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CHAPTER 1. General introduction

1.1 Research background
1.1.1 Present situation of high-strength steel

Advanced high strength steels with improved ductility and strength have been
developed by utilizing the characteristic microstructure features, e.g. ultra-fine grains [1,
2], multi-phase microstructure [3, 4], and retained austenite showing transformation-
induced plasticity (TRIP) effect [5, 6]. In particular, the TRIP effect has been extensively
used in the automobile industry because extraordinary formability and shock absorption
energy combined with a superior tensile strength can be realized [7]. TRIP effect
primarily provides an improved elongation. The mechanism is that deformed metastable
austenite transforming to martensite results in local hardening, subsequent deformation
transfers to other austenite and activates this hardening process. This repetitive
hardening process delays material necking phenomenon (Fig. 1.1 [8]). In fact, TRIP steel
can be divided into various types characterized by second/third phase [9], the
distribution of solute atoms [10, 11], the crystal structure of martensite [12, 13], and the
morphology of retained austenite [14, 15]. More specifically, the combination of pre-
existing ‘hard’ martensite (or bainite) and ‘soft’ metastable retained austenite can lead
to achievement of high tensile strength without deterioration of ductility, and satisfy

various demands of the automobile industry.
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Martensitic steels have been widely applied in industrial fields such as connecting
bolt, springs, bearings, pressure vessel shell, drive shafts, etc. because of the higher
tensile strength, compared with ferric or austenitic steels. In fact, martensite matrix
having hierarchical microstructure consists of martensite packet, block and lath
boundaries within prior austenite boundary [16]. Besides, martensite matrix intrinsically
contains large amount of dislocations. Under applied strain, new dislocations are
generated. Due to dislocation-dislocation interaction and dislocation pile-up at boundary
phenomena, back stresses are generated and result in strain hardening [16-18]. The
strength level can be controlled by solution hardening, dislocation hardening, grain
boundary strengthening, and precipitation hardening. Especially, intermetallic
compounds precipitate during aging drastically increases the yield strength (Fig. 1.2
[19])[20, 21], because the intermetallic compounds have disloaction-pinning effect.
Martensitic steel with intermetallic compounds is called maraging steel. However, the
ductility of maraging steel is lower compared to that of other steels, e.g. austenitic steel.

To achieve an exceptional balance between ductility and strength, the metastable
austenite, which possesses TRIP effect during deformation, has been recently applied to
maraging steel, obtaining the so-called TRIP-maraging steel. This steel grade can
achieve 21% total elongation with a ultimate tensile strength of approximately 1.3 GPa
as shown in Fig. 1.3 [19, 22]. The microstructure of typically reported TRIP-maraging
steels consist of maraging martensite/retained austenite fine laminate structure[23],
which can arrest and confine crack. The retained austenite can transform to martensite,
providing high work hardening capacity and uniform elongation. This instance
illustrates that present development tendency of steel is moving towards ductility

improvement of high-strength steel.
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1.1.2 Fatigue and fatigue crack initiation

From the viewpoint of structural design, fatigue failure is the most important
mechanical phenomenon in structural design. Even though the cyclic stress amplitude is
lower than the yield strength, the occurrence of fatigue failure always causes
catastrophic accidents in service such as in pearlitic steels [24]. In fact, fatigue crack
results from locally microscopic plastic deformation [25, 26], because the material
microstructure consists of heterogeneous gains in terms of size, geometry,
crystallographic orientation, and dislocation quantity, and this fact determines an
unevenly distributed stress on these grains. Although metal material contains multi-slip
systems, one of them is preferably activated by the maximum shear stress and provides
a slip plane for dislocation motion [27, 28]. Due to the irreversible gliding of dislocations
[29, 30], microscopic plastic deformation forms and presents extrusion and intrusion
phenomena on the material surface [31-33]. In fact, this process of micro-roughness
formation is crack initiation. Simultaneously, stress concentration occurs at crack tip,
and activates new microscopic plastic deformation for crack growth.

In the low cycle fatigue regime (10* < Ny < 10°) [34], failure is caused by multi-
crack initiation and subsequent crack growth and coalescence under a macroscopic
yielding condition. In the high cycle fatigue regime (10°< Ny< 107) [35], crack initiation
occurs owing to micro-yielding under a macroscopically elastic condition. In the very
high cycle and gigacycle fatigue regimes (Ny > 107) [36], one of factors causing failure
is fatigue crack initiation and growth from inclusions that trap environmental hydrogen.

