of deformation mechanisms in lath martensite [17]
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According to Du et al [30], the interface plasticity has a bigger contribution than the
crystallographic slip during the initial deformation. It means that the initial deformation
is governed by two mechanisms, the interfaces of laths oriented to a quasi-perpendicular
direction to the load axis with interfacial plane oriented at ∼45° induces local plasticity
and also the strain localized horizontally within the laths oriented at 45° from load axis
[17]. In his studies, local strain peak was identified mainly at the high angle block and
packet boundaries where there is the existence of dislocation pile-ups. However, strain
peaks were also seen in the middle of the blocks, when the best-oriented direction is at
45° from the load axis, having the highest shear stress, thus being able to be activated. It
was also observed that the crystallographic orientation of a coarse lath is parallel to shear
stress. Inside the best-oriented lath, the dislocations have a free wide path to move along
the longitudinal direction. Ohmura et al [31] observed a dislocation absorption at a block
boundary by an in-situ indentation in TEM and suggested a boundary sliding mechanism
related to the {110} nature of martensite interfaces, which naturally corresponds to the
dominant slip plane.

The explored mechanisms were described mostly for monotonic tests. The focus
of this research, however, is in regards to the fatigue response. The above-described
mechanisms of plastic deformation in martensitic steels will provide support for the
following investigations that will take place in this study.

2.2 Fatigue

Many equipment and materials are submitted by stresses that vary along the time,
i.e. fatigue. Fatigue of materials has been receiving so much attention from researchers
and engineers for a long time since this phenomenon is responsible for several failures in
equipment. Each cycle of loading introduces damage in the crystal lattice which results
in modification in the microstructure and in their mechanical properties. At the very first
beginning, the damage seems to be negligible, but its accumulation after each cycle will
lead to an inevitable failure of the material. So, in a few words, fatigue is a mechanical
failure resulted from cyclic charging at low amplitude stress which is lower than the
ultimate tensile strength σu but lower or higher than the yield strength σy. The applied
stress may be axial (tension-compression), flexural (bending), or torsional (twisting).
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The fatigue damage is composed of the following stages:

• Stage I-a: Microstructural changes and surface relief

• Stage I-b: Microcrack (or short crack) formation

• Stage I-c: Microcrack coalescence and macrocrack (or long crack) formation

• Stage II: Macrocracks Propagation

• Stage III: Final failure

Except for very high cycle fatigue (VHCF) where crack initiation is subsurface, the
initiation stage (Stage I) happens at the surface of the material and provokes irreversible
microstructural changes due to repetitive shear stress. It is the most complex stage and
needs attention because cumulative damage can be prevented. Plenty of studies are
concerned about the stage I-c and II. Even though, it is very useful to study how a crack
initiates to better understand the material’s life. Stage II occurs when the macrocrack
changes its direction and is visible in a perpendicular direction to the tensile stress. The
long crack propagates gradually and the crack growth rate depends on the stress intensity
factor. Along the fatigue zone, the crack growth creates striations reflecting the blunting
of the crack. Stage III or final failure is when the macrocrack reaches a given length,
reducing the cross-sectional area of the component, causing the remaining surface to
fracture in one tensile loading. It is similar to a fracture in the tensile test. The final
fracture zone shows in general a ductile aspect and occasionally brittle, or a mixture of
them.

Figure 2.2.1 represents all the fatigue stages.

Figure 2.2.1: Fatigue stages [32]
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2.2.1 Methods to Assess Fatigue Life

The fatigue analysis is necessary to estimate the material durability, hence is necessary
to choose the method for testing the material depending on the solicitations that the
component will be submitted. The fatigue life of the material will depend on the
environment, the distribution of stresses, and the component geometry. It can be extended
by modifying the internal structure, in a way that the cyclic stress response increases.
Wöhler has performed experiments in steel specimens and has noticed that the fatigue
resistance of the material depends on the stress amplitude (σa or S) and the number of
cycles to failure (N), creating the S-N curve (Figure 2.2.2). This curve includes three
domains:

• Low Cycle Fatigue domain (LCF) - Region I,

• High Cycle Fatigue domain - Region II,

• Very or ultra-high Cycle Fatigue domain (VHCF or UHCF) -Region III

Figure 2.2.2: S-N Curve

In Region I or Coffin–Manson range, the material is stressed over the yield stress
σy, and the plastic strain controls the fatigue life (Low Cycle Fatigue) [33]. Region
II corresponds to the HCF regime, the material is submitted to alternating stress of
amplitude σa lower than the yield stress σy. The material is deformed macroscopically in
the elastic domain. The curve presents an asymptotic shape which made believe for a long
time that a fatigue limit existed under which the material should exhibit an indefinite
fatigue resistance. Thanks to the development of ultra-high frequency loading fatigue
machines, it has been shown that this was not the case. It is now admitted that a material
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can fail even if the applied stress is lower than the HCF fatigue limit, as depicted by
Region III. A second fatigue limit characterizes the performance of the material in the
VHCF regime (Region IV). As mentioned above, crack initiation takes place under the
surface in VHCF often caused by internal defects or inclusions in the majority of cases
while for the other cases, cracks initiate at the surface of the material. [34]. Furthermore,
the generally admitted limit for LCF is Nf =104-105 cycles, 105< Nf <107 for HCF, and
above 107 for VHCF [35].

2.2.2 Low Cycle Fatigue Test

Because the material is plastically deformed at each cycle in LCF, it is necessary
to control the plastic deformation of the specimen and therefore to perform strain-
controlled tests. As mentioned previously, the LCF test aims, in addition to the fatigue
life measurement, to evaluate the cyclic stress-strain response. The strain control can
be done by coupling a strain gauge extensometer on the specimen and by adjusting a
predefined waveform. In LCF tests, it is usual to apply a triangular waveform with a
mean strain value equal to zero ( i.e. a strain ratio R= εmin/ εmax = -1), to fix the strain
rate and to change the amplitude from one test to another one. In parallel, the stress
necessary to obtain the targeted strain is recorded in the form of stress-strain hysteresis
loops as shown in Figure 2.2.3. As may be seen, the shape of the hysteresis loop (σ-ε)
depends on the material.

Figure 2.2.3: General Hysteresis Loops for three types of materials [33]
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Figure 2.2.4 shows all the data that can be obtained from the hysteresis loop which
represents the stress-strain evolution along each cycle, the line O-A-B refers to the first
cycle, line C is the discharging part (compression).

Figure 2.2.4: Hysteresis Loop

2.2.2.1 Fatigue resistance

The LCF resistance is mostly presented in a log-log scale of Strain range (Δε) or
Strain amplitude (Δε/2) versus Number of Cycles to Failure (Nf) or the number of load
reversal to failure (2Nf). The total strain range (Δεt) is decomposed into the plastic strain
range (Δεp) and the elastic strain range (Δεe) and their variation with the number of
cycles to failure fit with a linear relationship. The elastic and plastic components of the
total strain are measured on the hysteresis loop recorded at fatigue mid-life. According
to Basquin, Manson, and Coffin, they can be fitted to a power law as follows:

∆εt
2

=
∆εp
2

+
∆εe
2

=
σf

E
(2Nf )

b + εf (2Nf )
c (2.1)

Where Δεt/2, Δεp/2, and Δεe/2 are the total, plastic and elastic strain amplitudes,
respectively. 2Nf is the Number of load reversals to failure, σf the fatigue strength
coefficient, E the Young’s modulus, ε’f the fatigue ductility coefficient, b the fatigue
strength exponent, and c the fatigue ductility exponent [36]. Figure 2.2.5 displays a
typical Basquin and Manson-Coffin curve.
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Figure 2.2.5: Typical Basquin and Manson-Coffin curves

2.2.2.2 Cyclic accommodation

During the fatigue test, materials can have different stress-strain responses. One of
these is cyclic softening, where the stress needed to deform the material decreases with
subsequent cycles. This response is typical for hard materials rich in dislocations. During
the very first cycles, the available dislocations move more or less easily, annihilating or
rearranging, and stress levels drop as the material is cycled. The opposite behavior is seen
for materials that initially have low dislocation density. In this case, during the plastic
straining, an augmentation in dislocation density will occur, showing stress strengthening,
known as hardening. In general, cyclic softening and cyclic hardening tend to settle,
leading to a period of stress stabilization. Besides, other responses are possible, such
as cyclic hardening followed by cyclic softening and stabilization; cyclic hardening with
subsequent stabilization period followed by secondary cyclic hardening; cyclic hardening
followed by cyclic softening and then secondary cyclic hardening.

The interaction between dislocations leads to annihilation or their multiplication.
Regarding martensitic steels, the annihilation rate is higher than multiplication,
generating a cyclic softening [9]. The annihilation or production of dislocations followed
by migration and production of point defects leads to the formation of low-energy
dislocation configurations. The volume expansion of the low energy dislocation
arrangement is responsible for cyclic softening [37]. The softening stage in 9–12%Cr steels
and reduced-activation ferritic/martensitic steels is visibly related to the volume increase
of the subgrains, due to the disappearance of low angle boundaries dislocations [38]. The
presence of cyclic softening in martensitic steels has been related to the removal of laths
and subgrain boundaries, the annihilation of dislocations inside the subgrains, and can be
also linked to the localization of the cyclic strain into softer Persistent Slip Bands (PSBs)
[9, 39–41].
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2.2.3 Low Energy Dislocation Structures Produced by Cyclic
Deformation

The deformation in the material brings two forms of dislocations: Geometrically
Necessary Dislocations (GND) and Statistically Stored Dislocations (SSD). The GND
regions show a crystallographic orientation, while in the SSD regions the overall Burger’s
vector is near zero [9]. Dislocation rearrangements occur during cyclic loading. Screw
dislocations cross slip and annihilate each other while the edge dislocations set up
themselves in clusters of vacancy or interstitial dipole loops. During the cyclic deformation,
the positive and negative edge dislocations attract each other and annihilate, creating
numerous vacancies [42].

Continuing the cyclic loading, the dislocation arrangement can no longer accommodate
the imposed plastic strain, transforming the dislocation substructure into a softer lamella
of a PSB, usually composed of a ladder-like structure. Ladder structures can support
substantial plastic strain in the adjacent elastic matrix generating surface relief and crack
initiation [37]. At higher values of plastic strain, the dislocations arrange themselves
into a cell structure [43]. The term fatigue cell and subgrain occasionally lead to some
confusion, because sometimes they are hard to be differentiated. The fatigue cells are
created by the dislocation activity from several crystallographic planes during the cyclic
plastic deformation, resulting in small almost equiaxed volumes separated by dislocation
walls having a small angle of misorientation [38, 44]. The subgrains have misorientation
angles with less than 5°, their origin is from thermal treatment or intense deformation
during the fatigue test, being a subsequent step of the deformation process, where the
dislocations are annihilated within the cells.

In the case of LCF, plasticity is induced in each cycle. On the course of the cycling,
the defects are generated due to dislocation multiplication. The increase in dislocation
density forces them to organize in a way that they can minimize the total energy of the
system, creating an easy slip path for the mobile dislocations [45]. For bcc materials,
the screw dislocation mobility is temperature dependent and the transition temperature
of the regime depends on strain rate. In the regime called high temperature, sufficient
thermal activation is available, so the screw dislocations can glide easily, reducing the
yield stress. In this regime, the bcc material has similar behavior to the fcc materials [37,
43].

The dislocation response is very dependent on the temperature, slip character, and
applied strain amplitude [8]. Diverse dislocation patterns would form at different fatigue
cycles or in different materials, the major common point is that they assemble spatially
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as alternate dislocation dense regions and dislocation-poor regions. The existence of each
structure represents a transition from one stage to the next in the cyclic stress vs. strain
curve (CSS), the CSS curve of a bcc steel is shown in Figure 2.2.6.

Figure 2.2.6: Cyclic stress strain curve for bcc X10CrAl24 steel [37]

Some structures obey a hierarchy of dislocation arrangement [46], the following
dislocation patterns are mostly found on easy cross slip materials (fcc structure) such as
copper and nickel but also have been observed in bcc metals and low-carbon steels [37,
47, 48]. In this case, the CSS curve was divided into two regions due to different slopes of
the plotted curve, the dislocation patterns found will be adopted as the most probable to
exist in martensitic steels.

At the lowest plastic strain in Regime I (5x10-5 strain amplitude or 0.01% strain
range), planar arrays of edge dislocations on the primary slip plane are mostly present,
the dislocations are arranged as thin sheets separated by dislocation-free layers (Figure
2.2.7). The vein structure was also found present in the matrix even though less frequent,
this arrangement is consisted of bundles of edge dislocation loops and channels with
low-density mobile screw dislocations [43].
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Figure 2.2.7: Planar and vein dislocation pattern in bcc X10CrAl24 steel at 5x 10-5 strain
amplitude (0.01% strain range) [37]

In Regime II, at 2x10-3 plastic strain amplitude (0.4% strain range) the dominant
dislocations arrangements are wall structures (ladders, walls, and labyrinths) produced by
the interaction of dislocations from two slips systems (Figure 2.2.8) [49]. The labyrinth
configuration is formed when the second glide system is activated.

Figure 2.2.8: (left) Wall structure in bcc X10CrAl24 steel at 0.1% strain range (10-3
strain amplitude) and (right) labyrinth structure found at 0.4% strain range [37, 49]

Still in Regime II, at very high strain amplitudes 5x10-3 (1% strain range), the
dislocations are assembled as a mixture of cells and walls. The cell configuration has the
lowest energy, consisted of rich-dislocation boundaries and a nearly-dislocation-free interior.
The cells accommodate the plasticity by the dislocation glide from their boundaries, this
type of structure is very common in martensitic steels (Figure 2.2.9).
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Figure 2.2.9: Cell structure in bcc X10CrAl24 steel at 1% strain range (5x10-3 strain
amplitude g= [010]) [49]

It is already known that PSBs in fcc metals typically have a ladder structure at the
end of fatigue life. For bcc metals, it was found that the PSBs consist of walls, cells, or
dislocation poor channels. However, ladder-like structures were also reported when the
material is cycled at medium strain levels (0.02% and 0.4% strain range) (Figure 2.2.10)
[37].

Figure 2.2.10: Ladder-like dislocation pattern in bcc X10CrAl24 steel cycled at 2x10-3
strain amplitude (0.4% strain range) [37]

The PSBs in polycrystals are not a bulk property like is commonly observed in single
crystals. According to some observations, the dislocation substructure is different from
the areas adjacent to the surface and the inner part of the material, the most dominant
configurations are cells, subgrains, and labyrinth [47, 50]. Surface strain hardening is more
evident, allowing the formation of these refined structures, caused by the loss of mobile
edge dislocations that emerge at the surface causing secondary slip [43]. Although, there
is no consensus about this evidence [51]. In the case of martensitic steels, it was pointed
out that the laths can act themselves as a PSB, so no specific dislocation configuration is
always seen at the vicinity of the Persistent Slip Marks (PSMs) [9, 30].
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2.2.4 Surface Relief

The evidence of relief originated on the surface of cyclically strained crystalline
materials has been remarked and attracts the attention of researchers for over 100 years.
Those surface marks are evidence of the first signs of fatigue damage, being able to
develop into fatigue cracks [7]. Studies of the nature of fatigue damage evolution started
by Ewing and Humfrey [52], they observed a formation of surface marks after cycling the
material. Afterward, the development of first-stage fatigue evidence characterization was
done concerning extrusions, intrusions, and PSBs. The first sign of fatigue damage is now
known as PSMs that are seen as a pronounced surface relief. Thompson, Wadsworth, and
Louat were responsible to discover this phenomenon, revealing that the bands formed at
the surface remain in the same position even after polishing [53]. The PSMs comprise the
intrusions and extrusions, they develop at surface parallel to low index crystallographic
planes [54], resulting from emerging PSBs with irreversible slip activity (dislocation
movement) and they are the precursors of the fatigue crack.

The PSMs, very thin at the beginning of straining, widens progressively at early
fatigue cycles. In his studies, Polák [55] confirms that the width of extrusions stabilizes
very early and after this, they remain unchanged. The thin intrusions begin to develop
sometimes parallel to the extrusions at about 1% of the fatigue life. As the number of
cycles increases, the amount of PSMs accompanied by one or two parallel intrusions gets
bigger. Parallel to this event, the intrusions deepen at a higher rate than the growth
of the extrusions. According to reviews of Polák and Man [7] for 316L steel, at 15% of
the fatigue life an amount of 87% of PSMs is composed of a wide extrusion paired with
two thin intrusions, some of them already transformed into small cracks. Fatigue cracks
preferably start from PSMs and continue growing along the PSM/matrix interface.

2.2.5 Shape of Extrusions

The shape of PSM is influenced by the grain size, strain amplitude, and temperature
[7]. Some observations have taken into account that the intrusions are rarely found
isolated, except for single crystals [56]. The intrusions are normally present on the side of
the extrusions but sometimes they are not present, only extrusions were seen. Individual
PSMs are observed both in the grain interiors and at the grain boundaries, and consist
of ribbon-like extrusions often accompanied by parallel intrusions. Embryonic PSMs,
consisting of alternating elevations and depressions, usually start in the middle of the grain
and develop later into tongue-like extrusions and intrusion. The type of the activated slip
system and its Schmid Factor influences the morphology of extrusions and intrusions [57].
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There are several types of extrusions according to the literature, the concepts are
well developed for monocrystalline [42, 56, 58–64] and polycrystalline aluminum and
copper [54, 65–69]. Likewise, there are studies of ferritic [70, 71], austenitic [54, 72], and
duplex steels [73–78]. On the other hand, there are only a few investigations concerning
martensitic steels [9, 79]. The morphology of PSMs (Figure 2.2.11) diverges from single
crystals and polycrystals. According to Polák [69], the macro-PSMs (protrusions or
superimposed individual extrusions and intrusions) are usually found in single crystals.
However, the individual PSMs are both observed in single and polycrystals. Individual
PSMs comprise tongue-like extrusions alternating with intrusions (which are mainly at
embryonic stages) and ribbon-like extrusions accompanied by intrusions on their side.
Other definitions derive from those established for individual extrusions in fcc structure,
such as band-like and cord-like [9, 76, 80]. The band-like extrusion is more similar to the
ribbon-like extrusion, but it is less prominent. Moreover, the cord-like is more curved and
comparable to the tongue-like extrusion. Despite presenting different microstructures, the
shape of extrusions could be correlated and similarities were found to the ones observed
by AFM technique in 12Cr martensitic steel [9].

Figure 2.2.11: Persistent slips marks morphologies in fcc metals [69]

2.2.6 PSMs Visualization Techniques

Mughrabi et al [6] have identified that the PSBs are oriented at 45° to the load axis.
This happens because the maximum critical resolved shear stress (CRSS) of a single
crystal is at 45° from the load axis, having the maximum Schmid Factor. For polycrystals,
when the grains are randomly oriented, PSM can be seen in a range of 20° to 60° from the
load axis [81]. Extrusions and intrusions were usually studied by tapping methods, such as
atomic force microscopy [9, 71] or using plastic replicas [54, 82]. Those techniques helped
to catalog and differentiate the morphology of the extrusions and intrusions. Microscopy
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techniques, such as SEM, TEM, and FIB milling allow an accurate visualization of the
shape of the PSMs. A more detailed explanation about these techniques will be given in
the Methodology section of this manuscript.

The PSM topography has been studied lately by SEM techniques, yet the SEM
images miss the 3D information. SEM can image fine details of individual PSMs, mainly
in polycrystals, with high resolution. The major problem for imaging the PSMs is that
the perpendicular beam often misses some details, the extrusions can sometimes hide the
intrusions beneath them due to the inclination. Tilting the sample is one of the solutions
to this problem.

The Atomic Force Microscope (AFM) allows a quantitative study of the surface.
Performing a scanning over the surface, by using a sharp stylus, the AFM is capable of
imaging samples with a submicron lateral resolution and a sub nano vertical resolution [83].
Surface observation by AFM shows well the height of extrusions, but not the true shape
due to the lateral resolution. The AFM tip does not detect as well the thin intrusions by
observing the metallic surface as demonstrated in Figure 2.2.12, the use of plastic replicas
was adopted but still lead to exaggeration of the dimensions of extrusions-intrusions.

Figure 2.2.12: Extrusion profiles detected by AFM tip in austenitic steel [84]

Still, the combination of AFM and EBSD is very useful to make correlations of
topography and crystallographic aspects of fatigue damage, providing 3D topographic
images of the PSMs [9]. However, the scanned area by this technique is very restricted
to a 100 µm x 100 µm maximum size and the time for scanning is a limiting factor. To
overcome those limitations, the Scanning White-light Interferometric Microscope (SWLI)
appears as a feasible technique by using an incoherent light source, i.e. a white light,
being capable to provide a non-contact 3D surface profile of the specimen. Compared to
an AFM, an SWLI has a similar vertical resolution [85].
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Among all the presented techniques, the best method to exhibit the true shape of
PSMs is the cross-sectional view, but it is a destructive method. Some attempts were
done with single crystals by making fine cutting or edge polishing [61]. Some authors have
already performed the edge view for monocrystalline copper [56, 63, 86]. Two sophisticated
techniques showed good results for monocrystalline materials, the micro-milling sectioning
developed by Hunsche and Neumann [61] and sharp-corner polishing developed from
Basinski and Basinski [62]. In the case of steels, there are some obstacles added to the
procedure, which currently impossibilities some advance for a bigger profile view. In
this context, the most applicable method for obtaining good results with polycrystals
at this moment is the cross-sectioning technique using FIB milling and visualization by
high-resolution SEM and TEM techniques [9, 54, 87–89] as represented in Figure 2.2.13
and Figure 2.2.14.

Figure 2.2.13: TEM-FIB cross sections of 12Cr steel [9]

Figure 2.2.14: TEM of FIB foil covered by Pt, the sample was cut from the surface of
316L steel [90]
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2.2.7 Fatigue Surface Relief Models

The development of the internal dislocation configuration contributes significantly
to the fatigue crack initiation and in the same way for short crack growth. Several
studies were proposed concerning the initiation of fatigue microcracks, the vacancy model
considers the dislocation structure of the whole PSB, and the embryo cracks are related
to vacancies.

The EGM is one of the vacancies models, founded on vacancies and their agglomerates
produced by a non-conservative jog and opposite edge-dislocation annihilation. It was
proposed by Essmann, Gösele, and Mughrabi [69], which is based on steady-state cyclic
deformation in PSBs. This and other models of surface relief formation based on vacancies
involve a temperature dependence, once the vacancy diffusion is a thermally-activated
movement. This model explains the formation of high-density vacancy-type point defects
within the walls of the ladder dislocation structure of PSBs as a result of dislocation
interactions.

Figure 2.2.15: EGM-model of PSB surface profile formation [54]

Under an applied stress σ, the interface dislocations slide out of the crystal at A-A’
when under tension and at B-B’ during the compressive part of the fatigue cycle, as
displayed in Figure 2.2.15. The vacancies that were originated in the dislocation walls
cause the volume expansion of the PSB, this volume expansion increases the concentration
of interface dislocation, their movement of slipping out of the PSB results in the elongation
of the PSB lamella, developing a static extrusion. The additional volume of the extrusion
formed on the surface is exactly the same volume produced by the increase of vacancy
concentration in the PSB [7].
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Polák [91] proposed an extension of the EGM model. Both models have been
developed based on monocrystalline fcc copper, later they were extended to polycrystalline
fcc materials. Polak’s model also considers the dislocation arrangement, but the point
defects are expected to be generated along the whole volume of PSB, both in the
dislocation-rich walls and dislocation-poor channels. The vacancies are expected
to distribute themselves homogeneously along the PSB-matrix interface with no
agglomeration. Vacancies are created when vacancy-like dislocation dipoles are formed
within the PSB. Their diffusion to the PSB-matrix interface which has a lower vacancy
density forces a material flux into the PSB, leading to a volume increase [92]. The
PSM appearance is based on matter redistribution inside the PSBs and at the interface
PSB/matrix. The most important point of this model is that it considers the temperature
dependence of point defects mobility. Vacancies produced at room temperature migrates
from the channels to the matrix and annihilate when met edge dislocations, causing a
constant mass redistribution between the PSB and the matrix (accumulation of mass
in the channels and a reduction in the walls). This mass redistribution puts the inner
part of PSB under compression stress and the adjacent thin-layer matrix under internal
tension, those stresses increase with the number of cycles. The built-up due to this mass
redistribution can be relaxed only in the loading direction of the specimen, thus creating
the extrusions emergence at the surface where the channels are localized and an intrusion
formation where the walls are present (Figure 2.2.17).