The hydrogen-related cracking can result in a fisheye feature on the fracture surface [37].
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1.1.3 Fatigue propagation and fatigue crack growth rate

However, it is inevitable to cause defects during material processing. For instance,
flaws, scratches and inclusions which act as stress concentration can initiate crack. Even
artificial holes need to be designed in the structure steel. Moreover, overload usually
occurs and influences crack propagation. In this regard, understanding fatigue crack
propagation appears to be particularly important, which is not only beneficial to ensure
production safety, but also to attain the maximum efficiency of the material. George R.
Irwin [38] firstly proposed concept of the stress intensity factor (K) to quantify the stress
severity at crack tip:

K =6 (na)

Where o is remote applied stress, a is half of the crack length. Since Mode | crack
describing brittle fracture is the most dangerous, fracture toughness is represented by
Kic. High value of Kic indicates strong capacity of fracture resistance.

K < Kic, (not fracture)

K> Kic, (fracture)
Since cyclic overloads always occurs in engineering application, it is necessary to
predict the fatigue propagation life through calculating fatigue crack growth rate
(FCGR). There is a relationship between FCGR and stress intensity factor range (AK),
including three stages (Fig. 1.4). Stage Il. describes near-threshold fatigue crack
propagation behavior that crack starts to propagate under the condition of AK exceeding
threshold stress intensity factor range (AKw). Stage Ilc describes AK approximate to Kic,
indicating that material is about to fracture. However, stage Il, shows a linear trend
called Paris law [39] which is significantly helpful to predict the fatigue life using the
equation:
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AK = Kmax— Knmin

di/dN =C (AK) ™
where [ is fatigue crack length, N is number of cycles, C and m are material constants.
However, FCGR decreases with stress ratio decreasing, there must be influence on

fatigue resistance.

1.1.4 Fatigue crack closure

Based on stress ratio dependence of FCGR, W. Elber discovered plasticity-induced
crack closure (PICC) from aluminum alloy [40]. Specifically, the elastic material
provides the compressive residual stress to the plastically deformed crack surfaces,
causing the fatigue crack tip premature contact. The effective stress intensity factor
range, AKessr was formulated with the stress intensity value calculated for the crack
opening load (Kop) as follow:

AKetf = Kmax— Kop
di/dN = C’ (AKetf) ™" (C” and m’ are material constants)

Recently, a study concluded [41] that PICC effect and associated AKih increase with
(i) small crack length or (ii) material hardness under the condition of small crack. This
law is characterized by high versatility involving in steels and aluminum alloys (Fig.
1.5). In addition, calculation exhibits that FCGR decreases when fatigue crack
propagates from a soft to hard phase due to PICC effect increment [42]. These serial of
studies reveal that the knowledge system of PICC has been established and is widely
used to solve other questions.

With scientific research developing, other crack closure phenomena have been

observed in metal material. They are classified through different mechanism, including
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oxide-induced crack closure (OICC) [43], transformation-induced crack closure (TICC)
[44, 45] and roughness-induced crack closure (RICC) [46]. In terms of OICC, S. Suresh,
et. al., [47] found out the reason for the lower FCGR in moist environment than inert
atmosphere. That is, oxidation layer gradually forms at crack surface, subsequent
fretting oxidation is formed by compressive stress stemming from PICC [48]. In terms
of TICC, martensitic transformation from metastable austenite causes volume expansion,
corresponding analysis is based on the examination of austenite fraction ahead of crack
tip [49]. In terms of RICC, the plastic zone size not larger than the grain size activates
single shear stress. Based on this phenomenon, a zigzag crack path forms after crack
crosses a few grains. Under this shear stress, the upper and lower crack surfaces
relatively slip and contact each other [46]. R.O. Ritchie [50] applied 2048-T851
aluminum alloy with different grain size to conclude that coarse grain contributes to
crack roughness and delay transition from Stage I to planar Stage II crack growth.
Besides, Pippan [51] reported that crack surface is characterized by asymmetric
morphology which is caused through the irreversible dislocations. In addition, G. T.
Gray reported that [24, 52] crack surface roughness in pearlitic steel showed high
microstructure dependence, because of the crack deflection along ferrite/cementite

laminated microstructure.