Figure 2.2.16: Representation of dislocation arrangement of a Persistent Slip Mark [54]

The relaxation of the means stress in the matrix is not as easy as it is in PSB. While
the PSB deforms plastically, the matrix deforms only elastically since the critical yield
stress of the PSB is lower than the matrix [7].
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Figure 2.2.17: Polak’s model of surface relief formation and surface profile of a PSM when
point defects move back and forward from the PSB to the matrix [54]

The production of interstitial-type defects by the annihilation of edge dislocations
brings to an intrusion and they are crack-like defects from which fatigue cracks can initiate.
The vacancies can be formed by the interaction of positive and negative edge dislocations,
abundant vacancies will then concentrate leading to micro-crack formation, which will
then grow into fatigue cracks. In a few words, there are two basic mechanisms in charge
of the formation of a row of point defects [82]:

1. The annihilation of two edge dislocations with opposite Burgers vector moving in
the adjacent plane;

2. Movement of a jog on a screw dislocation inside the channel;

Mughrabi [93] emphasizes that at the very first cycles only the extrusions are formed.
The intrusions appear only after few cycles, in a less evident dimension than the extrusions.
It was discussed that the intrusions in fact do not develop by the same mechanism as the
extrusions and they are not usually formed in parallel pairs to the extrusions, as proposed
by Polák. The intrusions are in less quantity and they are frequently present at the side
of the extrusion that the emerging active slip plane is inclined to surface in acute angle
and this interface is preferable to form cracks. In other words, the intrusions develop as
a result of the extrusions already formed and they are actually in the embryonic stage
I shear cracks. Polák stated that the alleviation of the tensile internal stresses in the
matrix happens only when they reach a value equal to the difference of yield stress of the
matrix and the PSB, developing a delayed intrusion [7].
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2.2.8 Crack nucleation

As already mentioned, during the cyclic loading, dislocation configurations strongly
depend on imposed plastic strain amplitude, temperature and interstitial content. For
martensitic steels, the plastic deformation which emerges during cycling is related to the
{110} slip system [17]. When the K-S relationships are fulfilled, the slip bands easily cross
the phase boundaries. When there is no correlation between the phases, microcracks
initiate at the slip band and converges into the phase boundary. The mechanism of
strain accommodation in bcc metals might be noticeable by slip plane asymmetry or the
formation of slip bands. The slip plane asymmetry is more frequently encountered in
pure bcc structures while the commercial alloys present the formation of slip bands [81].

PSBs are the major factor in crack initiation, there are other mechanisms of crack
propagation when the PSBs are not observed, below are described the principal sites of
crack nucleation [48]:

• Slip Bands provoke localization of cyclic slip resulting in irregularities at the surface.

• Grain and twin boundaries (HAB), in the case of martensitic steels, fatigue site
nucleation were also identified at laths and blocks boundaries (LAB) [9, 94].

• Initiation at heterogeneities at the metals, like inclusions and pores.

2.3 9Ni steel

Low carbon cryogenic steels are used for gas storage and transport, because of their
excellent mechanical properties and good toughness at low temperatures. The 9Ni steel
is included in the group of cryogenic structural steels and it is largely applied in the
construction of natural gas storage according to American Society of Mechanical Engineers
specifications (ASME). The 9Ni steel is used in the construction of gas pressure vessels of
50,000 m³ submitted to thermal fatigue without the necessity of tension alleviation after
welding, being used as an alternative to stainless steels. This steel is indicated for storage
of oxygen (-183 °C), argon (-186°C), nitrogen (-196 °C) and natural gas (-163 °C) [95].
The EN 10028-4 X8Ni9 and ASTM A333 standards specify the chemical composition of
the 9Ni steel, as listed in Table 2.3.1.
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Table 2.3.1: Chemical composition specifications according to ASTM A333 Gr.8 and EN
10028-4 standards

The addition of nickel into the alloys is related to the interest of its good corrosion
resistance and the ability to increase the resistance to brittle fracture, stabilizing the
austenite, in this case, called reversed austenite. More details concerning the reversed
austenite will be discussed in the 2.3.3 Reversed Austenite section. The nickel element does
not form carbide or nitrides, staying in a substitutional solid solution. Some studies pointed
out that the presence of reversed austenite formed during the heat treatment influences
the high toughness at cryogenic temperatures [96–101]. The nickel element contributes
to the formation of bainitic and martensitic microstructures with high toughness, when
it is in solid solution it can facilitate the dislocation formation at lower temperatures,
ameliorating the relationship between the stress and the structure cohesion, increasing
the metal strength [22, 102]. According to previous studies [3, 99, 103, 104], the presence
of a “duplex microstructure” can promote a combination of toughness and mechanical
resistance, delaying the fatigue crack propagation. After the heat treatment, the reversed
austenite indirectly influences the impact strength by forcing the carbides to stay in a
solid solution, preventing the formation of embrittling carbides and nitrides [4].

The 9Ni steel was primarily developed by the International Nickel Company in
1942. The 9Ni steel does not show a ductile-brittle transition temperature. Figure
2.3.1 demonstrates the relation between the nickel content and the energy absorbed at a
significant temperature interval.

Figure 2.3.1: Effect of nickel content on impact toughness (adapted) [105]
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2.3.1 Heat Treatment

Structural ferritic steels fabricated to work at cryogenic temperatures are thermally
processed to reduce the ductile-brittle transition temperature to lower values than the
working temperature. In the case of 9Ni steel, the heat treatment involves an intercritical
tempering in a temperature that comprises the α + γ region in the phase diagram, ranging
from 570 to 630°C (specifically between Ac1 and Ac3). Several investigations showed that
heat treatment has an important impact on the mechanical properties of 9Ni steel [98, 99,
101, 106–108]. Frequently, normalizing and tempering thermal treatments are carried out
to increase toughness and ductility. There are two specifications for producing the 9Ni
steels:

• ASTM A353 - Standard Specification for Pressure Vessel Plates, Alloy Steel, Double-
Normalized and Tempered 9Nickel;

• ASTM A553 - Standard Specification for Pressure Vessel Plates, Alloy Steel,
Quenched and Tempered 7, 8, and 9Nickel;

The hardness values for both heat treatments are quite the same, ranging between 200
and 255 Brinell at room temperature [105]. Figure 2.3.2 summarizes all the heat treatments
commonly adopted for the 9Ni steel in the industry, comprising the ASTM A353 and
A553 standards, and the Quenching intercritical tempering (QIT), which is frequently
found in the literature. The latter is consisted of the quenching, intercritical quenching,
and tempering treatments and it is also referred to as the quenching, lamellarizing, and
tempering (QLT) process. In this work, the heat treatment according to the ASTM A553
will be adopted (Quenching + Tempering).

Figure 2.3.2: Thermal heat treatments existent for 9Ni steel [109]
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As nickel is the principal alloying element, the binary Fe-Ni phase diagram (Figure
2.3.3) is useful to comprehend the 9Ni steel phase transformations, once the carbon
content is low (≤0.13 wt.pct). As can be observed, the nickel element lowers the Ac1
temperature compared to the Fe-C diagram, the red line indicates the position at the
diagram where the 9Ni steel lies. This element is also responsible for lowering the Ms
temperature, this allows bainite to become present at lower temperatures as the Ni content
increases.

Figure 2.3.3: Iron-nickel phase diagram (adapted) [110]

The CCT diagram is useful to predict the phase transformations that can occur
during the cooling at different rates. As can be observed on the CCT diagram of 9Ni steel
(Figure 2.3.4), the microstructure of heat-treated 9Ni steel contains bainite, martensite,
stable carbide, and manganese + nickel-rich austenite depending on the cooling rate.
When submitted to tempering heat treatment at temperatures between 377 °C and 540
°C and during a long time, the 9Ni may suffer irreversible tempering embrittlement. This
is attributed to the austenite instability that would be transformed into martensite upon
cooling [4, 97, 111].
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Figure 2.3.4: Continuous Cooling Temperature diagram for 8.5Ni steel (adapted) [109]

Current studies related to martensitic transformation in steels done by Maresca et al
[112] have indicated that the transformation is never completely achieved and is influenced
by the chemical composition of the alloy. Retained austenite segregated in the form of
very thin films may be present after quenching at room temperature [112, 113]. In some
cases, this austenitic phase may be undesirable because it can transform into a brittle
form of martensite, causing premature failure of components. To avoid the presence of
retained austenite, the steel must be cooled to temperatures below zero degrees Celsius,
which sometimes is an unfeasible procedure. As a result, interlath austenite films may be
retained after cooling to room temperature.

2.3.2 Microstructure of Quenched and Tempered 9Ni steel

After re-heating the sample for stress relieving, the zones containing very thin
dispersed interlath films will be the sites for reversed austenite nucleation. Studies have
shown that the amount and the stability of the reversed austenite depend on the time and
temperature of the tempering heat treatment [2, 20, 101, 114]. As already mentioned, the
quenching heat treatment consists of an austenitization above the Ac3 temperature and
rapid water cooling. The Scanning Electron Microscopy (SEM) and optical micrographs
of the quenched microstructure of 9Ni steel (Figure 2.3.5) show a typical lath-martensitic
structure. The white parts characterized by Energy Dispersive X-Ray Spectroscopy
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(EDS) are slightly concentrated in nickel and manganese elements. Transmission Electron
Microscopy (TEM) images show the dislocation-rich martensite laths with more details
(Figure 2.3.6).

Figure 2.3.5: Optical and SEM microstructure of Quenched 9Ni steel [109]

Figure 2.3.6: Transmission electron microscopy image from Quenched 9Ni steel [115]

Advanced techniques such as EBSD can distinguish between the fcc austenite and
the bcc martensitic matrix present in the 9Ni steel after the complete heat treatment,
as it is frequently done with similar dual-phase steels [116–121]. The EBSD data is
displayed in Figure 2.3.7, under the same QIT treatment. The microsegregation bands
are indicated by red arrows in the optical image (Figure 2.3.7-a), the yellow arrows point
to the martensitic phase, the amount of reversed austenite measured by XRD technique
indicated a volume fraction of 13.4% [22].
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Figure 2.3.7: Microstructure of QIT 9Ni steel a) Optical micrograph d) Klemm’s I etching
showing the austenite as white bands. c) and f) EBSD phase map g) EBSD inverse pole
figure [22]

Chemical analysis by EDS in the microsegregated lines revealed a higher concentration
of nickel and manganese elements in this region (Figure 2.3.8).

Figure 2.3.8: Chemical composition analysis by EDS. Mn1 and Ni1 are the chemical
composition referent to the white bands. Mn2 and Ni2 as the zones without microsegration
[22]
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EBSD analysis of Quenched (800 °C/1 hour) + Tempered (600 °C/8 hours) 9Ni
steel exhibits the cementite (in yellow) and austenite phases (in red) distributed
homogeneously between the martensite blocks and grains (Figure 2.3.9). The Kernel
Average Misorientation map (Figure 2.3.9-c) reveals regions of internal deformation and
average misorientation.

Figure 2.3.9: EBSD map of 9Ni steel Quenched (800 °C/1 hour) + Tempered (600 °C/8
hours) a) phase map, austenite in red and cementite in yellow b) grain size image c)
Kernel Map d) Kernel Average Misorientation map [109]

TEM micrograph after quenching and 1-hour tempering at 590 °C shows an equiaxed
lath structure with some regions rich in dislocations, 4.5% of austenite was detected in
this sample (Figure 2.3.10). Another study done by Nakada et al [115] with a tempering
temperature increased by 10 °C, but maintaining the same time, revealed the austenite
islands in the martensitic matrix and the reversed austenite content raised to 9% (Figure
2.3.11). The observations suggest that, under the same tempering time, a very small
increase in the temperature already exerts a strong influence on the austenite content.

Figure 2.3.10: TEM micrograph of a structure obtained from quenching + tempering at
590 °C for 1h [99]
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Figure 2.3.11: TEM micrographs of 9Ni steel tempered at 600°C for 1h indicating the
presence of reversed austenite islands a) bright field image b) selected spot dark field
image [115]

2.3.3 Reversed Austenite

In addition to stress-relieving, the tempering treatment causes several microstructural
changes, such as a decrease in dislocation density, precipitation of cementite and the
formation of reversed austenite. It is fundamental to distinguish the retained austenite
from the reversed austenite, they differ from each other by the mechanism of formation,
in their morphology, and finally they are distinct in their stability, where the retained
austenite is meta-stable. The retained austenite remains in the structure after quenching
(when the Ms temperature is below room temperature) while the reversed austenite
appears in the tempering process, resulted from a memory effect from the previously
retained austenite and their enrichment of gammagenic elements due to the diffusion
process [122].

Reversed austenite is an important structure, which can not only keep the steel at a
high degree of hardness but also improve its fracture toughness. In order to obtain the
complete lath martensite, the quenching temperature should be above Ac3. The reversed
austenite appears gradually during the austenitization or maraging process, depending on
the time and temperature. As a consequence of its significant influence on the mechanical
properties of steels, this phase has received much attention in maraging steels together
with martensitic steels [123].

The alloying elements strongly influence the stability of austenite. During the
tempering heat treatment, the austenite phase precipitates along the grain boundaries
or the martensitic laths as thin films or in a blocky shape (Figure 2.3.12) [96]. This
reversed austenite is thermally stable upon cooling to at least -196 °C. The heat treatment
also lowers the ductile-brittle transition temperature, breaking up the crystallographic

37



CHAPTER 2. LITERATURE REVIEW

alignment of the martensite laths inside the packets by a toughening mechanism [124].

Figure 2.3.12: TEM image of Tempered 9Ni steel at 600 °C, the austenite phase was
identified as the light phase between the martensite laths [109]

At the same time as the intercritical tempering occurs, the austenite phase is
distributed along the boundaries of dislocated laths, packets, blocks, or prior austenite
grains. The mechanism of this transformation is diffusional reversion, the austenite grows
in those regions because they are low-energy sites for heterogeneous nucleation [124]. The
alloy elements, such as C, Mn, and Ni are segregated from the martensite matrix to the
reversed austenite during the tempering process. Studies have reported that manganese
segregation into the austenite phase is originated from prolonged holding at an intercritical
temperature [125]. The Ni-rich regions transform into austenite when the tempering
temperature is near the Ac1. In consequence of those elements segregation, there are two
regions with dissimilar Ac1 temperatures, in that case, the martensite will transform at
higher temperatures, rather than the interface rich in carbon/nickel, causing the two-stage
austenite formation [100, 126, 127]. Therefore, nickel and carbon help to stabilize the
austenite preventing the re-transformation during cooling. Figure 2.3.13 illustrate the
steps of the reversed austenite formation. After cooling to room temperature, the amount
of austenite lowers and more martensite can be transformed [126].
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Figure 2.3.13: Schematic representation of microstructural development as a result of
intercritical tempering of the as-quenched Fe-9Ni low carbon steel (adapted) [103]

The microstructure resulting from the heat treatment is composed of black and white
bands, associated with alloying elements segregation. Figure 2.3.14 displays a three-
dimensional combination of the micrographs in all directions of the 9Ni steel submitted to
QIT treatment, the images were taken considering the rolling direction. Microsegregation
bands are visible and they are originated from the rolling process. The white band is
enriched in the austenite phase and the black zones with tempered martensite (ferrite).

After the heat treatment, the very fine austenite and the martensite are mixed
forming a complex microstructure, which is very hard to be distinguished by optical
microscopy. If the tempering is done above 600°C, the C, N, and Ni atoms can diffuse
through a long-distance that alleviates the serious segregation, Figure 2.3.15 shows the
partition of elements analyzed by EDS in the STEM technique, indicating the more
concentrated elements at the lighter areas where the austenite is present.
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Figure 2.3.14: Microstructure of a 9Ni steel bar QIT treated represented in 3 directions.
b) Longitudinal to the rolling direction c) Normal to the rolling direction d) Transverse
to the rolling direction [22]

Figure 2.3.15: STEM-EDS map of tempered 9Ni steel at 600 °C, considering iron, nickel,
carbon and manganese [109]

EBSD analysis of a sample quenched and tempered at 600 °C is shown in Figure
2.3.16. The reversed austenite is marked as red dots, the red and blue lines delimit
the subgrain angles between 5° and 10°, respectively. This a piece of evidence that the
austenite will form likely at the boundaries [96].
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Figure 2.3.16: EBSD grain boundary map and phase map showing the distribution of
reversed austenite. The red dots are the austenite phase, red lines are 5° low angle
boundaries and the blue lines are 10° low angle boundaries [96]

If the steel is heat-treated above the temperature of 650-675 °C, the volume fraction
of austenite tends to decrease, as indicated in Figure 2.3.17 [3, 96, 109, 115, 123, 128,
129]. This decrease has been attributed to the transformation of the unstable austenite
formed during tempering into martensite on cooling [96, 128].

Figure 2.3.17: Volume fraction of reversed austenite at different tempering temperatures
[128]

Kacem [5] in his studies showed that time has also importance on stabilizing the
amount of reversed austenite, meaning that temperature is not the only parameter to be
controlled. Figure 2.3.18 shows the variation of obtained reversed austenite according to
the duration of heat treatment at 600 °C. Fultz et al [130] have done experiments with
several tempering times and tested the material’s response to cold deformation, verifying
the thermal and mechanical stability of the reversed austenite, showing better stability at
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short tempering times. They have noticed that after around 3 hours of tempering, the
austenite is thermally and mechanically stable. The austenite begins to lose mechanical
stability after few hours of tempering and it is very unstable after 100 hours of tempering.
Most researchers rely on the theory that the amount of reversed austenite and its stability
affects the cryogenic toughness of 9Ni steel [96, 114, 115, 130, 131].

Figure 2.3.18: Evolution of reversed austenite fraction according to tempering times at
600 °C (adapted) [5]

An evaluation of the mechanical stability of the reversed austenite has been performed
by several works correlating the XRD patterns to the austenite transformation within
monotonic deformation [109, 132–134]. Figure 2.3.19 illustrates the diminution of austenite
peaks according to the applied deformation from the tensile test. The (111)γ and (200)γ
peaks become almost negligible at 6% of deformation. The austenite is mechanically
transformed during the plastic regime, as can be seen in Figure 2.3.20, and at approximately
6% of deformation the sample is fully martensitic, as noticed in the XRD diffractogram
(Figure 2.3.19). This is an important step to indicate that the 9Ni steel may exhibit
strain-induced martensite when the stress values are over the yield point of the material
which is the case in Low Cycle Fatigue tests. TEM and XRD investigations also pointed
out an increase in dislocation density when the austenite transforms into martensite, this
is one of the major impacts on the mechanical stability [130].
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Figure 2.3.19: XRD diffractogram of Quenched (800 °C/1 hour) + Tempered (600 °C/8
hours) 9Ni steel at different deformation levels from a tensile test performed at room
temperature [109]

Figure 2.3.20: Evolution of austenite fraction in the stress-strain curve [109]

2.3.4 Mechanical Properties and Fatigue behavior of 9Ni steel

As opposed to Fe-Cr martensitic steels, cryogenic steels including 9Ni steel have
not attracted so much attention from researchers in the investigation of the role of
microstructure on mechanical properties. Indeed as mentioned above, 9Ni steel is used for
LNG storage and transportation, in the form of tanks that are assembled by the welding
process. As a result, the majority of the articles focus on the mechanical characteristics
of welded 9Ni material, with the goal of verifying the structure before it is placed into
service. The other motivation in the research program regarding this material and the
possibility of decreasing the nickel content to combine the lower cost of product with

43



CHAPTER 2. LITERATURE REVIEW

acceptable mechanical properties. To avoid losing the reader with an interesting, but
borderline bibliography from the key topic of this PhD, this section will be limited to
highlight the major mechanical characteristics of 9Ni steels. As well as presenting the
primary facts needed to understand and create awareness about the contribution of the
current PhD study.

The fracture toughness of 9Ni steel has been the subject of several studies. In
addition, most studies are concentrated on methods of prediction of fatigue life for 9Ni
steel welded joints at room and low temperatures [5, 135–138]. Still, no research strictly
related to low cycle fatigue, crack initiation and surface relief of 9Ni steel has been found.

Tensile Tests

The mechanical properties from tensile tests of 9Ni steel are determined according to
an ASTM A553 [139] standards, the minimum values required at room temperature are:

• Tensile strength: 690-825 MPa

• Yield strength 585 MPa

As demonstrated in Figure 2.3.21, the engineering tensile strength, yield strength
and fatigue life at LNG temperatures increased at lower temperatures compared to
room temperature [5, 138, 140], highlighting that the 9Ni steel has improved mechanical
properties in cryogenic temperatures.

Figure 2.3.21: Engineering stress strain curve on 9Ni steel base metal [140]
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Park et al [141] evaluated mechanical properties of nickel steels with various Ni
contents between 3.5% to and 9% submitted to normalizing or quenching + tempering
heat treatment. The materials were evaluated both at room and cryogenic temperatures.
With increasing nickel content, there is a tendency for yield strength and tensile strength
to rise (Figure 2.3.22).

Figure 2.3.22: The variation of mechanical properties and nickel content for normalized
or quenched+tempered Ni steels [141]

Tensile tests executed at room temperature by Kacem with the same material used
in this study [5] indicated an average yield strength of 738 MPa and ultimate tensile
strength of 772 MPa. At lower temperatures (-196 °C), the yield strength raises to 1055
MPa and ultimate tensile strength to 1112 MPa. The fracture surface shows a ductile
behavior for both testing temperatures, as indicated in Figure 2.3.23.

Figure 2.3.23: Fracture surface from tensile test at room temperature (a,b) and at -196°C
(c,d) [5]
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The effect of the tempering time was also evaluated by Choi et al [104], it was observed
that the increase in tempering times induces a reduction of monotonic yield strength
(940 MPa for quenched to 754MPa for 10 hours). However, a brief tempering treatment
already improves significantly the toughness before the formation of detectable austenite,
probably due to partial recovery of the lath martensite and carbon redistribution.

Toughness tests

It has been assumed that a substantial increase in impact resistance can be obtained
by fixing a certain percentage of stable austenite dispersed in the martensitic structure
[142]. Indeed, previously reported results of absorbed energy versus retained austenite
concentration indicate a strong correlation for Fe-9Ni at all test temperatures [101, 106,
107, 114, 130].

The minimum impact value required by ASTM A553 at -196 °C is 27 J (transverse)
and 34 J (longitudinal) [139]. As the curves in Figure 2.3.24 show, the toughness of
9Ni steel increases with increasing the amount of reversion austenite and it reaches the
maximum 15% in volume, regardless of the temperature of the test and the values drop
again with higher fractions of austenite.

Figure 2.3.24: Evolution of toughness as a function of austenite content in 9Ni steel
(adapted) [103]

Fatigue behavior

Fatigue life at LNG temperatures also increased in relation to temperature [137].
Park et al [141] evaluated fatigue crack propagation of nickel steels with various Ni
contents between 3.5% to and 9%, both at room and cryogenic temperatures. It was
identified that crack propagation rates increase as nickel concentration rises due to the
growth in grain size.
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In the studies conducted by Mu et al [137] with quenched+tempered 9Ni steel, the
LCF test was performed with a triangular waveform and different strain ranges (0.6% to
1.6%) at room temperature (296 K). Cryogenic temperature (80 K) was also adopted to
investigate the effects of the cryogenic environment on the LCF performance of welded
9Ni steel.

At room temperature, cyclic hardening and cyclic softening were evident, on the
other hand, only cyclic hardening was observed at cryogenic temperature (Figure 2.3.25).

Figure 2.3.25: The cyclic stress response curves of welded 9Ni steel at a) room temperature,
and b) cryogenic temperature (adapted) [137]

It was observed that specimens tested at cryogenic temperatures had a longer fatigue
life than those tested at room temperature under the same controlled strain. Although,
the performance was somewhat similar at Δεt/2=0.8% (1.6% strain range) for both
temperatures (Figure 2.3.26).

Figure 2.3.26: The relationship of the strain amplitude and the number of cycles to failure
for welded 9Ni steel. a) room temperature b) cryogenic temperature (adapted) [137]
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The influence of retained austenite in intercritical tempered Fe-9Ni-0.1C on the crack
propagation in fatigue was also investigated by Choi et al [104] and it was observed that
the as-quenched structure presents higher crack-growth rates than the tempered ones
(Figure 2.3.27).

Figure 2.3.27: Crack propagation rate versus stress intensity factor for 9Ni steel tempered
for 10 minutes, 1 hour and 12 hours [104]

What can be concluded here is that 9Ni steel indeed presents excellent cryogenic
performance, still presenting a ductile behavior at lower temperatures. Not much
information could be gathered from the literature regarding the deep analysis of the
fatigue properties. One interesting point is a hardening effect seen in the first cycles
followed by cyclic softening, and this effect is more prominent as the total applied strain
increases. However, different fatigue behavior is observed at cryogenic temperatures, the
cyclic hardening was dominant. The collected data done in this section will support the
findings of the fatigue study of the 9Ni steel with several heat treatments.
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Chapter 3

Materials and Methodology

3.1 Microstructure Characterization Techniques

Since the mechanisms of fatigue crack nucleation are based on the dislocation evolution,
crystallographic aspects and surface observation, it is important to present the most
relevant techniques used in the current work. The martensitic microstructure will be
commented at different microstructural scales, prior to fatigue deformation and at the
post deformation state. Figure 3.1.1 summarizes all the characterization techniques used
in this research.

Figure 3.1.1: Characterization Methods used in this study
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3.1.1 X-ray Diffraction

The detection of different phases present in the material can be performed by several
techniques such as metallographic analysis, EBSD, chemical maps, magnetic methods,
and X-ray Diffraction (XRD).

XRD is a crucial technique for characterizing crystalline materials. It is a non-
destructive method that allows the evaluation of structural change in materials as well as
phase identification based on Bragg’s law:

nλ = 2dhklsinθ (3.1)

Where,

• n: integer

• dhkl: interplanar spacing between the diffracting planes

• θ: Bragg angle

• λ: wavelength of the primary electrons

According to Bragg’s law, a diffraction pattern must have a path difference of a whole
number of wavelengths (Figure 3.1.2).

Figure 3.1.2: Bragg’s law conditions [143]

Quantitative XRD assessment of the volume fraction of phases in distinct materials
is based on the fact that the diffraction intensity for a given reflection of each phase is
dependent on the phase volume in the material [144].
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In this study, an estimation of the phases was done by X-ray Diffractometry with
the Rigaku Smartlab diffractometer in a 38-120° 2θ range by using Cu kα radiation
(λ= 1.54056 Å). The Cullity method [145] was applied to calculate the amount of the
austenitic fraction. This method considers the intensity of the (200)α, (211)α, (220)γ,
(311)γ peaks. The Equation (3.2) shows how the austenitic fraction is determined.

(3.2)

The peaks (110)α, (111)γ are not considered for this calculation because they can lead to
some uncertainties, they are too close from each other in the diffractogram.

3.1.2 Focused ion beam - FIB - Cross section visualization

The FIB instruments were created in the late ’80s designed for the semiconductor
industry. The FIB microscope now is an interesting tool for Materials Science because
it can be used for micromachining and preparation of electron transparent foils to be
analyzed by other techniques such TEM and Atom Probe [54, 87] and also for sectioning
tomography to recreate 3D images [23, 73, 92, 146–149]. The FIB microscope can be
composed of one of those two ion sources for milling: liquid metal ion sources (LMIS)
and gas filed ionization sources (GFIS), mostly used for scanning ion microscopes [150].
The principle of working of the LMIS is consisted of heating a metal by a high electric
field into the liquid state. This liquid metal ion source normally is composed of gallium
and placed at the tip of a tungsten needle (Figure 3.1.3).

Figure 3.1.3: A working blunt-needle LMIS in ion generation mode [151]

During the cutting procedure, the surface is covered by platinum to protect the
desired region from irradiation damages and improve cohesion. Next, the Ga + beam
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is used to cut the slices being connected to the Tungsten needle by platinum and then
separated from the bulk by using the gallium beam. Later, the extracted lamella is welded
into a copper grid by using Pt-deposition, Figure 3.1.4 shows the procedure of a FIB
lamella extraction in a region with PSMs. The extracted lamella is about 100 nm in
thickness and 10 µm in width.

Figure 3.1.4: FIB lift-out steps a) Deposition of a protective Pt coating across the PSMs.
b) Ion bombarding around the selected area c) Trenching the thin lamella d) Extraction
with the tungsten tip and transportation e) Ion ‘welding’ to the copper grid. f) Final
thinning of lamella ready for TEM observation [87]

3.1.2.1 Effects of the FIB milling on the bulk structure

The ion-sample interactions (elastic and inelastic) may cause some sample artifacts
or damage. Gallium contamination may happen and some increasing disorder can be
produced due to the presence of ions with sufficient energy, which can go into the solid.
One of the possible changes by the energetic beam is the creation of dislocations at
the surface and the bulk, also the production of point defects and their rearrangement
[151–153], at it can lead also to the transformation of metastable phases [154]. Despite
some little disadvantages, at this moment, the FIB lamella is the best procedure and
more qualified to study with more details the constitution of the PSMs.

Cross-sectional thin lamellae were drawn out perpendicular to the surface of fatigued
specimens with the help of the FIB technique using Ga+ ions in a FEI Strata DB
235 SEM microscope located at the Institut d’Électronique, de Microélectronique et de
Nanotechnologie (IEMN, Lille). First, the fatigued material was observed by SEM to
select the region of interest. The surface was later covered by a thin layer of carbon,
deposited by electron bombardment, and a thick layer of about 1 µm of platinum by
ion bombardment. This allowed protection of the surface against the Ga+ ion insertion
employed for the machining of the lamella.
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The extraction of the lamella started with the rough machining of the craters from
their borders with a FIB accelerated at 30 kV, under a current of 20 nA. Then the lamella
was cut, deposited on a copper grid, and finally thinned with a reduced energy of the
FIB (10 pA and 5 kV) in order to remove or minimize the damage caused by the previous
steps.

3.1.3 Transmission Electron Microscopy- TEM

The characterization of deformation substructures is normally performed by the TEM
technique. The high spatial and angular resolution of TEM allows the characterization of
crystal defects like dislocations, stacking faults, and point defects. Nevertheless, TEM
presents some drawbacks such as sample preparation, where extremely thin sample disks
(about 80-60 µm) are needed, and this method has reduced observation area [155]. When
compared to Scanning Electron Microscopy (SEM), transmission microscopy uses much
higher energy (between 80-300 kV). To generate TEM images, the electron beam incident
traverses the thin disk, then the electrons are transmitted through the specimen, being
subsequently focused by lenses and collected by a detector. The generated images can be
visualized in real-time on a phosphor screen, or by a wide-angle camera. The images are
recorded by a CCD camera (electronic charged coupled devices) which is a transductor
that converts the electron signal into a pulse per pixel [156]. The diffraction patterns
from several materials studied by TEM can be seen in Figure 3.1.5 and the concept of
operation of the TEM microscope in the diffraction and imaging modes is shown in Figure
3.1.6.

Figure 3.1.5: Different types of diffraction patterns obtained in a 100-kV TEM: A)
amorphous carbon, B) an Al single crystal, C) polycrystalline Au (adapted) [157]

The possible basic operations of TEM are the bright field mode when the selected
area electron diffraction pattern (SAEDP) is projected onto the detector, the pattern will
show a bright central spot and the scattered beams will appear as spots or rings around
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the direct beam. When the aperture is displaced to select the scattered electrons, the
dark field image is formed. Concerning the dislocations, once the defects of the structure
will deform the neighbor planes, the beam will be deflected, reducing the transmitted
beam intensity. The dislocations in the TEM images will be visualized as dark lines.

Figure 3.1.6: Two simplified basic modes of the TEM imaging A) diffraction mode:
projecting the diffraction pattern and B) image mode: projecting the image [157]

In this study, the samples in the state previous to fatigue tests were mechanically
ground and thinned up to 80 µm, 3 mm diameter thin disks were cut from the thin
polished sheets. The center hole was made using a Struers Tenupol double jet polisher
using a solution of 90% acetic acid and 10% Perchloric acid at 12 °C and 20.5V of applied
tension, subsequently the surface was cleaned using Ar+ ion milling Precision Ion Beam
Polishing (PIPS) with an accelerating voltage of 5 kV, average current of 15-20 µA, and a
milling angle of 10°.

FEI Tecnai G2-20 twin microscope operated at 200 kV was used to take the TEM
micrographs. The thin films of retained and reversed austenite were differentiated using
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the selected area electron diffraction pattern (SAEDP), by choosing the d-spacing related
to (220)γ and (311)γ planes on dark field mode (Cu k-α 1.267Å).

3.1.3.1 High-resolution transmission electron microscopy HRTEM

The HRTEM is a technique that uses both transmitted and scattered beams to create
an interference image, generating a phase-contrast image. This technique can analyze
crystal structures and lattice imperfections, showing images at the atomic level, with
the possibility to reveal details finer than 0.2 nm. Under some imaging conditions, the
patterns will correspond to atom positions [156, 158]. If the specimens are very thin,
about 100 nm thickness or less, the elastic scattering will be majoritarian in relation
to the inelastic scattering. Interference patterns, normally visible starting from 400k of
magnification, will be generated by the interaction of the beam and the crystal lattice
[159, 160]. Figure 3.1.7 shows one example of an image obtained by HRTEM, the IFFT
(Inverse Fast Fourier Transformation) is a lattice-fringe representation that corresponds
to the d-spacing, useful to identify the family of planes and linear defects. In the case of
Figure 3.1.7, the IFFT was able to highlight the twin structure present in that region.

Figure 3.1.7: a) HRTEM image of a monocrystalline Si and its twin structure b) IFFT
image highlighting the twin [161]

TEM analysis from the FIB lamellae were done only on samples extracted from
low cycle fatigue deformed specimens. The analysis was undertaken on FEI Tecnai
Transmission electron microscope G2-20 twin operated at 200 kV and HRTEM images
were conducted in FEI Titan Themis 60-300 kV microscope.

The foils were was further cleaned by Ar+ ion milling precise ion polisher (PIPS,
Gatan) at an accelerating voltage of 5 kV, an average current of 15-20 µA, and a milling
angle of 10°.
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3.1.4 Scanning Electron Microscopy-based diffraction techniques

The scanning electron microscopy (SEM) technique gives detailed information of
the surface, which may be by chemical composition via backscattered electrons (BSE) or
topography by secondary electrons (SE). Furthermore, crystallography information can be
obtained by electron backscatter diffraction (EBSD) and near-TEM lattice defects imaging
by the electron channeling effect (ECCI) that will be detailed hereafter. In comparison to
TEM analysis, the SEM-based diffraction techniques present inferior spatial resolution, on
the other hand, it allows the visualization of bulk specimens, providing more statistical
data.

3.1.4.1 Electron backscatter diffraction - EBSD

In this technique, an electron probe is focused into a small area of a crystal and the
angular distribution of backscattered electrons emerging from the sample is recorded.
The signal of electron backscatter diffraction pattern (EBSP) is singular and depends
on the crystal structure (for example, bcc and fcc) as well as crystal orientation. An
EBSP pattern is presented in Figure 3.1.8, the bands are known as Kikuchi lines, each
line represents a single family of planes and the intersections form the zone axes. Figure
3.1.9 summarizes the generation of the Kikuchi lines [20, 162].

For image acquisition, the sample is tilted 70° inside the microscope chamber, which is
the optimal position for analyzing the backscattered signal, at this position the diffraction
patterns are captured [20]. The EBSD analysis is very convenient to identify, with high
spatial resolution, the phase distribution of polycrystals, local texture, individual grain
orientations on the surface, crystallographic relationships between phases, among other
things [156].

Figure 3.1.8: EBSP pattern of Fe 36% Ni (fcc crystal structure), acquired with 15 kV
[162]
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Figure 3.1.9: Representation of the acquisition of EBSD patterns. Only one Kikuchi band
is displayed in the image (adapted) [162]

While the electron beam scans the sample over a regular grid measuring crystal
orientations, the EBSD patterns are collected and evaluated step by step, being indexed
according to a database. The orientation imaging microscopy mapping (OIM) is then
executed and the data are used to generate orientation or phase maps of the sample’s
scanned area (Figure 3.1.10). The OIM technique is extremely powerful, allowing the
investigation of particular characteristics of the material’s microstructure. The post-
processing data allows the extraction of several types of information.

Figure 3.1.10: Steps of EBSD data acquisition [163]

The EBSD acquisition was carried out in a Hitachi SU-5000 FEG-SEM system
operated at 20 kV with an Oxford Instruments Symmetry system, having a high-resolution
camera with angular precision below 1° and acquisition speed up to 3000 patterns per
second [164]. Automated collection and analysis of EBSD patterns were performed by
the orientation OIM technique in the Oxford Aztec system.
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There are few requisites to acquire a good pattern and perform proper and reliable
post-processing with the EBSD data:

1- Mean Angular Deviation – MAD: Also known as pattern misfit, it determines
how well the Kikuchi bands match. Showing the maximum angular deviation allowed
from the EBSP collected and the one present in the database used as reference. The lower
the value, the better it is.

2- Angular resolution: It means the ability of measuring angular changes in the
diffraction pattern with a certain precision. The Symmetry system presents different
indexing modes that can be chosen depending on the desired analysis that will impact
the pixel-resolution of the patterns.

The refined accuracy mode is recommended for achieving the greatest precision
misorientation measurements (for example, to characterize minor sub-grain structures),
revealing details below 0.1°. This mode was used in this study due to out focus on
revealing very thin substructures.

The binning was adjusted to keep an angular resolution better than 0.08° by choosing
the highest possible image resolution for pattern processing of the CMOS camera and
optimising the Hough transform parameters [165, 166].More precisely, the resolution mode
has been selected allowing a resolution of 1244 x 1024 pixels and the Hough transform
parameter was set to 60.

3- Step size: This means the distance between each step of the data acquisition, will
depend on the intrinsic parameters of the SEM/EBSD, and nowadays it can reach a dozen
of nanometers. The step size should be on a scale that reflects the microstructural details,
if dislocation substructures like cells are of importance, the step size should be near their
diameter [167]. The scan step size of 100 nm was adopted focusing on optimization of
the acquisition data according to the methods proposed by Chen et al and Kamaya et al
[168–170]. A big step size leads to loss of information and very small values may collect
background data, inducing errors. The step size value should be on a scale that reflects
the microstructural details. The ideal value of step size in this experiment was achieved
after several trials in the same area to get reliable data.

The EBSD system is capable of displaying standard maps while the sample is still
scanned, such as phase maps, image quality maps and orientation maps. Those features
will be detailed as follows.

Band contrast- Image Quality

It represents the quality factor of the image (IQ), originated from the Hough
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Transformation. It is the average intensity of the Kikuchi bands with respect to the total
intensity of the scanned area, varying from 0 to 255 on a grayscale. The lowest the value,
the less quality the captured region has, showing as darker regions. The IQ value is
affected by grain boundaries, dislocation density, precipitates, topography, microscopy
settings and of course, sample preparation.

Euler and IPF orientation mapping

The Euler angles φ1,Φ,φ2, are used to display the texture of the overall microstructure
and represent a rotation of the crystal according to an external reference, following Bunge’s
notation. Changing in colors indicates an alteration in the rotation, such as low-angle
sub-grain boundaries, for example. Euler maps have some limitations, when the Euler
angles are near the limit, the RGB component can vary between maximum and minimum,
showing a big color difference, but in fact, there will be just some little or no orientation
change. Due to this limitation, the inverse pole figure maps (IPF) can help better to
interpret the data.

The pole figures are used for texture analysis and to study slip systems. This tool is
useful for understanding preferred orientations in terms of the sample coordinate system
(rolling direction, transverse direction, and normal direction). The IPF uses a basic RGB
coloring scheme, and is plotted on a standard stereographic triangle, they can be used in
place of the traditional pole figures.

The post-processing after the data acquisition was performed for all samples by
both the EDAX/TSL Orientation Imaging Microscopy and Aztec CHANNEL 5 softwares.
Grain dilation with a tolerance angle of 15° was applied to clean up the artifacts present
on the material’s surface [171].

3.1.4.2 EBSD - Advanced use

The quality of the Kikuchi pattern depends directly on the diffraction on the crystal
volume, the less perfect it is, the more diffuse the Kikuchi pattern will be [172]. A blur in
the pattern can also be caused by a deformation layer from inadequate sample preparation
and sometimes, non-indexing of patterns will happen at grain boundaries by overlapping.

The image quality (IQ) is an important factor to measure the “pattern quality”. The
IQ maps of coarse-grain materials display grain boundaries and topography changes,
being an indirect tool to differentiate deformed and recovered or recrystallized grains in a
microstructure. According to some authors, this feature is also helpful to differentiate the
bainitic constituent and the ferritic phase in TRIP steels [173, 174]. Petrov and Ryde
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[116] have observed that the martensite shows a low pattern quality, bainite medium
quality pattern, and higher quality is observed for the ferritic phase. Those findings
are also coherent with studies done by Bouquerel [175] in TRIP steels. In advanced
mapping, particular attention is paid to misorientation measurement. From the literature,
those variations in the pattern can correspond to the presence of Geometrically necessary
dislocations (GNDs) and grain curvature due to strain or the presence of GNDs that are
originated from phase transformation.

The martensitic and bainitic phase transformation occurs under a volume change,
generating internal stresses. When a material is deformed plastically or heat-treated,
two types of dislocations are created. The statistically stored dislocation (SSD), which
does not promote any lattice rotation, and the Geometrically necessary dislocations
(GND) generates a representative and measurable lattice rotation. Moreover, the
GNDs are associated with long-range distortion and the SSDs are associated with
homogeneous deformation because their distortion fields are canceled by the other
neighboring dislocations [176]. During the straining, the GND will arrange themselves
into low-energy structures, developing small angle grain boundaries. Those two types of
dislocations will affect the IQ map, when the dislocation is introduced into the material,
the distortion of the lattice is created, resulting in a degradation of EBSD patterns as
demonstrated in Figure 3.1.11.

The EBSD can identify qualitatively and quantitatively the gradient produced by
the creation of the GNDs. Figure 3.1.12 shows two different EBSD patterns emphasizing
the distortion in the pattern caused by deformation, this evidence is used to measure
local plastic strain. However, we need to pay attention to GND inherited from a heat
treatment that may affect the overall analysis.

Figure 3.1.11: Schematic of dislocations and subgrain boundaries and the effect on the
EBSD pattern (adapted) [177]

60



CHAPTER 3. MATERIALS AND METHODOLOGY

Figure 3.1.12: EBSD pattern of Al 6061 alloy a) annealed b) 8.5% strain deformation,
blurred pattern [178]

Some misorientation methods will be now explored based on their feasibility regarding
the complex martensitic structure and considering the GNDs already present in the matrix
due to phase transformation.

Interface Boundary-based approach: Line Segment Method

The smallest misorientations admitted between grains or subgrains obtained by
automated EBSD are typically between 0.5° and 1.5°. These very low values are achieved
only with high-resolution parameters such as FEG-system, high-resolution cameras,
good surface conditions, and a well-calibrated system. The LSM maps can distinguish
boundaries by the applied threshold, being capable to resolve subgrains with the average
size of hundreds of nanometers [179]. In the general approach used in the orientation
imaging analysis software, called here the line segments method (LSM), grain boundaries
(grain boundary traces, strictly speaking) are represented by line segments separating
adjacent EBSD points associated with specific misorientation ranges. The HAB segments
are usually associated with misorientations higher than a threshold, typically set at 15°.
Whereas low-angle grain boundary (LAB) segments are associated with misorientations
between 5° and 15°. In addition, line segments associated with misorientations lower than
5° are considered as intragranular boundaries (IBs) or dislocation cell boundaries [180].

Kernel-based approach

Numerous EBSD misorientation parameters allow the evaluation and quantification
of strain-induced changes in the structure. Grain-based approaches such as GOS and
GROD and the Kernel-based approach. When these parameters are averaged across a
significant area, they show a strong correlation with the degree of plastic strain.

The GOS (Grain Orientation Spread) technique is based on the average misorientation
within the whole grain, by comparing a reference pixel inside a grain with the other pixels
of the same grain. This approach indicates restored zones after heat treatment or plastic
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deformation. It is more suitable when a shift in the grain and a moderate increase of
density of dislocation are observed. The GROD (Grain reference orientation deviation)
technique measures the relationship between plastic deformation and misorientation,
giving the extent of deformation in a grain. It shows the magnitude of the orientation
changes referent to the initial crystal orientation. This technique is being used as a
complement to the Kernel Average Misorientation (KAM) technique, displaying a strain
distribution on a larger scale when compared to the Kernel methods. For the case of the
martensitic steels, the grain-based approaches do not suit very well due to the hierarchical
structure.

At the present, the angular and spatial resolutions provided by EBSD are not enough
to resolve information about individual dislocations. Nevertheless, lattice misorientations
or gradients can still give information about the dislocations. The formation of dislocations
substructures is one kind of energy storage mechanism, thus the spatial distribution of
stored energy can be calculated by the measurement that comes from those subgrains.

The Kernel methods quantify the angle differences between indexed EBSD pixels
within a grain, which is also correlated to GNDs [181, 182]. Kernel Average Misorientation
(KAM) calculates the average misorientation between a pixel i and its surrounding pixels,
as long as the misorientation does not exceed a predefined threshold value (5° for example,
to avoid HAB in the calculation), showing a local orientation (Figure 3.1.13). The KAM
value is usually higher in deformed grains due to the increase of dislocation density, this
approach is often used as a qualitative measure of plastic deformation localization [176,
182–186]. The KAM describes better areas with strong interactions between dislocations
and places where sub-boundaries are created.

Figure 3.1.13: Schematic representation of KAM calculation [187]

The KAM approach can show the GND due to defects induced by plastic deformation
or GNDs originated from the accommodation during the phase transformation (e.g. Fe-γ
fcc to Fe-α bcc). In the case of the 316 stainless steel and nickel polycrystals [184,
188], microstructural evolution was observed for different degrees of applied strain. The
magnitude of the local misorientation increases with the strain amplitude. It was observed
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by EBSD that the strain distribution was not uniform for LCF specimens, the material
tended to form clusters of dislocations and their appearance was proportional to the
applied strain. Schayes [182] in her study for Fe-3Si steel has also used the misorientation
bases criteria, investigating the relationship between the KAM values and the dislocation
structures found in the material, and strain localization in the vicinity of grain boundaries.
If the GNDs are already present in a considerable amount in the material because they
were originated from phase transformation, which is the case of the martensite structure,
the analysis turns out to be the more complicated for further evaluation.

The measured GND density depends strongly on the step size used to measure the
lattice distortion, in other words, the adopted step size affects the KAM values. Very
small step sizes can induce errors in the measurements, as well as high step size, which
may result in loss of information [182, 189]. The step size used for EBSD analysis should
not exceed 1/5 of the average grain size. For accuracy of 5%, 8 pixels per grain are
required, at least. Additionally, a high sufficient number of points must be collected [179].
The optimal step size varies for each material and it is achieved by comparing the results
under several values adopted for scanning [167].

For this study, the KAM maps were generated with a 100 nm step size and it was
based on the calculation for the first nearest neighbors. A maximum misorientation of 5°
was adopted in the post-treatment. In that way, any boundary with a misorientation of
less than 5 degrees will be recognized as an area of increased dislocation density.

3.1.4.3 t-EBSD or TKD (Transmission Kikuchi Diffraction)

The TKD technique uses the SEM with an EBSD detector performing orientation
mapping on transparent thin foils, the EBSD patterns will be produced by transmission
rather than scattering, which is why this method is also called t-EBSD. The sample
thickness is very important, the best pattern quality is obtained when the thin sheet
thickness is between 75 and 200 nm [154, 190]. In very thin areas, the Kikuchi bands
can be blurred due to the thickness dependency, on the other hand, in thicker areas the
electrons have difficulty being transmitted, decreasing the pattern quality.

The TKD analysis was performed by Jeol JSM-7800F FEG-SEM microscope, with
the operating conditions of 30 kV, a sample holder with a pre-tilt of 60°, and an additional
tilt around -44° was applied, resulting in an effective angle of 16°.
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3.1.4.4 Electron channelling contrast imaging - ECCI

Coates [191] discovered the electron channeling effect in crystals in 1967, it was
reported the strong crystal orientation dependence of the intensity of high energy
backscattered electrons. The intensity of Back Scattered Energy Electrons (BSEs) varies
quickly with the orientation when it is close to Bragg conditions, the Kikuchi-like patterns
superposed with the BSE topographical images are then observed. When the primary
electron beam can excite the two-beam diffraction condition in the crystal, the electron
channeling contrast is generated. By this phenomenon, it is possible to image dislocations
lying near crystal surface [178, 192] such as stacking faults (SFs), individual dislocations,
and dislocations arrangements originated by tensile loading or fatigue because they can
variate the backscattering by changing the crystal orientation [193].

There is a dependence of the crystal lattice orientation in relation to the primary
beam, the electron wave field density inside of the crystal differs, leading to a variable
inelastic backscattering. After multiple scattering, the electrons may be reflected by
the surface, and the intensity of the resulting signal will depend on the crystallographic
direction parallel to the primary beam [194]. Figure 3.1.14 describes the channeling effect
when a lattice defect is present.

Figure 3.1.14: Schematic representation of the defect contrast formation in ECCI [194]

Under the proper two-beam condition, the crystal becomes quasi electron transparent,
consequently, it appears dark in the ECC image. The bright areas are the ones in which the
crystal is disturbed by dislocations, causing the backscattering. Figure 3.1.15 summarizes
the ECCI imaging conditions and a representation of the ECC image obtained after the
fatigue test, showing the dislocation arrangement.
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Figure 3.1.15: ECC image of the dislocation arrangement after fatigue test. The dislocation
dense regions (walls, veins) appear as a bright contrast. The image on the side is in
inverted contrast, being comparable to TEM studies [193]

The first attempt to image dislocations used the collected ECPs (Electron Channeling
Pattern). But unfortunately, it does not determine crystal orientations of fine grain
polycrystalline materials, combined with the lack of spatial resolution [195]. The selected
area electron channeling pattern (SACP) technique was then built to solve this limitation.
This technique works by rocking the electron beam at a certain location, reducing the
region from which a pattern may be gathered. Rocking beam diffraction was firstly
proposed in TEM [196], the sample stays in a fixed position and the beam is deflected. In
SEM, this can be achieved by the use of two coils, where the beam is deflected mechanically
[197]. The drawbacks encountered for this technique is that the rocking point does not
coincide with the exact sample surface and the spherical aberration of the SEM objective
lens affects the accuracy of the rocking beam mode, so the beam does not rock around
a point but instead scans a much broader region [198]. On polycrystalline materials,
this restriction indeed excludes the use of the standard rocking beam method. Some
improvements have been done, but this method is limited to certain types of SEM [199].

The ECCI images can be done with two different approaches, without orienting the
crystal or by using the ECP. Former studies have been done with the ECCI technique
but without the control of the imaging conditions. Morin et al [200] have introduced
the combinations of the ECP and the observation of the BSE images after tilting the
samples in a good condition. The specimen was tilted until a dark Kikuchi line in the ECP
coincides with the center of the pattern, indicating the channeling condition. However,
the visualization of dislocation can be performed more precisely with various methods
that have nowadays been developed to be used with modern equipment. The current
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ECCI technologies comprise the R-ECCI, A-ECCI and the C-ECCI.

The Rotational-Electron Channeling Contrast Imaging (R-ECCI) [201] has one benefit
over regular ECCI, which is the enhancement of the dislocation contrast homogeneity
across wide regions by combining the images obtained at each rotated angle. Even
though an automated rotation–acquisition technique custom-built software is required,
this method may be used in any FEG-SEM with a BSE detector and a motorized
goniometer with a rotation accuracy of 0.5°. One inconvenience from this technique is the
lack of orientation information.

Other approaches are based on controlled oriented ECCI conditions, both A-ECCI
and C-ECCI work by this technique. With the development of the EBSD, the ECP/SACP
ended up falling into disuse, however, there is still an Accurate ECCI (A-ECCI) technique
which shows some advances over the EBSD-aided techniques, with high spatial resolution
[198]. The A-ECCI technique is based on the live acquisition of patterns collected by an
aperture alignment to rock the beam in a Zeiss Gemini column. To do this pseudo-rocking,
the electron beam is first deviated from the center of a predetermined aperture, causing
the electron beam to be moved far away from the region of interest while hitting the
sample at an angle. Then, using the beam shift control, the electron beam is moved back
to the region of interest. This procedure is repeated to rock the beam on the region of
interest, with the pattern being acquired as a function of rocking angle. However, this is
only possible to execute at certain types of microscopes.