1.2 Purpose of this study

In this study, I focus on the effect of RICC on the fatigue small crack resistance of
a newly-developed high-strength alloy. During small crack evolving to long crack, AK
and associated PICC effect significantly increase and become stable, because AK for

long crack is determined only by Young’s modulus and Poisson’s ratio [41], in other
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words, different metal materials have similar AKy, value under the small crack condition.
Thus, the small crack resistance is important criteria for material evaluation. On the other
hand, increasing PICC effect results in OICC effect increment. Specifically, fretting
oxidation increases the thickness of oxide lays at crack tip with PICC effect under long
crack condition, then associated compressive stress is increased to assist crack closure.
That is, the OICC effect is less under the small crack condition [47, 53]. In addition,
increasing small crack length also enhances crack surface roughness and associated
RICC, because plastic zone size approximate to single grain size activates single shear
system [50]. Therefore, understanding RICC effect on small crack behavior can
contribute to material evaluation.

A type of TRIP-maraging steel (Fe-9Mn-3Ni-1.4Al-0.01C, wt.%) has great
potential to be applied on present work, due to the maraging martensite/retained
austenite fine laminated microstructure similar to bone (Figs. 1.6a and b), and
exceptional tensile property achieving an ultimate tensile strength of approximately 920
MPa with a total elongation of about 30% [54]. In addition, different yield strength can
be obtained by controlling annealing time. It is expected that TRIP-maraging steels have
a robust fatigue performance. One hand, the maraging martensite/retained austenite fine
laminated microstructure is similar to the pearlitic steels (Fig. 1.6¢) [55], which have
superior low-cycle fatigue resistance due to the cementite/ferrite fine laminated structure
contributing to zigzag crack propagation and associated RICC [52]. One the other hand,
TRIP can increase high-cycle fatigue and strength. It is well known that the fatigue life
and strength of TRIP-aided multi-phase steels can be improved by increasing the amount
of retained austenite. Local hardening and volume expansion-induced crack closure

arising from martensitic transformation contribute to fatigue crack resistance, and
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subsequent crack deflection is along soft region, e.g., ferrite and baintie [56]. Therefore,
it is expected that austenite has positive effect on fatigue resistance in TRIP-maraging
steels.

In terms of the specific work, firstly, the rotary bending fatigue tests are carried out
to obtain stress amplitude-number of cycles to failure curves. Then, analysis data is to
extract the intrinsic factors influencing fatigue life, because fatigue life includes
extrinsic influence such as inclusion. As mentioned above, TRIP-maraging steels
microstructure is characterized by fine laminate morphology, the maraging martensite
with high deformation resistance probably effectively suppresses the transformation-
induced volume expansion and results in a compressive residual stress. To this end, the
subsequent work is to investigate the microstructural mechanism of fatigue crack
propagation in order to fully understand the effect of fine laminate microstructure on
roughness. Considering that friction phenomenon significantly reduces roughness height,
even results in localized flat topography, particularly at high stress amplitude. It is not
precise to evaluate roughness degree based on the fracture surface observation.
Therefore, the following work is based on serial sectioning method to analyze the

roughness evolution.

1.3 Thesis outline

The thesis consists of six chapters. All chapters are arranged in order to achieve the
main theme and objectives of the research work. The specific relationship between each

chapters is schematically shown in Fig. 1.7. The thesis is organized as follow:

Chapter 1 describes a general introduction of this work. A newly-developed high-
strength alloy called TRIP-maraging steel has great potential in fields of the punch
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forming and structural lightweight design, because of the extraordinary balance between
strength and elongation by introducing TRIP effect. The motivation of this research is
based on this new alloy to investigate RICC effect. The study of crack closure has been
greatly developed, showing that crack closure is more effective in small crack growth.
Cyclic overload accelerates fatigue crack growth rate and enable to cause catastrophic
failure. However, pearlitic steels with laminate microstructure show superior low-cyclic
fatigue resistance owing to RICC effect. Similar microstructure has been applied into
TRIP-maraging steel. Accordingly, this new alloy is decided to investigate RICC effect

on small crack resistance in the present work.