The alternative technique is the electron channeling contrast imaging under controlled
diffraction conditions (c-ECCI), which was the one adopted for this research. The random
method and EBSD approach for revealing dislocations was also ameliorated by the
combination of the EBSD technique and the simulation of ECP patterns by using the
Tools for Orientation Determination and Crystallographic Analysis (TOCA) program
created by Zaefferer [202]. The software determines the tilt and rotation conditions to
obtain the channeling contrast for the defined set of lattice planes. This is done by
providing a simulated ECP pattern based on the inserted Euler angles observed during
the EBSD scan. After the development of this technique, some authors have explored to
control the specific condition for imaging dislocations [182, 203].

At present, c-ECCI micrographs have resolution comparable to TEM images. Figure
3.1.16 shows a comparison between ECCI and TEM dislocation visualization in γ-TiAl.
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Figure 3.1.16: Comparison between a) inverted c-ECCI and b) conventional TEM
micrograph of the dislocation arrangement in a globular γ-TiAl grain [193]

As TEM provides only small areas of observation, the c-ECCI technique shows as a
good option to acquire a wider area and considerable amount of information. Another
advantage is the sample preparation, once there is no need to make thin foils. Furthermore,
the sample can be observed by ECCI several times, during the fatigue test, whereas
for TEM the sample must be destroyed. However, despite having faster analysis, the
ECCI technique is incapable to identify phases, nor quantify the amount of each of them.
Therefore, it is necessary to use complementary techniques such as XRD to specify the
phase fraction or EBSD to confirm by imaging the presence of the phases and make a
microstructural correlation [86, 203].

A very good surface polishing, free of artifacts and damage is necessary for ECCI
investigations, once the c-ECCI is destined to visualize dislocation arrangements near
the surface, any artifact can affect the imaging quality. In this research, the dislocation
structure in a broader area was analyzed in all heat-treated samples before and after LCF
tests by c-ECCI in a Hitachi SU-5000 FEG-SEM system with 30 kV of applied tension.
The two-beam diffraction condition for a well-oriented crystal was obtained with the aid
of the TOCA software using the c-ECCI methodology developed by Zaefferer and Elhami
[194].

3.1.5 Scanning White Light Interferometry

Scanning White Light Interferometry (SWLI) is a profilometry method, which uses
light to reconstruct a 3D surface. The measurement is based on the light interference of a
beam reflected from the surface and a reference light beam. The interference fringes or
patterns are obtained according to the variations on the relief, the height difference between
to detection the point will help to construct the sample surface. Light interferometry is a
faster mode, which can measure vast surfaces in few minutes.
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For the 2D analysis, the surface profile is obtained by a cross-sectional line considering
several scans (Figure 3.1.17). Differently, the 3D profile comprises one scanned area
(Figure 3.1.18). In previous works, it was reported that the 2D parameters are sometimes
inadequate or unsuitable for surface characterization [204, 205].

Figure 3.1.17: 2D Surface profile according to ISO 4287:1997

Figure 3.1.18: 3D acquisition according to ISO 25178-2:2012 (adapted) [206]

Quantitative measurements of the surface roughness were carried out by SWLI in a
Bruker Contour GT-K 3D Microscope. The 2D surface roughness evaluation was based
on ISO 4287:1997. Parameters such as arithmetical mean roughness value (Ra), Root
mean square roughness (Rq), mean roughness depth (Rz), symmetry of surface (Rsk), and
sharpness of profile peaks (Rku) were considered. The ISO 25178-2:2012 norm was used
for the 3D approach. The arithmetical mean height of the surface (Sa), superficial energy
(Sq), the height of the highest peak (Sp), the absolute value of the height of the largest
peak (Sv), the largest peak height value and the largest pit depth value (Sz), Skewness-
asymmetry of the roughness shape (SSk), and sharpness of the surface (Sku) were chosen
for being compared [207].
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3.2 Experimental Procedure and basic observations

The 9Ni steel used in this study to investigate the mechanism of crack initiation was
previously employed in another study for LNG application [5]. The chemical composition
according to the supplier is available in Table 3.2.1.

Table 3.2.1: Chemical composition of the 9Ni steel given by the supplier

Chemical element % Weight
C 0.04
Mn 0.53
P 0.006
S 0.001
Si 0.23
Ni 8.99
Mo 0.01
V 0.003
Al 0.048
Cu 0.06
Cr 0.04
Ti 0.001
Nb 0.004
N 0.004

The investigation of the mechanism of fatigue crack initiation in 9Ni steel involves
the three following steps:

1. Thermal treatment to obtain different microstructures

2. Mechanical characterization to observe their behavior

3. Microstructural characterization that will be linked to mechanical properties

Based on the effect of the thermoprocessing routes available for the 9Ni steel that
affect the microstructure (e.g presence of austenite and matrix morphology), blocks of
the raw material were subjected to several heat treatments. The heat treatments adopted
focused on structure modifications in the matrix as well as incorporating an iron-fcc
structure within the iron-bcc matrix, this phase will stay localized at the interfaces.
The heat-treated blocks were divided according to the heat treatment adopted and
subsequently characterized by several techniques for comprehending the microstructural
changes performed.
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3.2.1 Heat Treatment

Based on the literature review, four different tempering heat treatment times were
proposed to achieve the highest and lowest amount of reversed austenite. The samples
were austenitized at 900 °C for 1 hour and 45 minutes, the parameters were adopted
to obtain wide packets allowing a better microstructure visualization. The duration of
each tempering treatment was defined according to the investigations done by Kacem
[5]: 30 minutes, 5 hours, 10 hours, and 20 hours at 600 °C. Figure 3.2.1 summarizes
all the heat treatment routes for the first step of the experiment. The water-quenched
microstructure (WQ) was also evaluated in this work because it has a more clear lath
martensitic structure and the matrix morphology is somewhat comparable to that of 12Cr
martensitic steel (which already has a proposed mechanism for fatigue crack initiation).

Figure 3.2.1: Heat treatments routes adopted for this work

The XRD analysis was used to measure the amount of phases present in the heat-
treated samples. The results indicate that the austenite content follows a near-parabolic
trend, where the peak is reached at 10 hours of tempering heat treatment, with an amount
of 11% in volume (Figure 3.2.2). The sample that has only been submitted to quenching
heat treatment showed an amount near 8% of austenite. As reported in the literature
[130], as tempering time increases, the diffusion of carbon in a longer distance is permitted,
enriching the existing austenite located at the boundaries. However, after the peak is
reached after a certain time, this austenite becomes mechanically unstable, transforming
back to martensite when the sample is cooled down.
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Figure 3.2.2: Austenite fraction measured by XRD as a function of the tempering time.
WQ: water-quenched, 0.5T: tempered for 30 minutes and 10T: tempered for 10 hours.

Based on the XRD results and the two natures of obtained austenite (retained and
reversed austenite), three microstructures were chosen to be analyzed. The samples were
chosen relying on their austenite content together with the tempering time to reach a
sufficient amount to be analyzed. The quenched microstructure with 8% of retained
austenite (from now on labeled as WQ), the microstructure tempered for 30 minutes with
4.5% of reversed austenite (0.5T), and the microstructure tempered for 10 hours with
11% of reversed austenite (10T).

For the considered thermoprocessing routes, the corresponding Vickers hardness are
displayed in Table 3.2.2.

Table 3.2.2: Vickers Hardness

Water Quenched (WQ) Tempering 30 min (0.5T) Tempering 10h (10T)

362 HV10 242 HV10 233 HV10

In order to get an overview of the obtained microstructure, the samples were first
characterized by light optical microscopy (LOM), using two different chemical etchants:

• Nital 4% (4 ml HNO3 in 96 mL of Ethanol);

• Klemm’s etching (Na2S2O5, water and K2S2O5);
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The Nital etching is used to create a contrast of the high angle boundaries present
in the microstructure. Since the tempering time is long enough to allow the formation
of bainite [109], there is a need to investigate and differentiate all the phases and
microconstituents, once the bainite and tempered lath martensite are quite similar
in morphology. Klemm’s etching is a useful tool to optically differentiate those
microconstituents and also indicate the presence of austenite. The Klemm’s tint etchant
colors the ferrite (bainite) in blue; martensite in brown/yellow and does not etch the
austenite, appearing as white in the micrograph.

To reveal the microstructure, the samples were cut parallel to the rolling direction
and prepared following the metallographic standards. The specimens were ground into
smooth and mirror surfaces by SiC paper and fine polished by diamond paste until 1 µm.
Finally, the samples were submerged for 3 seconds in a Nital solution. For revealing the
different micro constituents, the Klemm’s etchant was poured into the polished surface
until it turns into a dark blue color.

The optical micrographs are divided in Figure 3.2.3 according to each heat treatment
and etchant used for revealing the microstructure. The LOM technique gives a general
idea of the hierarchical martensitic structure but still is incapable to resolve the laths nor
making the differentiation of the martensitic units.

Figure 3.2.3: Nital 3% and Klemm’s II solution: sample WQ (a and d), sample 0.5T
(b and e) and sample 10T (c and f). The yellow/brown zones indicates the martensitic
constituent, blue zones corresponds to the bainitic constituent and the lighter dots or
bands are the austenitic phase
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SEM micrographs from the same materials (Figure 3.2.4) show more refined details
of the microstructure etched by Nital, the white phase present at the interfaces increases
with the tempering time. Energy-dispersive X-ray spectroscopy (EDS) analysis indicated
distinct contents of gammagenic elements (Ni and Mn) in the matrix and the white zones
of the 10T sample (Figure 3.2.5) thus, we can infer that the white phase, richer in Ni
and Mn, correspond to reversed austenite. The findings are in accordance with the same
observation on the QIT heat treatment reported in the literature [22]. The area fraction
of the white zones was calculated by Image J software [208] and 15% of each observed
micrograph corresponds to the white zones for the 10T microstructure and 5% for the
0.5T microstructure. Those results are closer compared to the fraction estimated by the
XRD technique, reinforcing that they correspond to the reversed austenite.

Figure 3.2.4: SEM micrographs of 9Ni steel. WQ sample (left), 0.5T (middle), 10T (right)

Figure 3.2.5: EDS point analysis indicating element segregation into the white zones,
identified as reversed austenite

3.2.2 Low cycle fatigue Testing

Flat LCF specimens were cut by spark erosion according to ASTM E606. The
geometry of the specimen has a gauge length of 12 mm and a cross-section of 6 mm x 3
mm. The vertical axis of the specimen is parallel to the rolling direction (Figure 3.2.6).
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Figure 3.2.6: Low cycle fatigue specimen geometry according to ASTM E606

The flat geometry was chosen to facilitate the EBSD/c-ECCI acquisition and proper
surface analysis. For further crystallographic analysis by EBSD and c-ECCI, a smooth
surface free of artifacts must be achieved. For that purpose, LCF specimens were prepared
by mechanical polishing and finished with a ¼ µm diamond paste. Additionally, a fine-
polishing step with Struers OP-U 0.04 µm colloidal silica suspension was performed with
a variable time according to the hardness of the sample. Two EBSD maps with an
approximate area of 80 µm x 40 µm parallel to the rolling direction were taken prior to
deformation for each specimen.

LCF tests were conducted on an electromechanical Instrom Schenck Trebel RMC10
machine under total strain control by using a strain gauge extensometer stuck on the
specimen. The tests were performed at room temperature in a fully push pull mode
(strain ratio εmin/εmax = -1) using a triangular waveform with a constant strain rate of
4x10-3 s-1. The strain variations Δεt were ranging from 0.8% to 1.6% for the WQ sample.
For the 0.5T and 10T samples the total applied strains were: Δεt = 0.8%, 1.2%, and
1.6%. The fatigue life Nf, is defined as the number of cycles needed for a 25% drop in
the tensile stress taking as a reference the (pseudo) stabilized hysteresis loop. Tests were
repeated twice in order to confirm the results. Moreover, interrupted LCF tests were also
realized at defined fatigue life fractions to observe the microstructural and topographic
evolution.
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3.2.3 Post Fatigue Characterization

Successive cyclic loadings in the material are known to provoke permanent changes in
the dislocation structures that will lead to surface topography. The material’s response is
also is known to be dependent on its microstructure. Therefore, observing and correlating
the surface changes will help us to understand the material’s response and by combining
the dislocation changes, a mechanism that could explain fatigue crack initiation can be
proposed.

The topography of the deformed specimens WQ, 0.5T, and 10T was evaluated by
SEM in an area comprising about 300 Persistent Slip Marks (PSMs) (0.5% of the total
gauge area). A categorization of the PSMs according to the literature was realized for
the specimens with 1.2% of applied strain. This level of deformation was chosen as a
reference because it has the most proper surface to make the topographical evaluation
with a sufficient number of PSMs for the three microstructures. At the failure stage,
the austenite content was measured again by XRD to determine the austenite stability.
Quantitative measurements of the surface roughness were carried out by SWLI-Light
Interferometry. The surfaces were scanned three times and five areas with dimensions of
120 µm x 160 µm were collected from each specimen. Once the data follows a normal
distribution, the results were submitted to Analyze of Variance calculation (ANOVA).

At each stage of the interrupted LCF tests (σ max, 5%, and 50% of fatigue life),
EBSD scans were performed to observe changes in the microstructure throughout the
cycling straining, reference points were marked in each specimen in order to help to
recover the same scanned zone. In addition, concomitant c-ECCI imaging was used to
observe the dislocation structures at the same region. The same conditions used at the
initial state characterization were adopted. The average EBSD scanned zone was 60 µm
x 40 µm with a 100 nm step size, covering about 100 blocks and 47 packets. Two zones
were recorded by EBSD and evaluated at each level of strain to get a significant amount
of data.

A cross-section view by EBSD comprising half part of the total gauge length was
also done (Figure 3.2.7) focusing on the visualization of the microcracks and intrusions
and their relation to the microstructure. Several scans of 2 x 2 µm were done with a step
size of 30 nm to follow the intrusions path, this smaller step size was chosen to allow the
identification of the possible presence of nanograins around the cracks.
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Figure 3.2.7: Broad cross-section cut on fatigued specimens

To achieve a better understanding of the relationship between crystallography
character and the susceptibility to fracture, the martensite parent grain was reconstructed.
As the orientations relationships (OR) such as Greninger-Troiano, Nishiyama- Wassermann,
and Kurdjumov-Sachs are approximations and differ from each other by a small degree
[209], the 24 Kurdjumov-Sachs variant orientation relationship was adopted for the
martensite parent grain reconstruction in this study. The martensite parent grain
reconstruction based on the 24 Kurdjumov-Sachs variant orientation relationship was
accomplished by an algorithm developed for MTEX analysis toolbox in MATLAB [29].
For the best fit, in this reconstruction, a minimum grain boundary threshold of 3° is used
to ignore the dislocation arrangements.

It is also necessary to comprehend the deformation mechanism on a very small scale
(dislocations) to establish a parallel to the findings in the literature. The deformation
in metals is originated from dislocation motion, slip, and twinning mechanisms. The
slip mechanism is more prominent for polycrystals [8]. High-resolution techniques were
used as support allowing the observation of dislocation changes beneath the deformed
surface. The cross-sectional FIB cuts also helped the observation of the shape of the
PSMs and the sites of crack nucleation with finer details. Specific zones with pairs of
extrusions-intrusions were chosen from the samples and FIB lamellas were extracted for
deep analysis with TEM, HRTEM, and TKD techniques.
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Results and Discussion

In this chapter, each material, that was briefly introduced in the previous one, is
investigated in detail at each respective subchapter. First, it starts with a complete
description of the microstructure of each considered heat-treated material. Then the
fatigue behavior is studied in terms of cyclic accommodation and fatigue resistance.
Finally, the fatigue feature is explained based on deep analysis of the evolution of the
microstructure, accurate determination of intrusions and extrusions to reach the ultimate
goal: the mechanism of crack initiation in the 9Ni steel in regards with the material
metallurgy.

4.1 Water Quenched 9Ni steel - WQ sample

4.1.1 Non-deformed state

4.1.1.1 Matrix Evaluation

After austenitization at 900°C for 1h 45min and water quenching, the WQ sample
exhibits a matrix composed of thin laths. The average prior-austenitic grain size measured
by the line segment method is 14 µm, with a packet size of 5 µm, and a block size of 3 µm.
The laths have approximately 400 nm of width measured in the TEM micrographs and
are fulfilled by dislocation tangles spread throughout the analyzed area (Figure 4.1.1).
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Figure 4.1.1: TEM micrograph of the WQ sample

In order to visualize a partial crystallographic orientation of the microstructure, a
representative area was taken from the EBSD IPF map along the rolling direction and it
shows that this material does not have any preferential texture (Figure 4.1.2).

Figure 4.1.2: Inverse Pole Figure of a representative zone showing absence of any
preferential texture in the WQ material

The austenitic phase is suggested by only very few dispersed indexed pixels (Figure
4.1.3), however this can not guarantee that only a single pixel is the austenitic phase.
For that reason, no cleanup procedure was used trying on revealing the secondary phase,
not only for the amount measurement but also for attesting the austenite homogeneous
distribution. The 8% volume fraction of austenite measured by XRD is not confirmed by
the EBSD phase maps. The reasons that may affect the austenite indexation are their
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thickness, the effect that the time and dose of incident radiation in a zone can induce
the phase transformation or the approach adopted for surface preparation [210]. Another
technique such as TEM should allow a more deep and precise investigation concerning
the very thin austenite films. In an investigation of austenite stability conducted by
Knijf [121], it was noticed a 40% divergence in the determination of the volume fraction
of austenite by EBSD and XRD, demonstrating the need for proper detection method
selection.

Figure 4.1.3: Phase map showing very few indexed pixels as austenite pointed by red
arrows in the WQ material

Contrarily to EBSD Phase Maps, TEM in the imaging mode and in the Selected Area
Diffraction (SAED) was successful to image the retained austenite. The 220γ diffraction
plane was chosen by Selected Area Diffraction Spot (SAED) and dark-field imaging
highlighted the nanometric austenitic films, with an average width ranged between 20 nm
to 200 nm (Figure 4.1.4). Those very thin austenite films have already been reported in
the literature [112, 113].
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Figure 4.1.4: a) Bright field image TEM of WQ 9Ni steel, b) Selected Area Diffraction
Spot (SAED) of (220)γ, c) dark field image of the same area highlighting the austenitic
phase

The c-ECCI technique allows a broader view of the dislocation’s distribution in a
selected crystallographic plane (Figure 4.1.5). The thin laths are very well visible with a
large amount of dislocations spread through the entire microstructure, the darker zones
belong to −→g = 011 oriented plane. A closer look at the same scanned area points to very
thin lighter spots distributed along the boundaries is shown in Figure 4.1.6. Considering
the morphology and the difference in contrast seen by TEM, we can correlate, by analogy,
those very thin light spots to the austenite films. Figure 4.1.7 also shows some twins
found in the microstructure in the −→g = 101 oriented plane, as already demonstrated by
this technique in TWIP steels [211].
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Figure 4.1.5: ECCI image showing the WQ structure of 9Ni steel

Figure 4.1.6: ECCI image showing the WQ structure of 9Ni steel, the austenite is indicated
by the white arrows

Figure 4.1.7: Twins identified by ECCI technique in WQ sample as indicated by the red
arrows
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The KAM approach was used for measuring the local misorientations at the initial
state and helped to get a general idea of the distributions of strains generated by
dislocations originated from the quenching heat treatment. A representative area of the
EBSD KAM maps shows a very misoriented structure (Figure 4.1.8). Misorientation
with less than 1° is displayed by the blue color, green color indicates misorientations
between 1° and 2°, yellow between 2° and 3°, orange between 3° and 4°, and red between
4° and 5°. Even without applied deformation by LCF, the initial microstructure shows
misoriented zones induced by the quenching heat treatment. The blue zones are those
that are free from lattice distortion and almost free from strain. When a parallel is
established between the LSM+IQ maps (Figure 4.1.9) and the KAM maps, it is observed
that the misorientations highlighted by KAM surround low-angle boundary configuration
comprised between 1° to 5° (dislocations) highlighted by the LSM+IQ maps. These
observations are relevant with the previous ECCI investigations (Figure 4.1.6). Part of
the structure, such as the martensite lath well oriented for ECCI in the center of the
micrograph shows a few amount of entangled dislocations in its core, and will induce a
slight misoriented area. The arrays of GND may, on the other hand, correspond to some
lath/lath or lath/block interfaces.

Figure 4.1.8: Kernel Average Misorientation maps showing an initial microstructure
composed of highly misoriented zones

The LSM presents the spatial distribution of the boundary traces associated with a
specific misorientation. High angle boundaries (HAB) corresponds to 15° misorientation
between the measured points and usually, they are equivalent to the grain boundaries
highlighted by LOM. Although this is not the case for the martensite, where those
misorientations can also correspond to packets or sometimes blocks, a parent grain
reconstruction is necessary to differentiate the martensitic structure based on the
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variant orientation (this topic will be further discussed). In LSM maps, the low angle
boundaries (LAB) comprised between 1-15° can be correlated to laths, subgrains
and dislocations substructures or tangles. The LABs were subdivided into groups
of misorientations between 1-5°, corresponding to dislocation tangles, and 5-15° were
classified as microstructural substructures such as laths, subgrains or dislocation cells.

The observations indicated that the material in a pre-deformed state already shows
a significant amount of GNDs inherited from martensitic phase transformation that were
highlighted by the KAM maps as local misorientations. The martensitic transformation
also reflects in a rich and finer structure indicated by the LSM maps. The finding goes in
an opposite way that would have been taken by analyzing a simple structure like the ones
found in ferritic and austenitic steels.

Figure 4.1.9: Line Segment Misorientation + Image Quality - Misorientation distribution
EBSD maps for WQ sample at the initial state

4.1.2 Cyclic stress-strain response and fatigue resistance

The cyclic accommodation of the WQ material is represented by the evolution of the
stress amplitudes with the number of cycles and with the life fraction at different strain
levels in Figure 4.1.10.
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Figure 4.1.10: Evolution of the stress amplitude versus the number of cycles (left) and
versus the fatigue life fraction (right) for the different total strain tests for WQ sample

The curves present in the graph show that the material response consists of a cyclic
hardening accompanied by a cyclic softening. The hardening period gets shorter as the
applied total strain rises, and it only accounts for a minor portion of the fatigue life (less
than 2 %). When the applied deformation is higher, however, the softening period appears
to last longer. The multiple entangled dislocations with limited mobility in martensite
laths can be freed when an external force is applied. High strain loading causes high
stress and a greater number of unlocked dislocations that can glide and recover the laths,
resulting in significant softening. It is also expected that dislocations will reorganize,
resulting in a more stable structure.

The cyclic stress-strain curve obtained from the quasi stabilized hysteresis loops
is shown in Figure 4.1.11 together with the curve obtained from the peak stress of
cyclic accommodation and the monotonic hardening curve. The stress softening is more
noticeable at greater strain levels during the stable stage of the cycling. As can be seen,
the initial hardening is comparatively constant at all applied levels of total strain and the
softening more pronounced as the total applied strain increases.
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Figure 4.1.11: Cyclic and monotonic stress-strain curves

The fatigue resistance is presented in Figure 4.1.12 in terms of the relationship
between strain ranges and fatigue life. The elastic strain range was essentially consistent
throughout all experimental strain ranges, and the related line (the Basquin curve)
remained above the plastic strain range data. This behavior is seen for several martensitic
steels [212]. In general, the Manson-Coffin law fits well with a linear relationship in
double log coordinates between the plastic strain and the number of cycles of fatigue to
failure, which is not the case here. Nevertheless, the non-linear relationship of the plastic
strain was observed in Nickel-based alloys, Aluminium-Lithium alloys, bainitic steels, low
carbon steels, and 12Cr steels [171, 213–219]. The WQ microstructure follows this same
trend, exhibiting a change in slope at Δεt=1% (Δεp= 0.2%). The above-cited research
attributed this bi-linear behavior to the change in deformation mode, crack propagation
modes and localization of plastic slip due to microstructural aspects.
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Figure 4.1.12: Manson-Coffin curves showing a point of changing in slope at Δεt=1%
(Δεp=0.2%)

Together with the main objective to provide a mechanism of crack initiation in
9Ni steels, the origin of the dual-slope in the fatigue resistance curve of this water
quenched structure appeared as a motivating fact. It was thus decided to investigate the
microstructure after fatigue tests at low and high strain levels (Δεt=0.9% and 1.2%). The
evolution of the microstructure and the damage was also considered at three stages of
cycling: at the peak stress in the cyclic accommodation curve (σ max), 5% and 50% of the
fatigue life. For these two selected strain ranges and the fatigue life fractions, the plastic
strains are reported in Table 4.1.1.

Table 4.1.1: Plastic strain at several stages for each applied strain

Δεp
Δεt 0.9% 1.2%
σ max 0.16 0.31
5% 0.19 0.36
50% 0.22 0.41

The first stage of the proposed investigation is the surface evaluation of each specimen.
Followed by dislocation structure analysis and cross section visualizations.