Chapter 2 generally introduces fatigue properties of the new alloy, TRIP-maraging steel,
which is invented under the inspiration of superior fracture resistance of bone. This steel
is characterized by a hierarchically laminated austenite/martensite microstructure, and
thus exhibits an outstanding fatigue life at each stress amplitude, compared with other
conventional steels, such as dual-phase steel, pearlitic steel, 304 stainless steel, etc. This

excellent performance stems from TRIP and RICC.

Chapter 3 focuses on the effect of annealing time of 1 h and 8 h on the fatigue crack
resistance of TRIP-maraging steel by observing the crack initiation site, propagation
path and fracture surface. Our analyses show that annealing for a longer time increases
austenite/martensite lamella size and connectivity of austenite. Simultaneously,
increasing lamella size leads to a reduction in austenite strength; higher austenite
connectivity accelerates crack propagation. In addition, remarkable roughness on the
crack surface associated with the laminated structure was observed in both steels, which

caused roughness-induced crack closure.
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Chapter 4 illustrates the mechanism of TRIP-maraging steels to explain its exceptional
high cycle fatigue resistance. The TRIP-maraging steel with fine grained austenite was
used. Our analyses revealed that soft austenite region acts as a preferential crack
propagation path, but the plastic deformation during crack opening involves martensitic
transformation, resisting subsequent crack growth via transformation-induced local
hardening or crack closure. Moreover, crack growth along the laminates and across the
block boundary forms a zigzag crack path, which would act as RICC. The combined
effect of these factors plays an important role in resisting fatigue crack growth at high

cycle fatigue and fatigue limit.

Chapter 5 describes serial sectioning characterization to assess roughness-induced
crack closure (RICC), which cannot be observed in chapter 3 and 4. This mothed
presents the evolution of crack roughness. With exploring region closing to the crack
front, submicrometer-scale crack surface roughness progressively appears in the ‘hard’
steel annealed for 1 hour; in contrast, only micrometer-scale roughness presents in the
‘soft’ steel annealed for 8 hours. High hardness determines strong wear resistance which

enables to contribute a long-term effective RICC.

Chapter 6 summarized the results and proposed the outlook.
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1.6 Tables and figures
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Fig. 1.1. Schematic of transformation-induced plasticity [8].
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Fig. 1.2. Nanosized intermetallic compounds exist within martensite matrix [16].
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CHAPTER 2. Fundamental mechanic properties and robust

fatigue performance

2.1 Introduction

The substructure of bone is hierarchical fine laminate, which leads to superior crack
resistance by simultaneous activation of multiple micromechanisms that resist crack
propagation [1, 2]. It is hypothesized that (i) a similar response can be transferred to
metals by designing a hierarchical and fine laminated multiphase microstructure to
benefit from interface structure [3, 4] and distribution [5, 6] effects, and (ii) this
resistance can be further enhanced by triggering the local phase transformation
mechanisms from the metastable microstructure [7, 8]. The overall goal is the
simultaneous activation of roughness-induced crack closure (RICC) and transformation-
induced crack closure (TICC) mechanisms. TRIP-maraging steels which are explored to
investigate the validity of above hypothesis, have an intrinsic hierarchical structure that
is comparable to that of bone and composed of laminated martensite and metastable
austenite phases. Thus, they possess the key combination of three characteristics—

namely, multiple phases, metastability, and fine laminate.