4.1.3 Topography Overview

In addition to the microstructural changes in the bulk of the material, during the
cyclic plasticity, deformations at the surface will appear. Figure 4.1.13 displays the
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topographical changes for all applied total strain levels at the end of fatigue life. At lower
strain levels, a very smooth surface topography comprising very few isolated extrusions is
evidenced. At high levels of deformation, a large number of coalesced extrusions have
been identified. It is worth mentioning here that at Δεt=1.6%, a network of extrusions
is observed. In all levels of deformation, the extrusions on the specimen surface are
generally positioned closely to 30-45° from the load axis. The intrusions are identified
in a lower amount than the extrusions, sometimes the intrusions identification gets be
mixed up with the microcracks. The distinction between them is not easily done with
a perpendicular incident electron beam, special sectioning techniques, in that case, are
recommended. A detailed extrusion profile identification will be realized in a dedicated
sub-chapter comparing the three microstructures.

Figure 4.1.13: Surface roughness at life end of different LCF tests

4.1.4 Dislocation Structure and Microstructural Response

As mentioned just above, the bi-linear feature of the Manson-Coffin curve will be
studied in detail from the dislocation structure analysis and the development of extrusion-
intrusions pattern effect at two levels of imposed strain representative of each portion of
the curve.

4.1.4.1 Extrusions – intrusions evolution at Δεt=0.9% low strain level

Figure 4.1.14 exhibits the progression of the same scanned surface evaluated by
c-ECCI in the −→g = 011 plane during the course of the fatigue life. This zone was not
scanned prior to cycling since it could not be anticipated whether or not it would be
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triggered afterward. The slip steps are already present in the test done at Δεt=0.9%,
at σmax, although they are not abundant or immediately visible, as shown in Figure
4.1.14-σmax. The slip steps confirmed the quenched steel’s capacity to accommodate
plastic deformation. They are the earliest signs of an upcoming extrusion rising. After
5% of the fatigue life, the extrusions were easily formed, as seen in Figure 4.1.14. The
existing extrusion grew as the number of cycles increased, and new extrusions developed.
In addition, intrusions around the extrusion are noticeable. Extrusion and intrusion both
made it difficult to define their exact position by direct observation.

Figure 4.1.14: c-ECCI images showing the dislocation and topography of the WQ 9Ni at
each stage of cycling (Δεt=0.9%)

The EBSD analysis has been used to target a particular zone, and the −→g = 101 plane
was then orientated with the help of the TOCA software to accentuate the dislocations.
It was found by the contrast variation on the image that dislocations have a propensity to
be swept and concentrate towards deformed zones (extrusions-intrusions), leading to the
formation of new cells and subgrains, and the cleansing of the interior of these structures.
A closer look at an extrusion in the region at 50% fatigue life in the −→g = 101 oriented
plane showed a dislocation arrangement composed of very thin fragmented walls (Figure
4.1.15).
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Figure 4.1.15: Planar dislocation structure localized within the laths next to the persistent
slip marks at 50% of the fatigue life for the test at Δεt=0.9%

Contrarily from the pre-deformation state analysis where the measured KAM showed
pre-strained structure due to the presence of the GNDs inherited from the γ → α’ phase
transformation, the interest by doing a KAM approach after the LCF tests is to show the
evolution in terms of local deformation that may be associated to the evolution of the
local density of GNDs originated by the interaction of dislocations [170, 184–186].

A complementary approach from the EBSD analysis of deformation and recovery
substructures was then accomplished by the KAM approach and LSM method. Figure
4.1.16 shows a small representative area from the total scan, exhibiting the evolution
of the KAM at each stage of applied deformation. IPF and c-ECCI images were also
included to give a clearer understanding of where the PSMs and the strain fields were
located. The KAM does not evolve significantly along with cycling, only a very small
increase in misorientation is observed at 50% of fatigue life.
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Figure 4.1.16: KAM maps evolution of WQ 9Ni steel at Δεt=0.9%. The white arrows
and the dashed lines indicate the extrusions. c-ECCI and IPF images shows the scanned
zone at 5% of life

Since the slip activity seemed to be concentrated near the extrusion and the KAM
maps were not sufficient to provide any conclusion, LSM maps were analyzed to understand
whether dislocation configurations and restructuration near the extrusions had happened
(Figure 4.1.17). However, globally there was no significant variation between the different
locations inspected after each life fraction. Some zones, shown by blue arrows, display
different levels of misorientation, ranging from 1-5° to 5-15°.
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Figure 4.1.17: Image Quality + LSM EBSD maps at Δεt=0.9%. The darker zones
indicate the regions with the presence of extrusions. Blue arrows indicate the changing of
misorientation level

As metallurgical interfaces such as grain boundaries or twin boundaries can cause
strain incompatibility, they can be a location for crack initiation. Furthermore, because
martensitic steel has so many distinct interfaces, this question comes more often. Despite
the fact that the description of the martensitic structure in terms of hierarchical features
(grain boundary, block, packet, lath) is now well recognized and accepted, trying to
determine the orientation relationship of the block with the parent austenite established
during the martensitic transformation is not that evident.

Recent research in dual-phase ferritic-martensitic steels has identified the previous
austenite grain boundaries as crack nucleation sites [220]. Moreover, it has also
been observed that the martensite properties are likely related to block size and its
misorientation [26]. The main limitation from the first EBSD observations is that neither
IPF maps nor LSM maps can discriminate martensitic units effectively, especially in
the case of austenite parent grain. To overcome this issue, a parent austenitic grain
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reconstruction is required, which distinguishes the various martensitic structures such as
packets, blocks, and grain boundaries, helping to establish a link between mechanical
qualities and fatigue response. The martensitic transformation involves a specific set
of 24 Kurdjumov-Sachs variants in which the same closed packed plane in austenite is
parallel to the transformed martensitic closed packed planes {111}γ//{110}α, as well
as the directions: [110]γ//[111]α, with a very small reconstruction deviation ranging
from 1.5 to 3°. The average angular deviation error derived from the reconstruction was
between 2° and 4° in this experiment, implying an appropriate match.

The grain reconstruction of the same zone showed by the LSM and KAM maps led
to the identification of variants, referred to sub-blocks or laths, by means of different
shades. A packet comprises a short gradient of a single color made up of three parallel
blocks, each with a very modest color shift. The gradient bar in Figure 4.1.18 will help to
illustrate this notion. Figure 4.1.18 presents the martensite parent grain reconstruction
for the deformed zone based on the Kurdjumov-Sachs orientation relationship, comprising
a total of 27 scanned grains, 43 packets and 119 blocks. The parent grain is defined by
the dark line and an analogous IPF map was also provided to contrast the findings.

Figure 4.1.18: Martensite parent grain reconstruction based on the Kurdjumov-Sachs
orientation relation for the WQ 9Ni steel deformed at Δεt=0.9%. (b) Corresponding IPF
map. The white dashed lines indicate the extrusions

The two broader EBSD-scanned zones containing extrusions were reconstructed to
provide a general sense of the material’s behavior. It was revealed that the extrusion
development is limited to structures with approximately the same orientation (lath/lath
and lath/block) belonging to the martensitic grain. Such less misoriented structures are
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represented in the reconstructed picture as a single color, representing the laths and blocks.
The conclusion, supported by the c-ECCI data, is that the dislocations are restricted to
moving exclusively across the LAB, inside the less misoriented structures, and the strain
is accommodated in this situation by blocks and laths.

4.1.4.2 Extrusions – intrusions evolution at Δεt=1.2% high strain level

At this level of imposed strain, few extrusions have already emerged at the surface
during the test after the number of cycles where the peak stress value was achieved - σ
max (Figure 4.1.19). With continued cycling, the initially formed extrusions evolved and
new ones appeared.

Figure 4.1.19: c-ECCI images showing the dislocation and topography of the WQ 9Ni
steel at several stages of fatigue life (Δεt=1.2%)

Arrays of dislocations were observed close to extrusion at the −→g = 110 plane during
the softening stage and cell arrangement was also seen (Figure 4.1.20). These dislocation
arrays might be the very thin highly dense dislocation walls (HDDW), as seen in TWIP
steels, CrMn steels, Fe3Si steels, and austenitic stainless steels. [211, 221–227]. HDDW
is a term used to describe fine linear structures formed by coplanar slip orientated in
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the most favorable slip direction and they can obstruct the dislocation glide. It was also
discovered in this material that the zones previously occupied by dislocations have been
replaced by more organized structures such as cells and subgrains, and this dislocation
configuration limits as well the mean dislocation free path.

In order to get more information of the same area visualized by c-ECCI, the strain
fields and recovery substructures were analyzed using the KAM and LSM EBSD methods.
The corresponding KAM maps indicate a different behavior than observed at the lower
level of plastic strain (Δεt= 0.9%). The maps at σ max correspond an adjacent zone.
A significant change in average misorientation is detected at 5% of fatigue life (Figure
4.1.21).

Figure 4.1.20: Highly dense dislocation walls (HDDW) aligned to a persistent slip mark
that crosses a block boundary. One intrusion in the process of forming at the interface
(Δεt=1.2%)

The local misorientation raises again at 50% with a high level of strain localized at
places corresponding to LAB confirmed by the LSM maps (Figure 4.1.22), strain is mostly
concentrated at 1-5° boundaries. The KAM method is not able to distinguish an array
of dislocations with net Burgers vector equal to zero, such as dipoles, where dislocation
annihilation may happen [228]. So, the decrease in KAM values at 5% of fatigue life
may be linked to the HDDW structures found next to the PSMs, where annihilation is
mostly probable to happen due to coplanar slip. After few cycles, the crystal lattice strain
gradient would develop through plastic deformation, being detected again by the KAM
method.
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Figure 4.1.21: KAM maps evolution of WQ 9Ni steel at Δεt=1.2%. The white arrows and
the dashed lines indicate the extrusions. c-ECCI and IPF images indicating the scanned
zone at 5% of life

By coupling KAM (Figure 4.1.21) and LSM maps (Figure 4.1.22) it can be observed
that deformation is predominantly distributed at 1-5° boundaries revealed by LSM maps
which correspond to the dislocation rearrangement during the cyclic straining. There was
a growth in 1°-type LAB, as well as their evolution into 5° of misorientation. Nevertheless,
no evolution to 15° type of boundary inside a grain was detected; yet, the pre-existing
HAB were sites for extrusion development.
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Figure 4.1.22: Image Quality + LSM EBSD maps of WQ 9Ni steel at Δεt=1.2%. The
darker zones indicate the regions with the presence of extrusions. Blue arrows indicate
the changing of misorientation level

Martensite parent grain reconstruction based on the Kurdjumov-Sachs orientation
relationship (Figure 4.1.23) shows that differently from the lower level of applied
deformation, the extrusions emerge more often at HAB, across all types of LAB and low
angle misoriented structures.

The main extrusions are present along HAB belonging to packets and grain boundaries
(GB), sometimes growing within a packet crossing the LAB or developing in a grain
boundary. As the cycling continues, the extrusions may coalesce or even propagate
trespassing all kinds of interfaces present in the material. These findings suggest that
at high degrees of deformation, the boundaries can no longer obstruct the growth of
extrusions.
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Figure 4.1.23: a) Martensite parent grain reconstruction based on the Kurdjumov-Sachs
orientation relation for the WQ sample deformed at Δεt=1.2%. b) Corresponding IPF
map. The white dashed lines indicate the extrusions

Those crack formation observations, as well as their relationship to the extent of
misorientation in the microstructure, were also seen in macro tensile testing of lath
martensite [229]. At low strains, the deformation is governed by crystallographic slip
parallel to the lath boundaries, although at high strains, the deformation is dictated
by crystallographic slip at HAB. To get dislocations to travel across a long distance, a
specific amount of energy must be applied. At very small strains, the slip activity tends to
concentrate within the laths; however, at greater strains, the dislocations might overcome
the LAB but then tend to pile up at the HAB. Since dislocations cannot flow through
the grain boundary due to grain mismatch, the grain boundary serves as an obstacle,
raising the stress levels in those zones. Microhardness in situ tests have proven this point,
when a high amount of charge is applied, the dislocations tend to cross laths interfaces
transmitting the strain. On the other hand, the behavior of the dislocation “sink” at the
high-angle grain boundary is observed and no transmission of strain is identified [31].

4.1.5 Cross-sectional view

The surface analyses done by c-ECCI together with EBSD were very useful to observe
the plastic accommodation of the material at two levels of deformation. However, no
information is given in respect of what was going on few microns beneath the surface. In
addition, the confirmation of the precise location of the pair of extrusions-intrusions is
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needed to establish a mechanism of fatigue crack initiation for this microstructure. To
overcome those limitations, cross-section visualizations may help to answer the remaining
questions.

4.1.5.1 Accurate determination of extrusion/intrusion shape and location

To have a real view of the shape of the extrusion and its exact location, TEM
observation was performed on FIB lamellae extracted from identified extrusions as the
one showed in Figure 4.1.24. The sample fatigued at Δεt=1.2% was chosen for this
investigation because they presented more prominent and numerous sets of PSMs at
several stages of fatigue life. Cross-sectional cuts were performed on the specimen surface,
parallel to the load axis from the sample after 5% of life and after failure.

Figure 4.1.24: Selected zone comprising PSMs for FIB lamella extraction of the WQ
sample fatigued at Δεt=1.2% at the end of fatigue life, the dots correspond to the Pt
deposition mark the exact position of extraction

Single extrusions were already substantial and noticeable at 5% of life (Figure 4.1.25).
Extrusions predominate the surface, only a modest development close to an extrusion was
identified as an intrusion. It can be seen that the extrusions are located at the border of
a lath interface while the intrusion is in the middle of the lath. Sometimes the extrusions
are placed in the middle of the lath, but coinciding with a cell wall.
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Figure 4.1.25: HRTEM image of WQ sample thin lamella showing accurately the sites of
extrusions and intrusions at 5% of the fatigue life (Δεt=1.2%). The yellow lines highlight
the laths boundaries

As it could be feared, the thin films of retained austenite were not revealed even at very
high magnification as a result of the FIB technique. Indeed, the FIB lamella preparation
tends to transform the austenite due to the high amount of energy applied during the
machining. Other clues for attesting the presence of austenite at lath boundaries were
searched. Bright-field micrographs closer to the extrusion zone shows a distortion near
the boundary (Figure 4.1.26), characterized as Moiré fringes. Those interference fringes
were already noticed at the austenitic/martensitic interface in 9Ni steel, representing a
small mismatch between the (111)γ and (110)α’ parallel planes [130]. However, here,
this distortion could not yet be surely assigned to the austenite. Nanograins/subgrains
clusters were also identified next to the boundary, right beneath the surface, indicating a
high plasticity activity in that zone or a tentative to blunt an embryo intrusion to form.
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Figure 4.1.26: HRTEM image of an extrusion formed at 5% of the fatigue life (Δεt=1.2%).
Enlarged view of the yellow dashed zone showing nanograins the yellow dashed line
indicates the lath boundary)

The intense interest in identifying the exact location of austenite resides in the fact
that this softer phase can influence the plasticity mechanism of the martensitic matrix. For
that reason, a second extrusion placed at the boundary was analyzed and a chemical map
indicates a higher concentration of carbon at the interface (Figure 4.1.27). Atom probe
investigations done by Morito et al [113] have shown a significant change in the carbon
content at the interface due to the presence of the very thin austenitic films in as-quenched
martensitic steels. This might lead to the conclusion that the identified carbon enrichment
is linked to an austenite film that existed at the interface and was transformed by the FIB
machining. XRD analysis performed after the LCF test in this study indicated a small
decrease in the austenite content, from 8% to 5%, meaning that the retained austenite
is quite stable upon cycling due to the high content of gammagenic elements. Those
pieces of evidence help to conclude that the austenite films do not transform entirely into
stress-induced martensite (TRIP effect), but instead, the retained austenite sandwiched
between martensite laths is suspected to take part in the accommodation of the cyclic
plasticity.
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Figure 4.1.27: HRTEM image of two extrusions formed at 5% of the fatigue life (Δεt=1.2%).
HAADF-STEM and EDX map of the yellow dashed zone. Yellow dashed lines indicate
the lath boundary with small increase of carbon next to it

The existence of extrusions at lath boundaries is suspected to result from a slippery
property of the interface caused by the presence of retained austenite as suggested by
Du [30] on water quenched martensite deformed by micro tensile test. Cretegny [230]
in AFM analysis on fatigued PH 13-8 Mo stainless steel also considered the hypothesis
of the influence of an interlath soft-reversed austenite phase which accumulates plastic
deformation, confirming our hypothesis, but without any proof of the fact. So it is
interesting to find a way to visualize these austenite nanofilms verifying if they exert any
influence on the plasticity mechanism. The experimental evaluation of this plasticity is
not very common in the literature and, sometimes, the retained austenite may transform
rapidly into martensite while cycling, not being able to carry the plasticity through the
entire plastic straining [17] [113], but this is not the case of the 9Ni steel, as demonstrated.
The very thin austenitic stable films present in 9Ni steel allow the matter to flow along
the interface, acting as an interlath lubricant for boundary sliding.

Finally, on the sample taken at the end of life, short cracks stemming from the
intrusion were identified and a transition in the behavior from an intrusion to a short
crack is evident (Figure 4.1.28). A closer look at the central intrusion indicated that it
starts in the middle of the lath changing its path towards the HAB boundary, where it
will finally meet the requirements to grow and propagate.
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Figure 4.1.28: HRTEM images of thin lamellae accurately indicate the sites of extrusions
and intrusions at the end of the fatigue life (Δεt=1.2%).Yellow dashed lines indicate the
lath boundary and the blue dashed lines indicate the cell walls

Well-developed intrusions and extruded laths positioned along the load axis, at the
end of fatigue life were also identified (Figure 4.1.29), both following the same trend, i.e
located at the boundaries. Nanograins or subgrains were discovered around the intrusion
tip, suggesting a highly activated plastic zone (Figure 4.1.29-c). No specific dislocation
structure such as PSB that would express cyclic strain localization inside a martensitic
lath was identified. Nevertheless, the volume of the extrusion suggests a high activity of
plastic deformation, which is confirmed by the very small dislocation cells inside the lath.

Figure 4.1.29: HRTEM images of thin lamellae showing the microcracks (Δεt=1.2%),
cells identified next to the cracks highlighted by the blue dashed lines and nanograins
were also identified at the intrusion tip
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4.1.6 Conclusions

When the 9Ni steel is austenitized at 900°C for 1h 45 min and water quenched, the
microstructure comprises a martensitic matrix with nanofilms of retained austenite along
martensite laths. The austenite volume fraction of 8% determined by XRD diverges from
that measured by EBSD. The latter tends to minimize the volume fraction due to the
thickness of the austenitic film compared with the electron beam size and the excited
matter volume.

In the case of a highly dislocated structure such as martensite, the combination of the
several techniques adopted in this study (EBSD, c-ECCI, TEM/HRTEM) are extremely
necessary for giving the information needed to have a conclusion, one isolated technique
would not solve the problem investigated.

The cyclic accommodation consists of a short primary hardening followed by softening.
The Manson-Coffin relation exhibits a bi-linear behavior with the change in slope at
Δεt=1%. This can be related to the interactions of moving dislocations and their
interactions with LAB interfaces, the latter being ”coated by the lubricant” retained
austenite. At lower strains, the entangled dislocations formed during the quenching are
loosened and move with difficulty at short distances within the martensite laths. As
a result, they fail to cross the first LAB (lath/lath and lath/block), which works as a
structural barrier and inhibits them from advancing. Instead of developing a pile-up of
dislocations, which would have increased stress at the interface, the presence of retained
austenite, which remains partially stable and serves as a lubricant, permits the localized
displacement of matter along the martensitic lath. Inside this zone, a highly localized
plastic slip occurs, resulting in an extrusion rising along the LAB interface and the
nucleation of the intrusion inside the lath.

Nevertheless, at high strain levels, mobile dislocations inside martensite laths reach
the LAB interface, but because they are under high stress, they can overcome this barrier.
This time, they are not hindered, so no matter displacement at the LAB happens. Those
mobile dislocations can overcome the LAB until they reach a HAB, and there the matter
will flow towards the surface with the aid of the lubricant austenitic film. An extrusion
develops along the HAB boundary, followed by an intrusion nucleating inside a martensite
lath adjacent to the HAB interface.

The investigations done here can be explained by considering Pólak and Man’s
argument that the pair of extrusions-intrusions are the precursors of a crack [231].
The significant difference between the present work and those on copper, austenitic
stainless steels, or even 12Cr martensitic steel is that the intrusion is not located exactly
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at the interface. The graphical abstract (Figure 4.1.30) summarizes the process of
extrusion/intrusion nucleation and growth through the fatigue life of WQ microstructure
and the dependence upon the applied strain.

HIGHLIGHTS

• Thin retained austenite films are present at martensite laths

• Manson-Coffin curve exhibits a bi-linearity, associated with two different mechanisms
of crack nucleation

• Extrusions form at the LAB at low strain and HAB at high strain

• Extrusions emerge at the laths interfaces, while intrusions nucleates inside the laths

• Retained austenite may be responsible for promoting the matter flowing at interfaces
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Figure 4.1.30: Representation of extrusions and intrusions nucleation sites for the WQ
sample during fatigue at low and high strain
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4.2 30 Minutes Tempered 9Ni steel - 0.5T sample

4.2.1 Non-deformed state

4.2.1.1 Matrix Evaluation

When a steel with a quenched microstructure is reheated to temperatures below Ac1,
diffusion takes place and partitioning of the alloy elements to minimize the material’s
free energy happens. In the case of the 9Ni steel, the gammagenic elements will then
migrate from martensite to the residual austenite, as well as to the borders of prior
austenitic grains and martensitic laths. Once the concentration of gammagenic elements
at these boundaries becomes substantial enough, germination and growth of phase rich in
these elements occur transforming the retained austenite into a stable form, the reversed
austenite. The result is a matrix rich in recovered zones, less rich in dislocations more or
less organized in cells and filled with islands or films of reversed austenite in the interfaces
(as reported in the literature, see section 2.3.2 Microstructure of Quenched + Tempered
9Ni steel). It should be remembered here that the austenite shows a memory effect [122].
In the case of the 9Ni steel, the morphology of the reversed austenite will be different
from the retained austenite, they will be also encountered in the form of islands instead
of just thin films distributed along any type of boundary.

The obtained microstructure from the quenching and subsequent 30 minutes
tempering heat treatment at 600 °C already shown in Figure 3.2.3 and Figure 3.2.4
present the following features for the martensitic matrix: an average grain size of 19 µm,
packets with 5.5 µm, and block size of approximately 2 µm. The time of tempering heat
treatment will be a key factor to determine the extension of changing in the matrix as
well as the concentration of reversed austenite located at the boundaries.

The crystallographic orientation of the sample surface was evaluated by EBSD using
the IPF maps. It is found that the tempering treatment did not affect the crystallographic
texture since no preferential texture along the rolling direction was revealed (Figure 4.2.1
shows a representative area from the scanned zones). In addition, to evaluate the location
and the shape of the reversed austenite, the EBSD phase map (Figure 4.2.2) was used
and it assigned very well the austenitic phase in this microstructure, with their islands
placed at the boundaries. However, as for the WQ sample, the EBSD technique indicated
an amount far below than measured by XRD (0.3% of the scanned areas)- more than ten
times lower than 4.5% in volume detected by XRD.
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Figure 4.2.1: Inverse Pole Figure of a representative zone from the 0.5T sample

Figure 4.2.2: Phase map of the 0.5T sample, the reversed austenite is represented by the
red color

TEM images in dark field mode show that the austenite was sometimes identified
with a thickness of less than 50 nanometers (Figure 4.2.3). The reversed austenite was
identified by selecting the (220)γ spot in the Selected Area Diffraction (SAED) mode. By
contrast to the microstructure of the WQ sample, for which the retained austenite was
encountered in the form of very thin films, the average width of the reversed austenite
islands was around 200 nanometers, some austenitic islands were 300 nm or wider, but
some of them were only tens of nanometers in size (Figure 4.2.3).
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Figure 4.2.3: a) Bright field image TEM of 0.5T sample, b) Selected Area Diffraction Spot
(SAED) of (220)γ plane, c) dark field image of the same area highlighting the austenitic
phase

The dislocation structure obtained from the 30 minutes tempering treatment was
firstly revealed by TEM (Figure 4.2.4). The laths have an average width of 1 µm, but
very thin laths were still present and dislocation tangles were less prevalent. Moreover,
several zones of lath coalescence were discovered, showing an equiaxed shape.

Figure 4.2.4: TEM micrograph of the 0.5T microstructure of 9Ni steel
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c-ECCI images show a broader area highlighting the martensitic laths and the
recovered cells. Following the same logic as adopted for the retained austenite, lighter
zones are seen at the boundaries, being assigned as reversed austenite according to the
difference in contrast and morphology (Figure 4.2.5). A closer look in Figure 4.2.6 shows
dislocation networks and pile-ups in the cell walls and laths boundaries. The dislocations
are less entangled when compared to the quenched structure, so it is expected a different
behavior during the fatigue cycling.

Figure 4.2.5: c-ECCI image of the 0.5T microstructure of 9Ni steel, the red arrows point
to the reversed austenite

Figure 4.2.6: c-ECCI image of the 0.5T microstructure of 9Ni steel
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Local strain distribution in the non-deformed state was evaluated by means of the
KAM map. Figure 4.2.7 shows a less misoriented structure when compared to the
quenched martensite which is quite frequent for the martensite structure. No widespread
high-value KAM was detected and strain is mostly localized in the LAB of 2-5° or next
to them, as highlighted by the LSM+IQ maps. The LSM maps were used to distinguish
the types of boundaries (LAB or HAB) encountered in the microstructure (Figure 4.2.8).

Figure 4.2.7: Kernel Average Misorientation map of the 0.5T sample at the initial state

Figure 4.2.8: Line Segment Misorientation + Image Quality - Misorientation distribution
EBSD map for 0.5T sample at the initial state
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4.2.2 Cyclic stress-strain response and fatigue resistance

Figure 4.2.9 exhibits the cyclic accommodation curves at different strain levels for the
0.5T microstructure as a function of the number of cycles (left) and the stress response
as a function of life fraction (right).

Figure 4.2.9: Evolution of the stress amplitude versus the number of cycles (left) and
versus the fatigue life fraction (right) for the different total strain tests for 0.5T sample

The graph’s curves demonstrate that the material behavior consists of a continuous
cyclic softening which starts first moderately at the very beginning of the fatigue life (about
0.2% of the fatigue life) and then is more pronounced for the rest of the fatigue life. The
change in the softening rate arrives faster as the applied strain increases. The rate of the
secondary softening appears to be dependent on the total applied strain. Many variables
have been linked to cyclic softening in the literature, including cell structure development,
increase in subgrain size with low dislocation density, dynamic recovery/recrystallization,
grain rotation, and dislocation annihilation [40, 232–234].

In comparison with the WQ material which started to cyclically harden during the
first applied cycles (see again Figure 4.2.6), the continuous cyclic softening of the 0.5T
suggests that the tempering has decreased the dislocation density so that the remaining
dislocations are now less entangled, easily mobile and in sufficient quantity to accommodate
the required deformation. In addition, if the quenched microstructure’s subgrains and
laths tend to coalesce by the tempering heat treatment producing a coarser equiaxed
microstructure, the Hall-Petch effect related with dislocation pile-ups, subgrain size, and
subgrain misorientations reduce, so the softening then becomes more pronounced due to
a larger mean free path of dislocations.

Figure 4.2.10 presents the cyclic stress-strain curve derived from the quasi stabilized
hysteresis loop, together with the monotonic curve. The stress softening is almost stable
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for all levels of applied strain, being slightly stronger at greater strain levels.

Figure 4.2.10: Cyclic and monotonic stress-strain curves for the 0.5T sample

Manson-Coffin curve combined with the Basquin curve (elastic strain) is represented
in Figure 4.2.11. The evolution of the plastic strain range and the elastic strange range fit
well with a single slope. At the higher levels of strain, the Basquin curve stays below the
plastic strain, switching to values above the plastic strain at lower levels of deformation.
It means that at some levels of applied strain, the plastic or elastic component is dominant
in the total strain amplitude. This tendency is frequently reported in the literature for
ferritic-martensitic steels [212, 234–237], but also for welded joints of 9Ni steel [137].

Figure 4.2.11: Manson-Coffin curves of the 0.5T sample
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4.2.3 Topography Overview

The surface deformation for the three levels of applied strain is displayed in Figure
4.2.12. Extrusions and protrusions, which is a group of accumulated extrusions (a more
detailed analysis regarding the morphology will be done later) are already visible at
Δεt=0.8%. A considerable amount of surface topography is already present at 1.2% of
applied deformation, with pairs of extrusions and intrusions mostly aligned around 35° to
45° from the load axis. At Δεt=1.6% the surface is substantially deformed and remarkable
microcracks are present linking one group of extrusions to another. These observations
are similar to the behavior observed for AISI 410 tempered martensitic structure. The
position of extrusions has also been reported along the lath boundaries oriented around
45° to the load axis [232].

Figure 4.2.12: Evolution of surface damage accumulation resulted from LCF tests for the
0.5T sample, as a function of the total applied strain

4.2.4 Dislocation Structure and Microstructural Response

Since the fatigue resistance of the 0.5T sample could be represented with a single slope
in the Manson-Coffin relation, only the 1.2% level of total applied strain was chosen to
observe the microstructural response in the course of the LCF test, this intermediate level
of applied strain was chosen because it already shows a sufficient amount of deformation
at the surface that could be indexed by the EBSD technique and c-ECCI, higher levels
of deformation would lead to a less well-indexed pattern, inducing too much noise and
interfering the microstructural analysis. The plastic strains measured from the hysteresis
loops at each stage of fatigue life chosen to compare to the same stages for the other
microstructures are displayed in Table 4.2.1.
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Table 4.2.1: Plastic strain at the evaluated stages of fatigue life with Δεt=1.2%

% life Δεp
5% 0.665
50% 0.723

Figure 4.2.13 shows the development of the same scanned surface analyzed by c-ECCI
throughout the fatigue life in the −→g = 110 plane. Extrusions were apparent at 5% fatigue
life and were located inside a martensitic grain. At 50% of fatigue life, well-developed
extrusions are seen grouped in parallel from each other, but in other cases staying isolated.
Protrusion emerging from an entire block was also present.

Figure 4.2.13: c-ECCI images showing the dislocation and topography of the 0.5T sample
at 5% and 50% of fatigue life

Dislocation cells and HDDW are present already at 5% of fatigue life located next
to a PSM (Figure 4.2.14) in the selected −→g = 011 plane. A closer look into a zone with
several PSMs shows places with intense dislocation lines and HDDW (Figure 4.2.15).
Figure 4.2.15-b indicates that those dislocation structures are the precursors of emerging
extrusions. At 50% of fatigue life, cell formation with well-defined walls is observed next
to the PSMs and the intense dislocation lines are still present in the −→g = 011 plane. The
differences in contrast between the zones around the emerging extrusions evidence the
presence of an interface at the exact position of the extrusion.
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Figure 4.2.14: Highly dense dislocation walls (HDDW), cells and dislocation bands next
to a persistent slip mark (extrusion) of the 0.5T sample at 5% of fatigue life

Figure 4.2.15: A closer look of c-ECCI images showing the dislocation and topography of
the 0.5T sample at 5% and 50% of fatigue life. The red arrows point to the dislocations

An intense dislocation activity was also noticed in the −→g = 011 plane (Figure 4.2.16),
which was characterized by dislocation lines adjacent to a depression in the surface, i.e.,
an area with tension stresses that will lead to an intrusion. HDDWs condensed at the
interface next to the tip of the intrusion are already identified at 5% of fatigue life. The
KAM method was used to characterize the strain distribution in the microstructure after
the LCF test. Strong misorientation localization was observed possibly linked to strong
plastic activity in this exact region (Figure 4.2.18). The evolution of the microstructure
at 50% of fatigue life demonstrates that those HDDW will trigger an extrusion raising
precisely at the lath interface, next to the intrusion placed only a few nanometers away
from that boundary. Since the extrusions appear before the intrusions, at 5% of fatigue
life (4.2.16-b) at least one slip step should be already present at the interface close to the
HDDW, yet, the surface was scanned with an incident beam perpendicular to the surface,
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making the exact visualization of the extrusion difficult when no contrast is obtained.

It is known that the interaction of dislocations in the zones with intense plastic
activity will lead to their annihilation, producing vacancies or interstitial-type defects
[7]. The development of the pair of extrusion-intrusion observed in Figure 4.2.16-b
demonstrates an effort to make a mass balance due to the dislocation interaction in a
tentative of trying to relax compression-tension stresses developed in that region, leading
to an extruded volume of matter and depression in the vacancy-rich zone. At the right
part of the PSM, the dislocation lines are still visible, on the other hand, the preexistent
small dislocation cells coalesced, and a more intense dislocation cell’s walls are noticed.
Those new coalesced cells appear almost free of dislocations in their interior. In addition,
an accumulation of dislocations is observed next to the intrusion on the top.

Figure 4.2.16: Highly dense dislocation walls (HDDW), cells and dislocation lines next to
an intrusion of the 0.5T sample(Δεt=1.2%)

EBSD-LSM maps show a minor change in the LAB distribution, no new HAB was
identified. The identified extrusions coincide mostly with HAB (15-65°) and sometimes
with LAB in the 5-15° range, LSM maps at 5% of fatigue life already indicate this tendency
(Figure 4.2.17). KAM map indicates light misoriented zones surrounding the extrusions
and a global reduction of the low misoriented areas (or an increase in blue strain-free
areas), which is more than expected due to the cyclic softening and the dislocations
arrangements encountered in this microstructure, with a resultant Burgers vector equals
to zero (Figure 4.2.18). IPF map and c-ECCI image were added to give more details and
facilitate the visualization of the scanned zone.
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Figure 4.2.17: Image Quality + LSM EBSD maps of 0.5T sample at Δεt=1.2%. The blue
arrows indicate the regions with the presence of extrusions

Figure 4.2.18: a) KAM maps evolution of 0.5T sample at Δεt=1.2%. The white arrows
and the dashed lines indicate the extrusions. b) c-ECCI and IPF images indicating the
scanned zone at 50% of life
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Martensite parent grain reconstruction in Figure 4.2.19 indicates the grain boundaries
delimited by the black lines, the packets appear as a group of four different nuances, the
blocks are represented by a group of a slight color change, and finally, the laths or variants
are represented by one singular color. The grain reconstruction helps to confirm the exact
location of the extrusions and allowed the identification of 24 grains, 38 packets and 98
blocks in in each zone, in average. The pair of extrusions-intrusions identified coincides
mostly with the block or laths boundaries (LAB), but in some cases, they may develop at
packet boundaries (HAB). The common point is that the PSM is always confined inside a
martensitic grain, most precisely next to lath/block interfaces. This level of applied strain
is not capable to make the extrusions overpass the grain boundaries. The slip activity
is in general concentrated within the laths and in some cases involves an entire block
as expressed by the observation of protrusions. The preexisted pile-ups detected at the
laths boundaries may perhaps be the driving force for the strain incompatibility at those
boundaries during cycling. Incompatibility of plastic strain between two adjacent variants
was documented in the literature for the quenched 8Ni steel, and indeed the blocks were
the preferential sites of crack nucleation [94].

Figure 4.2.19: a) Martensite parent grain reconstruction based on the Kurdjumov-Sachs
orientation relation for the 0.5T sample deformed at Δεt=1.2%. b) Corresponding IPF
map. The white dashed lines indicate the extrusions

4.2.5 Cross-sectional view

4.2.5.1 Accurate determination of extrusion/intrusion shape and location

To reinforce the conclusions taken from the EBSD and c-ECCI analysis done on
the surface, the same procedure was done here as the one adopted for the WQ structure
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providing a clear understanding of the extrusion’s shape and specific location.

Figure 4.2.20 exhibits one of the selected extrusions typically found in the 0.5T
material for the lamella extraction. TEM, HRTEM and TKD analyses were performed
on the extracted FIB lamellae.

Figure 4.2.20: Selected zone comprising PSMs for FIB lamella extraction of the 0.5T
sample with Δεt=1.2% at the end of fatigue life. The dots correspond to the exact
position of lamella extraction

A wide view of the extrusions profile comprising a microcrack is displayed in Figure
4.2.21. Even being at the end of fatigue life, the extrusions were still more numerous than
the intrusions, which is more than expected, according to the literature [7, 9]. The 0.5T
microstructure follows the same trend as the WQ microstructure, where the extrusions
are placed at the boundaries and the intrusions in the middle of the lath. In some rare
cases the intrusions were found at the interfaces and extrusions in the middle of the laths
have also been found, but only when the laths were wider than the average. Besides the
cell configuration within the laths indicating intense dislocation activity, no other specific
dislocation configuration was observed at the vicinity of the pair of intrusion-extrusion.
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Figure 4.2.21: HRTEM images of two thin lamellae indicating the sites of extrusions and
intrusions for the 0.5T sample at Δεt=1.2% at the end of fatigue life

Another FIB lamella containing a microcrack and an austenite island placed at the
martensitic lath boundary is shown in Figure 4.2.22. The extrusions are placed next to
the martensitic boundary or cell walls, and one intrusion is located in the middle of the
lath. The well-developed microcrack located in the central part of the lamella starts in
the middle of the lath deviating later to the boundary. The very thin FIB lamella may
fold depending on the extension of the microcrack, leading to a loss of details around this
zone, although the crack path was still visible.

Figure 4.2.22: FIB lamellae showing a zone containing a microcrack and pair of extrusion-
intrusion next to an austenitic island for the 0.5T microstructure at the end of fatigue life
(Δεt=1.2%)

Figure 4.2.23-a is an HRTEM image of the martensite/austenite interface observed
in Figure 4.2.22. The austenite remained stable even after FIB machining due to the
increased content of gammagenic elements. The idea of recognition of the austenitic islands
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at the boundaries and their role in the mechanism of plastic accommodation remains the
same as for the WQ sample. Since the amount of austenite stabilizing elements like Ni,
Mn, and C is often higher in reversed austenite than in the martensitic matrix, a chemical
map of this zone was made to examine the distribution of those elements.

As expected, a higher concentration of nickel and manganese is observed in the zones
where the austenite is present (Figure 4.2.23-b). Inverse Fast Fourier Transform (IFFT) was
also performed to select the austenite lattice planes, highlighting the austenite/martensite
interface. Figures 4.2.23-c), d), and e) are the corresponding IFFT/FFT images showing
the existence of both martensitic and austenitic phases and the well-delimited interface.
In this microstructure, the austenitic phase was more clearly identified in comparison to
the WQ microstructure.
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Figure 4.2.23: a) HRTEM image the interface between martensite and austenite of the
0.5T sample, b)HAADF and EDX mapping of the chemical elements of the selected zone,
c), d) and e) Austenite planes enhanced by IFFT

In some cases, in TEM mode, the distinction between austenite with a zone axis
along <110> and martensite along <111> remains difficult, because the diffraction spots
may coincide or stay very close to each other. The TKD analysis, in this case, has been
used as a complementary method to validate the existence of austenite in the interface
[154]. Figure 4.2.24 shows the IPF and phase map of the same scanned zone, confirming
the presence of austenite.
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Figure 4.2.24: Phase Map, IPF and Band contrast images of the TKD scan conducted on
a FIB lamellae of the 0.5T sample (Δεt=1.2%)

4.2.6 Conclusions

It may be inferred from the microstructural analysis of the 0.5T material that the
30 min - 600°C tempering heat treatment favored a considerable increase in the lath
size, some of them coalesced transforming into equiaxed structures or recovery cells. The
dislocations were less entangled and less numerous, having an easiness to glide. Pile-up
originated from the tempering treatment was also observed. The reversed austenite
after the tempering treatment, in a volume fraction of about 4.5%, may be found at the
interfaces and seems to be more stable.

Advanced analysis techniques are still necessary to be employed for the
characterization of the reversed austenite, and more generally for the tempered
microstructure. Even if the size of reversed austenite lamellae has increased, leading
to easier indexing, there were still significant differences between the XRD and EBSD
techniques for the volume fraction measurement.

The results of this heat treatment were already seen in the fatigue performance.
Compared with the WQ material, lower stress levels were reached in the 0.5T material
and the cyclic hardening was not observed, being replaced by a continuous softening due
to the facilitated dislocation glide and preexisted pile-ups. No bi-linear behavior was
observed in the Manson-Coffin relation, suggesting that one type of mechanism of cyclic
accommodation is present for this microstructure at the applied levels of deformations
analyzed.

The surface exhibited several types of Persistent Slip Marks, comprising both isolated
extrusions and protrusions and a more deformed surface as the total applied strain increases.
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Regarding the appearance of extrusions, the 0.5T sample follows the same trend compared
to the WQ sample, where the extrusions are located at the interfaces, mostly LAB. The
intrusions were found to be in the middle of the laths, no specific dislocation arrangement
was observed other than the dislocation cells. In this microstructure, intense dislocation
bands were found next to the PSMs and it was clear that the HDDW placed at the laths
and cell boundaries are directly linked to the emerging extrusions. The prior martensitic
grains can exert an influence on the dislocation movement by blocking the development
of the extrusions across them, plastic activity is typically restricted to martensite blocks
due to the plastic incompatibility between the variants. Combined with the preexisting
pile-ups and the short distance motion of dislocations causing strain incompatibility, the
boundary sliding also seems to contribute to the plastic accommodation mechanism as
remarked by the cross-section analysis, aided by the presence of the austenite island
located at the interface acting as a ”greasy film”.

HIGHLIGHTS

• 30 min tempering at 600°C recovers the quenched microstructure and transforms
the retained austenite into reversed austenite

• Reversed austenite films are present at martensite interfaces (laths, blocks, packets,
and GB)

• Surface relief is identified already at lower strains and comprises both isolated
extrusions or protrusions

• Extrusions emerges at the laths interfaces, while intrusions nucleates inside the laths

• Extrusions form at laths and block boundaries (LAB) or covers one entire block

• Reversed austenite was identified and may help matter flowing at interfaces

The graphical abstract (Figure 4.2.25) summarizes the process of extrusion/intrusion
nucleation and growth through the fatigue life of 0.5T microstructure.
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Figure 4.2.25: Representation of extrusions and intrusions nucleation sites for the 0.5T
sample during fatigue
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4.3 10 Hours Tempered 9Ni steel - 10T sample

4.3.1 Non-deformed state

4.3.1.1 Matrix Evaluation

As long as the tempering time increases, substantial changes happen in the matrix
together with an increase in the austenite content. The microstructure tempered for 10
hours is considerably different from the one that has been submitted to quenching heat
treatment, having an average grain size of 18 µm, packet size with 6.2 µm in dimensions,
and a block size of 3.2 µm. The time and temperature also allowed the bainitic reaction
to take place. The result is a matrix composed of a mixture of tempered martensite and
bainite. In addition, the amount of austenite increased substantially and segregation of
this phase was observed in the regions with a higher concentration of bainite in agreement
with the statements of Bhadeshia [12], as shown in Figure 3.2.3.

In order to capture the distribution of the martensitic and bainitic zones, five different
areas of the specimen were scanned in the EBSD analysis. The optical micrographs
indicated that the bainite is segregated in bands aligned in parallel to the rolling direction
(load axis). Thus, a vertical scan perpendicular to the rolling direction is displayed in
Figure 4.3.1, showing slight differences between the two constituents. The bainite is
supposedly in the center, where the austenite is more concentrated. The bcc and fcc phases
can be easily distinguished by the EBSD technique, the main difficulty is to differentiate
the tempered martensite from the ferrite and bainite constituent, because they have the
same bcc structure. In the case of martensite, the pattern quality is usually lower when
compared to the other phases because it is more distorted and richer in dislocations.
Concerning bainite and ferrite, some studies have shown that the bainite presents a higher
dislocation density (10 13 m-2 - 1014 m-2) than ferrite (10 12 m-2 - 1013 m-2) [175].

The mean angular deviation (MAD) represents the mismatch between the measured
and calculated angles between bands. Hence, the larger the MAD value, the greater
the mismatch, and the lower is the indexing confidence. The MAD is also an excellent
predictor of lattice strain or defect density. In this microstructure, the MAD values, the
zero solutions, and the austenite segregation were considered to distinguish the martensite
from bainite, where the martensite presents higher MAD values and higher zero solutions
due to the dislocation density, even though they have a very similar structure. The IPF
maps in Figure 4.3.1-a shows that the material does not show any preferential texture.
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The local misorientation mapping was used to evaluate the state of the microstructure
after a long tempering treatment, the KAM maps (Figure 4.3.1-b) indicate very few strain
fields originated from the martensitic and bainitic transformation, and the LSM maps
(Figure 4.3.1-c) points that those strain fields are mainly concentrated in LAB from 1° to
5° that mostly represents the dislocations arrangements, such as restored cells. Finally, the
detection of reversed austenite has attracted attention, since this microstructure revealed
the largest quantity of this phase by XRD. The phase map shows the austenite placed at
the interfaces and concentrated in the central scanned zone (Figure 4.3.1-d).

Figure 4.3.1: a) IPF, b) KAM, c) IQ +LSM and d) Phase Map of the 10T sample
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The reversed austenite was properly imaged using TEM by Selected Area Diffraction
(SAED) mode. Figure 4.3.2-a shows the bright-field image, the corresponding SAED
pattern from the imaged zone is present in Figure 4.3.2-b and the dark field of the selected
(220)γ spot shows the austenite films and islands aligned in parallel (Figure 4.3.2-c). The
austenite films, with an average thickness of 300 nm, were found to be aligned in parallel
with an average spacing between them of one micron, a distance that represented the
average lath width from the WQ structure.

Figure 4.3.2: a) Bright field image TEM of 10T sample, b) Selected Area Diffraction Spot
(SAED) of (220)γ plane, c) dark field image of the same area highlighting the austenitic
phase

TEM investigations allowed visualization of the dislocation distribution in the matrix
(Figure 4.3.3). Few laths are still visible, some of them are practically dislocation-free,
while others have some entangled or isolated dislocations. Wider laths presented the
recovered cells in their interior with their walls filled with entangled dislocations.
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Figure 4.3.3: TEM micrograph of the 10T sample

The c-ECCI images reveal on a large scale that the matrix was almost completely
changed by the long-time tempering heat treatment (Figure 4.3.4). Well-defined subgrains
and cells are visible together with a more equiaxed structure, the sharp laths as the one
seen in WQ microstructure are rarely observed.

By association with the shape and contrast difference, the c-ECCI also confirms the
presence of longer and more noticeable reversed austenite islands decorating the laths
interfaces, sometimes aligned in parallel at the preexisted laths boundaries originated by
the quenching heat treatment (Figure 4.3.5). The average size of the encountered reversed
austenite islands was about 300 nm, with a minimum width of 50 nm and a maximum
width of 600 nm.
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Figure 4.3.4: c-ECCI image of the 10T microstructure, the red arrows point to the reversed
austenite

Figure 4.3.5: c-ECCI image of the 10T microstructure, the red arrows point to the reversed
austenite

130



CHAPTER 4. RESULTS AND DISCUSSION

4.3.2 Cyclic stress-strain response and fatigue resistance

The cyclic behavior with regards to the number of cycles and the fraction of fatigue
life for different total strains is shown in Figure 4.3.6.

Figure 4.3.6: Evolution of the stress amplitude versus the number of cycles (left) and
versus the fatigue life fraction (right) at different total strains for the 10T sample

The cyclic response of the 10T sample is characterized by an initial hardening,
occupying approximately 1% of the fatigue life. This hardening period lasts longer and is
less evident as the total applied strain decreases. The subsequent step is cyclic softening
and quasi-stabilization. As noticed for the primary cyclic hardening, the softening rate is
more noticeable when the applied total strain is higher. XRD analysis indicated a small
decrease in the austenite fraction from 11% to 7% in the sample deformed at Δεt=1.2%.
Nevertheless, the link between the cyclic hardening with the austenite transformation is
far to be obvious if the results on TRIP steels with nearly the same austenite content is
considered. The tentative of releasing the entangled dislocations present in some laths
and the generation of dislocations in laths containing cells is also to be taken into account.
In further cyclic loading, dynamic recovery takes place with dislocations moving and
annihilating by interacting with opposite sign dislocations.

Figure 4.3.7 shows the cyclic stress-strain curve derived from the quasi-stabilized
hysteresis loops, together with the curve generated from the peak stress and the monotonic
hardening curve. The cyclic hardening is more apparent at higher strain levels during the
peak stress of cyclic accommodation. A decrease in stress levels is remarked and is even
more evident at increased levels of strain, meaning that a higher strain level is necessary
to release the previously entangled dislocations allowing them to glide.
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Figure 4.3.7: Cyclic and monotonic stress-strain curves for the 10T sample

The elastic (Basquin) and plastic parts (Manson-Coffin) of the total strain at the
fatigue life is plotted in Figure 4.3.8. Following the same trend as the 0.5T sample, no
bi-linearity was observed and the elastic strain curve stays above the plastic strain, except
at the higher level of total applied strain.

Figure 4.3.8: Manson-Coffin and Basquin curves of the 10 T sample

4.3.3 Topography Overview

The surface damage for the three levels of applied strain can be seen in Figure 4.3.9.
The surface is mostly composed of severe deformation already at lower levels of applied
strain, with coalesced microcracks linking one group of extrusions to another. The surface
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is mostly composed of protrusions, very few isolated extrusions were identified. Meaning
that an increased amount of austenite located at the laths interfaces together with the
mixture of bainite and martensite in the matrix favors the plastic accommodation as
surface damage.

Figure 4.3.9: Surface damage accumulation resulted from LCF tests for the 10T sample

4.3.4 Dislocation Structure and Microstructural Response

Like the 0.5T sample, the fatigue resistance of the 10T sample could be also
represented with a single slope in the Manson-Coffin relation. Because of this, only
the test performed at Δεt=1.2% was chosen to observe the microstructural response
during the LCF test. Table 4.3.1 shows the plastic strain range measured from hysteresis
loops at each step of fatigue life.

Table 4.3.1: Plastic strain range of 10T sample at the evaluated stages of fatigue life with
Δεt=1.2%

% life Δεp
σ max 0.31
5% 0.36
50% 0.72

The visualization of the slip steps at the peak of stress (σ max) for the sample tested
at Δεt=1.2% was complicated by the presence of austenite, the difference in topography
and contrast leads to some confusion among them. To solve this issue, several zones were
scanned and in some cases, the lighter areas could be related to the emerging extrusions.

Figure 4.3.10 shows the dislocation evolution seen by the c-ECCI technique in the
course of the fatigue life in the −→g = 110 plane. The scanned zone at (σ max) was filled by
dislocations and recovered cells coming from the tempering heat treatment. At 5% of life,
the microstructure changes drastically, with dislocations being vanished in the selected
crystallographic plane. Extrusions appeared aligned in parallel, the exact position of
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the extrusion was not possible to be determined by this technique. In general, at 5%
of fatigue life, coalescence of the substructures (cells or subgrains) is remarked. As the
cycling continues, at 50% of fatigue life, the extrusions become more prominent and some
new extrusions emerge in between, showing a highly deformed surface. Even at 50% of
fatigue life, the intrusions were hardly found, only depressions next to the extrusions were
identified, as seen in the Figure 4.3.10.

Figure 4.3.10: c-ECCI images showing the dislocation and topography of the 10T sample
at each stage of cycling

A closer view in another zone at all stages of fatigue life highlights the dislocation
structures that have been found (Figure 4.3.11). As encountered for the 0.5T sample,
HDDW and dislocation lines are visible 5% of fatigue life. The previously encountered
cells coalesced at 50% of fatigue life and more defined walls are seen with dislocation
bands evident inside them. The austenite islands are highlighted by the red arrows, it
can be observed that in the course of cycling, the zones around the austenite will deform
developing into an extrusion (Figure 4.3.11-c). Plastic accommodation is seen in the bcc
phase (martensite or bainite). Establishing a parallel with duplex steels, the bcc phase
is known to accommodate the plastic deformation, leading to stress concentrations and
finally the appearance of microcracks [76, 77, 238]. Differently for the results found in
the literature for duplex steels, where both phases exhibit more or less the same plastic
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deformation distribution, no PSM has been seen here in the austenite islands at this
level of applied strain (Δεt=1.2%), or even crossing them, respecting very well the phase
boundaries. The bcc phase in this steel is richer in dislocations compared to the fcc phase
and during the cyclic straining, the dislocations will arrange themselves. As a result, the
higher plastic activity seen in this phase might explain microcrack nucleation in the bcc
matrix during LCF, together with the fact that the austenite can act as a greasy film,
facilitating the boundary sliding.

Figure 4.3.11: c-ECCI images showing the dislocation evolution of the 10T sample at
each stage of cycling

Local plastic gradients that may correspond to misorientation induced by GNDs
were evaluated by the KAM method. It has been observed by the KAM maps (Figure
4.3.12) that stronger strain fields, comprised between 1.2 and 3 degrees misorientation
in the KAM method, are related to the pre-existing 1-5° misorientations detected by
LSM at σmax (Figure 4.3.13). An increase in strain fields towards the zones with the
emerging PSMs at 5% of fatigue life is observed, however, no extrusion was still detected
in that zone at this stage. The fragmented zones with small misorientation (0.6° to 1.2°)
in the KAM maps present at 5% of life were not identified as any type of substructure
by the LSM method, but upon further cycling, new substructures were found next to
those zones and they correspond to the new 1-5° LAB. Additionally, the new-created
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1-5° misorientations at 50% of fatigue life came from the strain fields observed at 5%
of cycling by the KAM method. The c-ECCI and IPF images are used together with
the KAM maps to bring a better understanding of the location of the strain fields and
the extrusions found. The preliminary observation indicates that some extrusions are
comprised within a grain, but highly deformed zones at the possible grain boundaries
were also seen. The grain reconstruction of the zone will help to get a better conclusion
about the location of the extrusions.

Regarding the LSM maps, no big change was detected from σ max to 5% of fatigue life,
only a small decrease in dislocations and a discrete increase of 5-15° LAB was observed.
At 50% of fatigue life, an increase of 1-5° was seen and few HAB were detected next to
the PSMs.

Figure 4.3.12: a) KAM maps evolution of 10T sample at Δεt=1.2% b) c-ECCI and IPF
images indicating the scanned zone at 50% of fatigue life. The white arrows and the
dashed lines indicate the extrusions
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Figure 4.3.13: Image Quality + LSM EBSD maps of 10T sample at Δεt=1.2%. The blue
arrows indicate the regions with the presence of extrusions

Four scanned zones comprising the PSM were reconstructed and Figure 4.3.14 shows
one of the several reconstructed zones, in average a total of 35 grains, 60 packets and 88
blocks were identified. The same region previously represented by the KAM and LSM
maps was selected to be shown here. As the other reconstructed maps for the WQ and
0.5T samples, the black lines delimit the martensitic grains, the packets are represented
by a group of four different colors, the blocks by a group of two light color changes, and
the laths or variants are represented by a single color. Some extrusions are placed exactly
at the HAB (GB or a packet boundary) or starting at them and growing in parallel within
a block or a packet. A high number of groups of extrusions, and protrusions as well, were
found comprising an entire single block. PSMs at block boundaries were found too.
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Figure 4.3.14: a) Martensite parent grain reconstruction based on the Kurdjumov-Sachs
orientation relation for 10T sample deformed at Δεt=1.2%. b) Corresponding IPF map.
The white dashed lines indicate the extrusions

In contrast to the other two microstructures (WQ and 0.5T), the austenite islands
were still detected by EBSD after the LCF tests. XRD analysis has indicated a reduction
from 11% to 8% of the austenite content (30% of decrease), EBSD phase maps (Figure
4.3.15) also exhibited a diminution around 30% of the austenitic phase. Due to its scale
limitation regarding very thin structure, EBSD appears here only as a qualitative tool to
describe this phase evolution. Furthermore, the austenite content measured by EBSD is
almost ten times lower than the value measured by XRD.
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Figure 4.3.15: EBSD phase maps evolution of 10T sample at Δεt=1.2%

4.3.5 Cross-sectional view

The same method was used here as it did for the WQ and 0.5T structures to
support the findings drawn from the EBSD and c-ECCI analysis performed on the surface,
providing clear knowledge of the extrusion’s shape and particular position.

4.3.5.1 Accurate determination of extrusion/intrusion shape and location

Figure 4.3.16 shows one group of PSMs selected for FIB lamella cut.
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Figure 4.3.16: Selected zone comprising PSMs for FIB lamella extraction of the 10T
sample with Δεt=1.2% at the end of fatigue life. The dots correspond to the Pt deposition
marking the exact position of extraction

A global view of the extracted lamellae is shown in Figure 4.3.17. Few laths are
noticeable, extrusions presented the lowest height when compared to the other two
microstructures. The extrusions are in general placed at the boundaries with the intrusions
in the middle of the laths or the equiaxed structures.

Figure 4.3.17: HRTEM images of two thin lamellae indicating the sites of extrusions and
intrusions at Δεt=1.2% at the end of fatigue life for the 10T sample

TEM in the Selected Area Diffraction (SAED) mode allowed the imaging of the
films and islands of the reversed austenite. The (220)γ and (311)γ diffraction planes were
selected and dark-field imaging highlighted the austenitic phase placed at the interfaces,
as demonstrated in Figure 4.3.18. The extrusions are located next to the austenitic films
and in the majority of the cases, between two austenite islands.
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Figure 4.3.18: a) Diffraction pattern b) SAED and TEM images superposed indicating
the austenite and the sites of extrusions market by the black arrows at Δεt=1.2% at the
end of fatigue life for the 10T sample

Figure 4.3.19 shows several zones where the dark field images obtained from SAED
(311)γ was superposed with the bright field images. The extrusions are frequently placed
at the boundaries, usually between the surrounding austenite islands. Although, few
extrusions were found when the lath’s width exceeds 500 nm and no austenite is seen
around, but those extrusions were placed in a cell boundary. Few intrusions were found
located in the middle of the laths.
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Figure 4.3.19: a) Diffraction pattern; b), c) and d) dark field-TEM images obtained with
the (311)γ spot indicating the austenite and the sites of extrusions market by the black
arrows at Δεt=1.2% at the end of fatigue life for the 10T sample. Blue and yellow dashed
lines indicate the cells boundaries and lath boundaries, respectively
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4.3.6 Conclusions

The microstructure of the steel tempered for 10 hours is composed of tempered
martensite, bainite and 11% of reversed austenite. The latter was measured by XRD and
LOM. The reversed austenite was found as larger films or islands, aligned in parallel with
an average spacing between them of one micron, where the old lath interfaces from the
quenching treatment were present. Moreover, the austenitic phase was more concentrated
at the bainitic zones. Laths were not evident nor abundant anymore, this structure
was partially replaced by some type of wider equiaxed structure and a high number of
recovered cells. Dislocations were found to be entangled at the cell walls.

The Manson-Coffin relation showed no bi-linear behavior, suggesting that this
microstructure accommodated the cyclic plasticity with the same mechanism along
the deformation levels studied. A brief initial cyclic hardening was observed and may
involve a partial TRIP effect of the austenitic phase and the releasing of the entangled
dislocations. Subsequent cyclic softening was observed influenced by the mobility of
dislocations and their interaction.

The surface was filled in the majority by groups of condensed PSM denominated as
protrusions. Very few isolated extrusions were found at the beginning of cycling, placed
at HAB or LAB. The PSMs were found in the matrix, mostly around the austenitic
islands and no extrusion was identified at this phase. Cross-sectional views allowed the
observation of the extrusions-intrusions locations and they were discovered in majority
between two austenitic islands, with the extrusion being close to the interface and the
intrusions in the center of the lath. With increased lath size or the absence of austenite,
the extrusions were found coinciding with the cells walls. Apart from dislocation cells
and HDDWs found in the middle of fatigue life, no particular dislocation pattern was
identified in the high-resolution cross-section view.

Following the same mechanism as adopted for the other two microstructures
independently of the strain level, after releasing the dislocations, they will be able to
reach the boundaries being annihilated or generating point defects in those zones. A
matter flow by the boundary sliding mechanism aided by the presence of the austenite
films will then happen.

The graphical abstract (Figure 4.3.20) summarizes the process of extrusion/intrusion
nucleation and growth through the fatigue life of 10T microstructure.
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HIGHLIGHTS

• The microstructure is a mixture of tempered martensite, bainite, and reversed
austenite

• Reversed austenite films are present at martensite interfaces aligned in parallel and
were detectable by XRD, LOM, and EBSD techniques thanks to their larger size

• Surface relief is identified already at lower strains and comprises mostly protrusions

• Extrusions emerges at the laths interfaces, while intrusions nucleates inside the laths

• The austenite content diminishes by 30% after the LCF, partial volume of the
austenite islands remains stable next to the extrusions

• The austenitic phase was found located at the boundaries and the extrusions were
most of the time next to them or between two austenitic islands.

• Sites of nucleation of extrusions were identified LAB and HAB, but always delimited
to by the HAB (packet and GB), sometimes covering one entire block
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Figure 4.3.20: Representation of extrusions and intrusions nucleation sites for the 10T
sample during fatigue
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Chapter 5

Outcome, Emerging Findings and
Conclusions

The basic background of the research that has been initiated three years ago was
to understand the mechanisms of fatigue crack initiation in a martensitic steel. Among
the different grades of martensitic steels, the selection of the 9Ni alloy appeared relevant
because the experimental research route led us to unexpected situations or technical issues
to overcome. This allowed us to address not only the initial PhD topic but to bring ideas
or answers to more general questions. Indeed, heat treatments were scheduled as a way to
modify the nature of the lath interface. But at the same time, it modified the nature of the
matrix, which turned from a hard fully martensitic to a softer bainito-martensitic matrix.
SEM-EBSD was employed for a large part of the investigation of the microstructures.
Strong attention was paid to the data processing of very small substructures along cracks
tips resulting then in a clear definition of intrusions and microcracks. Finally, the key
element in this study was the presence of austenite. Whatever the latter was retained or
reversed, it has been shown that the employed technique had an impact on the volume
fraction evaluation. The one providing the most reliable content has been pointed out.
Imaging unambiguously the austenite of small size, however, appeared critical. Thanks to
a collaboration with Dr. Jean-Marc Olive from Bordeaux University, impressive results
were obtained on fatigued materials. Even though these results came very close to the
end of the PhD thesis, they need to be included in the present document considering its
importance and how it is proposed as a new characterization approach. These points will
be highlighted in this chapter.

The first sub-chapter deals with a brief comparison between the three microstructures
focusing on contrasting the fatigue behavior and observations done in the course of the
experiments. The main interest is to point which microstructure shows more advantages
regarding fatigue performance and to determine if a most efficient microstructure for
fatigue resistance exists or not. Then, in the second sub-chapter, the differentiation
between intrusions and microcracks will be proposed as an extra key on identifying the
stages of fatigue crack initiation. With our analysis, we want to show that intrusion and
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very short crack is really a question of semantic. The third sub-chapter concerns the
imaging of small domains of austenite embedded in a martensitic matrix. Because of
the difference in magnetic properties, the magnetic force microscope (MFM) has been
employed, and the power of this technique is highlighted for the identification of the exact
location of the austenite. And finally, in the fourth sub-chapter, a general mechanism will
be proposed for the martensitic structure with a small interface modification.

5.1 Which microstructure is the most efficient?

The microscopic and mesoscopic characterizations of the three considered materials
(WQ, 0.5T, and 10T) have pointed out some similarities, but also differences between
them. Here, the results will be compiled together as a comparative in order to propose
the most efficient microstructure with regards to fatigue performance.

5.1.1 Topography Overview

Figure 5.1.1 displays the surface relief, as observed by SEM, for the three considered
microstructures at three levels of total applied strain (Δεt = 0.8% , 1.2% and 1.6%). All
the observations have been carried out on LCF tests up to fracture.

Figure 5.1.1: Surface topography after LCF tests for all microstructures analyzed at three
different strain levels
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At Δεt= 0.8% very light surface relief is observed for the WQ and 0.5T microstructures,
while the 10T sample already exhibits a surface filled by grouped extrusions. As the
total strain increases, more deformation and more pronounced extrusions are developed.
Those first observations indicate that both the WQ and 0.5T conditions may have a more
homogeneous dislocation distribution. By contrast, the 10T sample has a heterogeneous
microstructure composed of tempered martensite, more austenitic zones, and bainite. The
addition of bainite in the matrix may cause non-uniform distribution of the dislocations,
leading to an increase in stress levels at the first cycles or the appearance of new sites
for plastic activity. Moreover, as determined by neutron diffraction [239], the bainite
constituent has a lower yield strength than austenite and martensite.

The various constituents do not react at the same time when the sample is
submitted to the fatigue loading. Bainite, which is the softest constituent, will be able
to accommodate first the deformation until the dislocations present in this constituent
are annihilated. Then, it is expected as the same case for duplex steels that, when a
threshold deformation level is reached, the austenitic phase would be the next soft phase
to be activated and finally, the deformation will be accommodated by the martensitic
phase. Although, as observed by us, the austenitic phase will behave on facilitating the
slip between the martensitic laths, not participating actively on strain absorption as
observed for duplex steel grades. So, in our case, once the fcc slip systems in austenite
films should be aligned with the boundary, slip in the films should occur at lower resolved
shear stress than in the laths where the austenite is not present, allowing the hard laths
to slide, generating more extrusions. At higher levels of total applied strain, more slip
systems should be activated, leading to a more prominent topography.

5.1.1.1 Classification of Extrusions

Each sample analyzed by SEM had its surface evaluated in order to classify the types
of extrusions found based on previous studies from other authors, as described in the
section 2.2.5 Shape of Extrusions.

The extrusions shape changes were attributed to the simultaneous action of numerous
slip mechanisms [72]. The bcc structure contains 48 possible slip systems, which can be
activated concomitantly during the straining, leading to grouped extrusions with different
morphologies. Figure 5.1.2 comprehends all the types of extrusions found in this study.

After labeling the extrusions by their morphology, they were categorized as individual
or grouped extrusions (protrusions). Over 300 types of extrusions were classified for each
microstructure (0.5T and 10T). The 0.5T microstructure exhibited a distribution of about
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50% of the isolated type, and the other 50% of grouped extrusions. The protrusions were
predominant for the 10T structure, corresponding of 96% from the total PSMs analyzed
(Figure 5.1.3). For the WQ microstructure, it was found that its surface is largely
composed of individual extrusions (only 3% of them were identified as a protrusion).

Figure 5.1.2: Types of extrusions found on 9Ni steel. a) Band-like b) Coarse c) Cord-like
d) Protrusion e) Ribbon-like f) Tongue-like

Figure 5.1.3: Distribution of extrusions for the 0.5T and 10T samples
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5.1.2 Light Interferometry

The surface texture of the three microstructures at Δεt=1.2% was obtained by the
Scanning White-light Interferometric (SWLI) method and the roughness parameters
described in the section 3.1.5 Light Interferometry were compared to get an idea of the
extrusions profile. Figure 5.1.4 shows the reconstructed surface roughness of the three
microstructures after fatigue tests. For instance, it can be seen from these profiles that
they are already not very similar, where the 10T sample exhibits more deformation-red
peaks spread along the scanned area.

Figure 5.1.4: Surface profile of the LCF tested specimens

Together with the reconstructed image, SWLI provided various measured roughness
parameters. Figure 5.1.5 and Figure 5.1.6 exhibits the box-plot charts for the evaluated
parameters collected from the three microstructures in 2D and 3D, respectively. To see if
there is any statistically significant difference between the measured roughness parameters,
a one-way analysis of variance (ANOVA) at a 0.05 level was performed (results present in
the Appendix 5.5).

Figure 5.1.5: Box-plot charts of the 2D measured parameters
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Figure 5.1.6: Box-plot charts of the 3D measured parameters

According to the ANOVA results, the parameters Ra, Rq, Rz, Rku, Sa, and Sq have
a significant difference between the three microstructures (p value>0.05). For the cases of
Ra, Rq, Rz, the sample 10T showed higher values, meaning that the surface relief is more
evident, as already seen in the previous chapters. The values of Rsk (skewness) for all
samples are positive, this signifies that the surface contains mainly peaks and sharpness,
whereas a negative value of Rsk or Ssk indicates that the surface is composed of valleys.
The Sku parameter (Kurtosis) is always presented in combination with the Skewness to
describe the shape of the topography height distribution. The Sku value above 3 indicates
acute peaks and below 3 designates smooth surfaces [240]. Despite the ANOVA did not
indicate a significant difference between the Sku parameter, the values are very discrepant.
The 10T sample presents lower values, far from the other structures, this may be linked
to the shape of extrusions found, where very few isolated extrusions have been identified
in this microstructure.

5.1.3 Fatigue response

Figure 5.1.7 summarizes all the stress-curves response as a function of the number
of cycles for the three microstructures, the fatigue data is present in the Appendix B).
Different behaviors have been observed for each microstructure and we can see that the
stress levels decrease as the time of the tempering heat treatment increases, and the
initial stress hardening was present for both WQ and 10T samples which have the highest
austenite content.
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Figure 5.1.7: Evolution of the stress amplitude versus the number of cycles of the 9Ni
steel submitted to different heat treatments

The Manson-Coffin relation displayed in Figure 5.1.8 shows that despite having
higher stress levels, the WQ sample presents lower fatigue resistance and the bi-linear
behavior. At this interval of applied strains, no bi-linear behavior was observed for the
10T and 0.5T microstructures.

Figure 5.1.8: Manson-Coffin curves of 9Ni steel submitted to different heat treatments

The stabilized hysteresis curves at different strain levels for each microstructure
were grouped to show the difference in shapes (Figure 5.1.9). The area covered by the
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hysteresis loops represents the cyclic plastic work consumed in each cycle. As noticed by
the measured plastic strain together with the amount of deformation in the surface, the
hysteresis loops of the 0.5T and 10T microstructures are similar and a smaller plastic
strain was observed for the WQ samples.

Figure 5.1.9: Hysteresis loops of the 9Ni steel submitted to different heat treatments

5.1.4 Answer to the question

Based on all aspects investigated in this research, the findings allowed a proper choice
of the heat treatment that should be applied for situations that put this material into
fatigue work.

The water quenched structure presented increased strength and hardness compared
to the other samples submitted to tempering heat treatment. Despite showing higher
stress levels during the LCF tests, the quenched microstructure presented the lowest
fatigue resistance. This is justified by the fact that the microstructure is constrained by
the dislocations inherited from the rapid cooling, making the material less resistant to
cyclic solicitations.

In the point of view of the fatigue resistance, the longer tempering heat treatment
aiming the highest amount of reversed austenite is not effectively necessary. The reversed
austenite plays an important role in the cyclic accommodation facilitating the boundary
sliding, however, only a small amount of stable austenite is already sufficient to improve
the mechanical properties of the 9Ni steel regarding the fatigue behavior. So the material
tempered for 30 minutes is the most proper microstructure combining gains in heat
treatment times and fatigue performance, including stress and fatigue life.
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5.2 From intrusion to microcrack

The transition point from an intrusion to microcrack is an interesting subject, not
only for their classification but to comprehend what leads to the formation of an embryo
crack. This is an intriguing point to be observed because there is no exact consensus on the
differentiation between microcracks and intrusions, they are usually distinguished by length,
but there are cases in which this can lead to an erroneous designation. It is known that a
microcrack is governed by mechanical factors, like stress concentration in a sufficiently
small area. An intrusion otherwise, is governed by diffusion (the movement of dislocations
and vacancies). Here, an approach will be made on cross-sectional visualizations with the
help of the EBSD analyses.

5.2.1 Water Quenched Microstructure

Cross-sectional cuts from samples deformed at the lowest (Δεt=0.8%) and highest
level (Δεt=1.6%) of total applied strain were chosen based on the bi-linear behavior of
Manson-Coffin curve of the WQ material and scanned by EBSD with a 30 nm step size.
At lower levels, the sample was almost without cracks, by contrast, at higher levels the
sample was full of cracks. The goal was to observe a transition point in length from
intrusions to microcracks and their relation to the microstructure. Figure 5.2.1 shows one
of the transverse cuts along the load axis of a deformed sample at 50% of fatigue life, the
surface is fulfilled by extrusions and microcracks.

Figure 5.2.1: Cross-section view of a sample deformed at 50% of fatigue life (Δεt=1.6%)

Figure 5.2.2 represents some of the intrusions/microcracks found in the sample
deformed at Δεt=0.8%. A very small number of intrusions and microcracks were found,
the findings are in agreement with the topographic images obtained from direct observation
done in the surface by SEM, and the FIB lamellae visualized by HRTEM, once the
intrusions are localized in a short distance from the boundaries. Two intrusions with
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very different dimensions were here chosen to represent observations done at this level
of deformation. Subgrains were identified by the IPF maps along the load axis for both
Figure 5.2.2-a and Figure 5.2.2-b, classified as slight orientation variation combined with
a lower IQ, those subgrains are represented by a minor color change. LSM maps also
highlight the LAB around the intrusions. Few nanograins were also present in Figure
5.2.2-a assigned in the IPF maps as an orientation changing in relation to the neighboring
zone. Those nanograins were not identified in a smaller intrusion in Figure 5.2.2-b,
suggesting that this could be a criterion to differentiate intrusions from microcracks.
Regardless of different fatigue crack initiation modes, a parallel will be established here
from the nanograins noticed in this material with the fine granular area (FGA) frequently
seen in the very-high cycle fatigue regime (VHCF). The FGA is thought to be the most
significant type of early fatigue damage in VHCF, consisting of fine grains in order of
tens to hundreds of nanometers, high-density dislocations, and sub-grains with high angle
grain boundaries. A large local strain triggers the formation of FGA [241, 242]. Despite
being considered only for high and very high cycle fatigue damage, it sounds coherent to
relate this definition to the evidence seen in this study, once the nanograins are present
at the tip of the well-developed intrusions or their point of changing in direction.

KAM maps were used to evaluate the strain-related distribution and it has indicated
a plastic zone around the intrusions. This is more evident in Figure 5.2.2-b, at the tip of
the intrusion; the LSM map shows in that zones a LAB with a range of 2-5°, indicating
a dislocation arrangement. Nanograins were only identified in supposed intrusions with
dimensions superior to 3 µm, where HAB were evident in the LSM maps.
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Figure 5.2.2: Cross-section view of a sample deformed until the end of fatigue life
(Δεt=0.8%). The dashed lines indicate the intrusions location

At a higher level of total applied strain, the intrusions and microcracks were abundant,
facilitating the data acquisition for a better comprehension of the transition point of an
intrusion to a microcrack. Figure 5.2.3 shows three selected intrusions/microcracks from
the numerous that have been collected with average length, leading to the two considered
cases: with or without FGA. As seen at lower levels of total applied strain, the intrusions
are localized from a certain distance from the boundaries. An interesting point is that
the nanograins were identified in high quantity at the microcrack/intrusion tip, but as
well as along its whole length, when they are longer than 2-3 µm. Those nanograins were
even more concentrated when a change in direction was seen, as demonstrated in Figure
5.2.3-a. KAM maps again indicated a possible high plastic activity concentrated around
the intrusions and at the surface, where the extrusions are present. The plasticity seems to
be more concentrated in the corresponding zones with nanograins formation, indicating a
mechanism to impede the intrusion/microcrack to grow. LSM maps confirm the subgrains
to nanograins formation by the misorientations superior to 15°. Moreover, Figure 5.2.3-b
also confirms results previously found by HRTEM, when an intrusion develops breaking
the lath apart (IPF map shows the intrusion surrounded by zones with no orientation
change), but after some cycling, it changed the path towards the boundary. Figure 5.2.3-c
shows a sharp intrusion localized away from a boundary with no presence of nanograins
around it, helping to reinforce the theory that the transition of an intrusion to microcrack
has two evidences: the length and the FGA around it. This last intrusion has not yet
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reached the critical size and does not present the FGA next to it.

The latest observation confirms that length is not the only marker of the
intrusion/microcrack transition. Indeed, the existence of nanograins attests the
changeover from an intrusion to a microcrack associated with a critical length/depth
around 3 µm, below this size, nanograins were not found and only sharp intrusions
surrounded by some subgrains were identified. So the continuous formation of fine grains
with high angle grain boundaries is the indicator of the transition point from an intrusion
to microcrack. It occurs in the place of dislocations cells. This transition involves both
the intrusion length and the stress state. The latter results from the overall external
loading and the local confined constraint caused by the metallurgical environment of the
intrusion tip. An intrusion that has initiated in the middle of a lath, far from interfaces,
would require a longer length to evolve into a microcrack than an intrusion close to an
interface.

Figure 5.2.3: Cross-section view of a WQ sample deformed until the end of fatigue life
(Δεt=1.6%)
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5.2.2 10 Hours Tempered Microstructure

Figure 5.2.4 shows one of the transverse cuts along the load axis of a deformed
sample at 100% of fatigue life, few extrusions, and one small intrusion are visible from this
cut. The objective is to understand the transition state from intrusions to microcracks
and establish a parallel with the WQ samples. For this observation, samples tested at
Δεt=0.8% and Δεt=1.6% were chosen and analyzed by EBSD with a 30 nm step size.

Figure 5.2.4: Cross-section view of a 10T sample deformed at the end of fatigue life
(Δεt=1.6%)

At lower levels of total applied strain, the sample was almost without cracks, in
contrast, at higher levels the sample is filled by them.

Figure 5.2.5 shows one intrusion and an extrusion scanned from the sample with
Δεt=0.8% at the end of fatigue life. Again, few thin intrusions were hardly found and no
microcrack was identified at least in this sectioned zone.
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Figure 5.2.5: Cross-section view of the 10T sample deformed until the end of fatigue life
(Δεt=0.8%). The dashed lines indicate the intrusions location

The scanned intrusion shown in Figure 5.2.5-a is located within a martensitic
substructure (lath), identified as a light orientation changing by the IPF map. Few
nanograins are visible at the level of the surface and very light misorientation is seen
around the intrusion, being assigned as subgrains. The LSM map confirms this observation,
showing LABs around the intrusion. The KAM maps point to a high strain localization
close to the surface, where the extrusions are present, and along the intrusion. Figure
5.2.5-b shows an extrusion with a high dislocation activity, an intense plastic zone, with
the presence of subgrains and nanograins at the level of the surface. No clear conclusion
could be taken from the sample tested at Δεt=0.8% in respect of differentiation between
microcracks and intrusions due to an insufficient number of encountered intrusions. On
the other hand, the sample tested at Δεt=1.6% had a considerable amount of microcracks
and intrusions that could help to obtain a proper interpretation. Figure 5.2.6 shows some
intrusions/microcracks selected with distinct dimensions to illustrate the findings.

Figure 5.2.6-a shows a KAM map with intense plastic activity at the tip of the crack,
IPF map indicates the presence of a FGA mostly at the tip of the microcrack and at
the level of the surface. The LSM map points the dislocations and their substructures
along the crack marked as LABs. Figure 5.2.6-b shows another small microcrack, the
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presence of nanograins is also noticed. Plastic zones are present at the level of the surface
and along the microcrack. One interesting point is the microcrack path, at the very first
microns, it stays inside a martensitic unit, as indicated by the IPF map, changing its
path towards a HAB. The same behavior was observed for the WQ microstructure. LSM
map again highlights the LAB structures present along the microcrack. Finally, Figure
5.2.6-c shows an intrusion marked by the dotted lines. The FGA was not found around
microcracks with less than 4 µm in length, the evidence is that the FGA together with a
limited length of 4 µm are the keys to differentiate the intrusions from microcracks in the
case of the 10T microstructure.
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Figure 5.2.6: Cross-section view of the 10T sample deformed until the end of fatigue life
(Δεt=1.6%). The dashed lines indicate the intrusions location
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5.2.3 Remarks

As far as we know, only the length parameter was used to label and distinguish an
intrusion from a microcrack. With these investigations done here with two complex but
dissimilar microstructures, we could manage to do the identification of several microcracks
and intrusions found during the intensive analysis. Progress has been made to understand
the transition point of an intrusion to a microcrack. There is evidence to suggest that
the length of the intrusion indeed gives us an idea of the changeover, but it needs to
be combined with the presence of a fine granular area around it. Both microstructures
showed a length threshold around 3-4 µm, below this value no high misoriented nanograins
were seen.

This has gone some way towards enhancing our understanding of the mechanism of
fatigue crack initiation. Our results are encouraging and should be validated by deeper
investigations with similar complex structures.

5.3 Selection criteria for technical analysis of
austenite identification

It was remarked a certain difficulty to assure the real amount of austenite combined
to their precise location. Each technique has its limitation. For example, the XRD
technique quantifies very well the amount of austenite, still, it does not provide tools to
indicate the precise location of the films. The SEM-EDS technique solves this issue, based
on the knowledge that the gammagenic elements are related to the austenitic phase, but
it is limited to their thickness. Actually, the microscopy techniques, principally the EBSD
technique, presented a difficulty to identify the austenitic phase in a reliable quantity and
it was incapable to resolve the very thin austenitic films, even on a very well prepared flat
surface. This issue becomes more problematic when the samples presented a considerable
topography originated from the fatigue tests. The amount of relief impeded, even more,
the identification of the austenite. Inducing the thought that both austenitic phases were
meta-stable, not being well identified after deformation.

At first, the TEM microscopy technique offers enough resolution to resolve the
austenitic films. But two main issues come from this technique. First of all, the sample
must be destroyed to produce the thin foils. Secondly, it represents a very small area
collected from the sample. After deformation, another drawback is imposed, mostly in the
case of the meta-stable retained austenite. The FIB machining puts too much energy into
a very small zone that will induce the transformation of the austenite into martensite. In
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the case of the reversed austenite, due to the increased content in gammagenic elements,
it still remained intact even after the FIB machining.

One very interesting and non-destructive tool that allows the identification of the
austenite and its location even after the LCF tests is the Magnetic Force Microscope.
This technique represents a viable choice to complement the investigation and correlation
between the austenite and the surface relief. More details on this tool will be given in the
following section.

5.3.1 Magnetic force microscopy (MFM)

Magnetic force microscopy can be used in addition to basic AFM to quantify the
magnetic interaction between the tip and magnetic domains of the sample surface, the
tip is coated with a ferromagnetic film. In other words, the MFM technique is ideal for
differentiating the ferromagnetic phase (ferrite) from the paramagnetic phase (austenite)
at an adequate lateral resolution and provides complementary information when used in
conjunction with other techniques.

Several studies have been reported on the nondestructive characterization of
microstructure and stress-induced perturbations using magnetic techniques, which are
sensitive to the ferromagnetic phase [243–248]. MFM is a two-pass semi-contact mode
approach, the topography of the surface is acquired in the first pass using tapping mode
scanning. The second pass traces the same path as the first mode, with a little small
offset to detect the magnetic interaction from the tip and the surface. Figure 5.3.1 shows
how the data is collected while a sample is scanned. MFM can be used in a variety of
situations and requires minimal sample preparation. The resolution depends on the tip
size, but typically a value around 50 to 100 nm can be reached. However, nanometric
films can be detected due to the magnetic field effect, which exaggerates their dimensions.
In the case of the 9Ni steel, which is composed mostly of a magnetic phase, the goal is to
observe places that the magnetic domain stays unchanged and correlate their position to
the very thin austenitic films. Although it is known that a MFM interpretation is not
always simple, the findings thus need to be treated with caution, the combination with
other techniques acts as a support for the observations done with this technique.
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Figure 5.3.1: MFM principle of work [249]

Due to the maze (or labyrinth) type magnetic domains prevalent in the ferrite phase,
MFM imaging clearly distinguishes the ferrite phase from the austenite phase [250]. An
MFM scan from duplex stainless steel is illustrated in Figure 5.3.2.

Figure 5.3.2: a) MFM image of the duplex stainless steel with austenite (uniform) and
ferrite (labyrinth pattern) b) Corresponding AFM topography with austenite (lighter)
and ferrite (darker) [251]

The MFM technique shows itself as a novel model for visualization of the very thin
films of retained austenite, which is hardly observed by other techniques. The MFM
measurements were done on a Bruker’s Dimension Icon machine. The experiments were
performed at Bordeaux University under the expertise of Dr. Jean-Marc Olive. Specimens
of each WQ and 10T microstructures, before and after the LCF tests with Δεt=1.2%
were used for the investigation.
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5.3.1.1 Interesting findings

Figure 5.3.3 presents two 50 μm × 50 μm topographic and magnetic force images of a
non-deformed specimen, a SEM micrograph taken from a Nital-etched specimen was put
together to allow a comparison between the obtained images from the MFM analysis. The
magnetic force image was taken at a lift height of 60 nm. The bright and dark regions
in the magnetic force image correspond to repulsive and attractive forces, respectively.
Zones with intense repulsive force are seen in a very fine scale, and may be correlated to
the austenitic nanofilms that were only observed by the TEM technique, those thin films
were present at the boundaries. If this supposition is done, the deformed specimens would
still present zones with intense magnetic perturbation, once a very small fraction suffered
strain-induced martensitic transformation. The MFM approach has been already used to
visualize the retained austenite in TRIP steel, as demonstrated by Zens et al [248] and
those literature findings support what is being observed in our investigation.

Figure 5.3.3: MFM topographical (left) and magnetic force (right) and corresponding
SEM image (bottom) image of the WQ sample, without deformation

Going into a deeper examination in a 5 μm × 5 μm scan (Figure 5.3.4), the observed
diagonal bright-line pointed by the blue arrow can be attributed to a martensite lath
indicated by a dashed line in the topographic image. With the observations done by
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MFM in the WQ sample before LCF testing, our findings appear to present satisfactory
agreement with the TEM results obtained for the same material in the same condition.

Figure 5.3.4: Closer view of a MFM topographical (left) and magnetic force (right) of the
WQ sample, without deformation. The dashed lines in the topographical image indicates
a lath boundary, the blue arrows in the corresponding magnetic force image points to the
bright spots aligned in the same location of the indicated boundary

Figure 5.3.5 exhibits topographical and magnetic force images for a WQ specimen
submitted to LCF test at Δεt=1.2%. The topography of the sample composed by the
PSMs is clearly observed, where the bright zones correspond to a relief produced by the
extrusions. The corresponding magnetic image indicates a very light repulsive force next
to some of the extrusions observed. In this case, after the fatigue test, a proper height of
80 nm was chosen to assure that the influence of surface topography was eliminated and
the cantilever was only affected by the magnetic forces.

Figure 5.3.5: MFM topographical (left) and magnetic force (right) of the WQ sample,
after LCF test (Δεt=1.2%).

167



CHAPTER 5. OUTCOME, EMERGING FINDINGS AND CONCLUSIONS

A closer look into a zone with some extrusions gives us more details of the possible
presence and influence of the austenitic films in the boundary sliding mechanism (Figure
5.3.6). By superposing the images we could observe that the same repulsive bright spots
is present in the vicinity of some extrusions reinforcing, even more, our theory that the
austenite adjacent to the boundaries acts as a greasy film allowing the displacement of
martensite matter towards the surface.
In some identified extrusions, no perturbation was clearly observed, still, the cause of
this lack of evidence of the austenitic phase can probably be attributed to a partial
strain-induced transformation into martensite, which was supposed based on the XRD
results.

Figure 5.3.6: MFM topographical (left) and magnetic force (right) of the WQ sample
after LCF test (Δεt=1.2%). The blue arrow points to the austenitic phase placed next to
the extrusion.

The magnetic field may disturb up to a considerable extension, in that case, it is
important to find a good height value that allows a clear magnetic visualization that
is also unaffected by the topography. The 10T microstructure presented a considerable
magnetic perturbation, being detected up to 80 nm from the surface. Figure 5.3.7 shows
the different trials in order to achieve the better height lift for the MFM scan when the
10T sample was analyzed.
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Figure 5.3.7: MFM topographical images as a function of the lift height

Two 20 μm × 20 μm topographic and magnetic force images of a 10T non-deformed
specimen is represented in Figure 5.3.8. The magnetic force image was taken at a lift
height of 60 nm. Again, the bright and dark zones in the magnetic force image are related
to repulsive and attractive forces, respectively. By comparing with the SEM micrograph
of the same sample etched by Nital, we can conclude that the white spots in the magnetic
force images correspond to the austenitic phase present at the interfaces. The austenitic
phase noticeably exerts some perturbations on the magnetic force acquisition. In addition
to the results found in TRIP steels [248], duplex stainless steels also display the austenitic
phase as the light zones and the striped brown zones correspond to ferrite [252, 253].
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Figure 5.3.8: MFM topographical (left) a magnetic force (right) of the 10T sample,
without deformation

A detailed scan in a 5 μm × 5 μm reduced area validates the theory that the very
light spots are linked to the reversed austenite islands present dispersed in the matrix
boundaries (Figure 5.3.9).

Figure 5.3.9: Closer MFM topographical (left) and magnetic force (right) of the 10T
sample, without deformation
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The SEM corresponding zone showing the deformed zones of the 10T sample with
1.2% of total applied strain is placed next to the 40 μm × 40 μm zone scanned by the
MFM technique (Figure 5.3.10). The magnetic force image was taken at a lift height of
60 nm.

Figure 5.3.10: SEM image (left), MFM topographical (middle) and magnetic force (right)
of the 10T sample after LCF test (Δεt=1.2%)

Figure 5.3.11 shows both topographic and magnetic 5 μm × 5 μm images of a LCF
deformed specimen at Δεt=1.2%. By superposing the images, very light zones exhibiting
magnetic perturbation can be observed, and once again, they are in the vicinity of the
extrusions, as indicated by the blue arrows. In addition, dashed lines were made to
represent the PSMs, allowing a proper visualization of their location. These observations
made here are consistent with those analyzed by TEM in the FIB lamellae and also by
the c-ECCI technique, where the austenite films lied between the martensitic laths and
were very close to the extrusions.

Figure 5.3.11: Detailed view of a MFM topographical (left) and magnetic force (right) of
the 10T sample after LCF test (Δεt=1.2%)
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The fraction of brighter zones was measured with the aid of the ImageJ software,
and it was found an area fraction of about 10% for the 10T ample and 7.7% for the WQ
sample, result very near to the austenite fraction identified by XRD technique.

It was provided here with further evidence that the austenitic films present at the
interface behave as a lubricant. Taken together, these findings suggest that the austenitic
films facilitate the sliding between the laths and consequently allowing the rise of an
extruded volume due to the plastic activity along the cyclic deformation. The present
findings have important implications on proposing the mechanism for complex hierarchical
structures and the ones that would permit gentle interface modifications.

5.4 Fatigue crack initiation in martensitic steels: role
of greasy interface

It would have been very tempting to draw a parallel between the behavior of the
present multi-phased 9Ni steel and other multi-phased material such as TRIP steels
or duplex steels, where there is a successive contribution of the phases according to
the increasing yield stress. Here, the austenitic phase, independently of its yield stress,
contributes to the cyclic plastic deformation in another way than by its own deformation
and transformation.

The results obtained from this research converged into a single model for the
mechanism of fatigue crack nucleation which depends on the presence or not of the
interlath austenitic film. The mechanism is summarized in Figure 5.4.1.

First of all, this model covers two different situations. The presence of austenite will
drastically change the distribution of stresses along the laths and their interfaces, this is
illustrated in Stage 0. In the presence of the austenitic film, the sliding will be facilitated
in this zone due to a local decrease in stress, the following steps will be detailed in the
subsequent stages. However, in the case of the absence of austenitic films, a built-up
of stress at the boundaries will take place. Together with that, a drop in stress levels
in the adjacent zones will be noticed. The main important thing to highlight is that
the location of the pair of extrusions-intrusions will be dislocated by some nanometers
from the boundaries and it is linked to the facility of slip due to a local decrease in
the stress levels. The point in common is that at the initial state, the dislocations are
distributed homogeneously in the matrix, usually entangled. Depending on the heat
treatment applied, the dislocations will be already organized as recovered cells.
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Figure 5.4.1: Proposed mechanism of fatigue crack initiation in martensitic steels

Stage 1: Owing to a small misorientation between each other and the presence
of austenite films/islands, the laths have easy slip among them. During the cycling,
the dislocations will start to glide, and some will be impeded by other dislocations
arrangements. As the cycling continues, the dislocations will be released and will continue
moving towards the boundaries.
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Stage 2: The accumulated dislocations at the boundaries will tend to pile-up and
arrange themselves, leading to a formation of a very thin Persistent Slip Band (PSB)
right at the interface. In this case, the entire lath will not behave as a PSB itself, but
only a small portion of it.

Stage 3: The combination of dislocation movement together with the facilitated
cross slip, due to the several activated slip planes leads to their strong interaction causing
their annihilation or production of point defects (interstitial). At the very early stage of
fatigue life, compressive stress will build up in the zones with interstitial accumulation,
originating the first slip steps (very early stage of the PSMs). The appearance of those slip
steps corresponds to the beginning of the cycling softening. Due to the highest mobility,
the vacancies will migrate and accumulate towards the virtual interface created between
the zone with intense plastic activity and the quasi-elastic matrix.

Stage 4: As the cycling continues, more dislocations will be released and migrate
toward the interfaces or will rearrange themselves into a more stable structure, such as
cells walls. The austenite, acting as a greasy film facilitating the boundary sliding, will
be partially transformed by the intense activity, producing strain-induced martensite.
This partial transformation will originate stress compression fields that tend to repel the
vacancies, they will rather prefer to move toward the virtual interface (between the PSB
and the matrix). The zones with a stronger accumulation of vacancies will lead to a local
decrease of the elastic modulus [254, 255]. As proposed by Polak [7], a rearrangement of
matter will be originated by the ongoing migration and accumulation of vacancies at the
interface of the PSB and a motion of atoms in the opposite direction (interior of the PSB).
This rearrangement of matter will lead to a volume increase within the PSB. In a tentative
of relaxing the internal compressive stress, the matter will be extruded transforming the
slip steps into extrusions, which later will widen and heighten with subsequent cycling.

Stage 5: Later, tensile stresses will concentrate in the zones with vacancy
accumulation. As soon as the peak stress reaches the higher yield stress of the matrix,
the internal tensile stress will be also relaxed by cyclic creep, generating an intrusion in
the virtual layer between the PSB and the matrix [7].

Stage 6: The sharp intrusions with a crack-shape will raise the stress in this zone
and will develop in length along the PSB/matrix interface, deviating towards the lath
interface. FGA will be generated around the intrusion as a tentative to blunt the intrusion
development into a microcrack. However, if the radius of the tip of the intrusion and
the amount of deformation imposed is high enough, the intrusion will transform into a
microcrack. If the microcrack continues to grow as a stage I crack and suits the fracture
criterion, it will then propagate and maybe transforming into a macrocrack.
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5.5 Concluding remarks

The challenge of the PhD project aiming to understand the mechanism of fatigue
crack in a material with a complex structure has finally been met. The 9Ni martensitic
steel appeared as a very suitable material to investigate the role of any metallurgical item
possible to be found in a material: interfaces, multiple phases and dislocation density.
The right selection of heat treatments allowed investigating all these metallurgical items,
and even more, such as the nature of austenite (retained or reversed).

This work has also pointed out the necessity of carefully choosing the investigation
technique. Because of the hierarchical microstructure, the size of the investigated element
becomes so small that it approaches to the resolution of the equipment. The difficulty lying
on the detection of some features was also challenging, and this can deviate the conclusions
towards another point. For example, the visualization of the retained austenitic film was
dificulted when the FIB machining was used, because of its strain-induced transformation
property. It does not mean that the austenitic phase was not there, though.

Nevertheless, by taking into account all these considerations, a generalized concept
of crack initiation in materials of the martensitic family has been proposed based on the
previously explored in the literature for less complex microstructures, such as austenitic
and ferritic steels or monocrystals. The obtained results also lead to the practical use of
this material and a recommendation of the “best” heat treatment for fatigue resistance
has been mentioned. The present results can be employed to other alloys with martensitic
structure, like the 17-4PH steel (precipitation hardened stainless steel).

Finally, I would suggest to continue the present research by these three actions:

• Would a 9Ni steel free of austenite be much less fatigue resistant than a
microstructure of this same alloy containing austenite? In other words, does the
austenite bring a substantial advantage regarding fatigue resistance? This must not
be confused with TRIP steel, where the austenite contributes to the mechanical
strength by the transformation of austenite.

• Because 9Ni steel is planned to be used at low temperature, what is the fatigue
behavior in liquid nitrogen? Is the austenite still stable and provides the greasy
effect?

• Since we have identified a criterion for distinguishing intrusion from microcrack, the
study at low temperature could confirm or not this hypothesis. Since the intrusion
formation involves the diffusion process of vacancies, then their growth should be
reduced at lower temperature ranges.
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Appendix B

Fatigue data

Sample % Δɛt Sample n Δɛp 50% life Δɛp Nf 

WQ - 8% retained austenite 

0.8 
1 0.09 773 8000 

2 0.10 998 9469 

0.9 
1 0.21 1150 5596 

2 0.23 1750 7800 

1 
1 0.18 484 2800 

2 0.23 713 3200 

1.2 
1 0.35 231 650 

2 0.35 440 1300 

1.6 
1 0.69 406 599 

2 0.67 435.5 650 

0.5T - 4.5% reversed austenite 

0.8 
1 0.23 1014.8 4563 

2 0.32 2055.8 6221 

1.2 
1 0.55 698.1 1300 

2 0.53 695.4 1342 

1.6 
1 0.98 722.7 750 

2 0.96 1046 1089 

10T - 11% reversed austenite 

0.8 
1 0.37 1077 2923 

2 0.26 2357 8868 

1.2 
1 0.56 1418 2600 

2 0.72 1414 1960 

1.6 
1 0.90 1032 1150 

2 0.92 787 850 

 

 

INTERRUPTED TESTS 

Sample % Δɛt Δɛp 50% life Δɛp 
N 50% 

life 

WQ - 8% retained austenite 
0.9 0.21 675.5 3261 

1.2 0.38 237 620 

0.5T – 4.5% reversed austenite 1.2 0.7 440 630 

10T - 11% reversed austenite 1.2 0.72 1414 1960 
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Summary

WATER QUENCHED (WQ)

• Retained austenite + 
Martensite;

• KAM - highly 
disoriented zones at 
initial state;

• Majority of isolated 
PSM’s;

• PSMs present at GB 
for higher Det ; And 
at LAB for lower Det

30 MINUTES (0.5T)

• Few Reversed 
austenite  + Tempered 
Martensite;

• KAM - intermediate 
between WQ and 10h;

• 50% isolated PSM’s 
and 50% of 
Protrusions;

• PSMs present at LAB 
(laths/blocks); 
Sometimes HAB 
(packets)

10 HOURS (10T)

• Reversed austenite  + 
Bainite + Tempered 
Martensite ; 

• KAM - less 
disoriented zones at 
initial state;

• Majority of 
Protrusions;

• PSMs present at LAB 
(laths/lath 
interfaces) or within 
blocks

Extrusions emerges at boundaries, intrusions in the middle;

Extrusions in the middle of wider laths, when no austenite is found;
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Abstract
The very complex hierarchical structure of the 9Ni martensitic steel was used in this study as a

tentative of proposing a mechanism of fatigue crack initiation. The PhD work took into consideration
the impact of the interface nature and the matrix morphology. These metallurgical parameters have been
successfully managed with controlled heat treatments. Thus, the austenite content as well in the retained
form as in the reversed one and the change from martensitic to bainitic matrix were considered as relevant
to answer the primary objective of the thesis. In addition, the goal of this work was also to suggest heat
treatments leading to the best fatigue performance. Low cycle fatigue (LCF) tests were carried out at
room temperature under several constant strain ranges (Δεt) from 0.8% to 1.6%. The microstructure
and dislocations structures were deeply characterized by advanced microscopy techniques (SEM, c-ECCI,
EBSD, TEM, HRTEM, and MFM). The stress response to strain cycling was microstructural dependent.
The quenched martensitic steel with 8% of retained austenite was more prone to cyclic softening and
presented less fatigue resistance than the tempered bainite-martensitic one with 10% of reversed austenite.
The latter had a more deformed surface fulfilled by small cracks for all strain levels. The investigations
allowed concluding that in all cases, the austenite films play an important role in the accommodation of
plastic deformation, acting as a lubricant and promoting matter displacement along the thin martensitic
laths. This resulted in extrusion development at interface boundaries and intrusion nucleation in the laths,
differently than what was observed before with a 12Cr martensitic steel without any interface modification.

Keywords LCF, Martensite, Austenite, Plastic Deformation, Persistent Slip Marks, 9Ni steel,
Microcrack initiation, SEM-EBSD.

Résumé
La structure hiérarchisée très complexe de l’acier martensitique 9Ni a été utilisée dans cette étude afin de

proposer un mécanisme d’amorçage des fissures de fatigue. Le travail de thèse a pris en considération l’impact
de la nature de l’interface et de la morphologie de la matrice de l’acier. Ces paramètres métallurgiques
ont été gérés avec succès par les traitements thermiques contrôlés. Ainsi, la teneur en austénite aussi bien
sous forme retenue que sous forme de réversion et le passage d’une matrice martensitique à une matrice
bainito-martensitique sont apparus pertinents pour répondre à l’objectif premier de la thèse. De plus,
le but de ce travail était également de proposer des traitements thermiques conduisant aux meilleures
performances en fatigue. Des essais de fatigue oligocyclique (LCF) ont été réalisés à température ambiante
sous plusieurs variations de déformations (Δεt) de 0,8% à 1,6%. La microstructure et les structures de
dislocations ont été soigneusement analysées par microscopies de pointe (MEB, c-ECCI, EBSD, MET,
HRMET et MFM). L’évolution des contraintes au cours du cyclage était dépendante de la microstructure.
L’acier martensitique trempé avec 8% d’austénite retenue était plus sensible à l’adoucissement cyclique et
moins résistant à la fatigue que l’acier bainito-martensitique revenu avec 10% d’austénite de réversion. Ce
dernier avait une surface plus déformée couverte de micro-fissures pour tous les niveaux de déformation. Les
investigations ont permis de conclure que, dans tous les cas, les films d’austénite jouent un rôle important
sur l’accommodation de la déformation plastique, agissant comme un lubrifiant favorisant l’écoulement de
la matière le long des très fines lattes martensitiques. Cela a conduit au développement d’extrusions au
niveau des interfaces et une germination d’intrusions (embryon de fissure) dans les lattes, ce qui diffère des
observations préalablement menées avec un acier martensitique 12Cr sans aucune modification d’interface.

Mots clés: LCF, Martensite, Austénite, Déformation plastique, Bandes persistantes, Acier 9Ni,
Amorçage de fissures, MEB-EBSD.
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