2.2 Materials

The ferrite-martensite Fe—0.9C-1.7Mn-0.24Si (wt.%) dual-phase (DP) steel (Fig.
2.1a) was produced by intercritical annealing at 1023 K and follow-up quenching to
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room temperature. The ferrite-cementite Fe—0.9C-0.9Mn-0.4Si (wt.%) pearlitic steel
(Fig. 2.1b) was heat treated at 1200 <C for 30 min, followed by 650 <C for 3 min, and
quenched in water. The pearlite block size and lamellar spacing were approximately 75
um and 0.15 um, respectively. The multi-phase TRIP steel is quoted from [9, 10] (Fig.
2.1c). The new steel with metastable multiphase fine laminate called TRIP-maraging
steel (Fig. 2.1d) has a Fe-9Mn-3Ni-1.4A1-0.01C (wt.%) composition. The steel was cast
and hot rolled at 1373 K. Afterwards, it was homogenized at 1373 K for 1 hour and
subsequently water-quenched. The as-quenched microstructure was fully lath martensite.
For obtaining reversed austenite with different volume fractions, the as-quenched
martensite bulk specimens were respectively annealed at 873 K for 1 and for 8 hours,
which causes a decline in strength with annealing time, instead elongation increases as
shown in Fig. 2.2 [11, 12], the steels annealed for 1 h and 8 h were named as 1 h-steel
and 8 h-steel, respectively. This treatment produced a martensitic matrix with austenite
islands at various martensitic boundaries. The latter can be classified into two groups
based on their size: those that range between 0.1 - 0.3 um? and the others that are between
0.3 - 4.0 pm? [11]. Figure 2.3 shows the microstructures of 1h- and 8h-steels before
fatigue tests. Both steels present a hierarchical laminated microstructure containing
martensite packets/blocks/laths within a prior austenite grain boundary [11] (Fig. 2.3 a3
and b3). Another TRIP-maraging steel is featured by non-fine-laminate microstructure
had a chemical composition of Fe-9Mn-3Ni-1.4AI-0.01C (wt. %). The steel was cast
and hot rolled at 1373 K. Afterwards, it was homogenized at 1373 K for 1 hour and
subsequently water-quenched. The as-quenched microstructure was fully lath martensite.
The as-quenched steel plate was cold rolled by 70% thickness reduction. Partial

reversion of cold-rolled o’-martensite to austenite was carried out at 873 K for 1 h [13].
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2.3 Method

Fatigue properties were evaluated by rotary bending fatigue testing. Two types of
geometries were used. For the cylinder bar as given in Fig. 2.4, the tests were carried out
at a stress ratio of —1 with 50 Hz and room temperature (= 298 K). In the same material,
the different geometry of plate was used as shown in Fig. 2.5a, to clarify the high
importance of the fine laminate microstructure morphology for the improved properties.
Since the reference material with a non-laminated metastable multiphase microstructure
requires cold rolling, the design for specimen geometry is always a plate. Therefore, the
fatigue test plate specimen was fixed on the round bar jig as shown in Fig. 2.5b, and
fatigue tests were performed on an Ono-type rotating bending fatigue testing machine at
room temperature with a stress ratio of —1 and a frequency of 30 Hz. To reduce the effect
of temperature increase during testing, the specimens were cooled by an electric fan.
The fatigue cracks were observed by optical microscopy using the replica technique [14].
Prior to testing, the specimens were mechanically polished with emery papers and
colloidal silica. The polished specimens were chemically etched with 3% nital to reveal
the microstructures. In terms of instrumentation, we used an Ono-type rotary bending
fatigue test machine (specimens were clamped on both sides.) [15]. After fatigue testing,
sample surface was prepared following standard metallography procedures. Samples
were prepared by grinding, polishing in diamond suspension and final polishing in
colloidal silica suspension. The last step ensures obtaining a deformation-free surface.

Microstructures were characterized by scanning electron microscopy based EBSD
at 15 kV at a beam step size of 80 nm and ECCI at 20 kV. Samples for the SEM analyses
were prepared by grinding, polishing in diamond suspension and final polishing in

colloidal silica suspension.
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2.4 Results and discussion

Figure 2.6 reveals that TRIP-maraging steels have robust fatigue performance,
compared to other conventional steels (Fig. 2.1a to c). Ferrite-martensite dual-phase
(DP) steel (Fig. 2.1a) shows relatively low fatigue limits (Fig. 2.6) [16, 17]. This is
attributed to the absence of effective crack closure mechanisms that could hamper crack
growth and the high mechanical contrast between the soft ferrite phase and the hard
martensite phase [18]. In fact, efforts for developing better design strategies against
crack propagation [19] were originally motivated by the need to render such high-
strength and -formability multiphase steels more fatigue-resistant. On the other hand,
ferrite-cementite pearlitic steel (Fig. 2.1b) shows improved fatigue resistance in
comparison with the DP steel (Fig. 2.6). In pearlitic steel, the multiphase fine laminate
microstructure morphology, which is different from the globular structure of DP steel,
deflects fatigue cracks constantly during growth, thereby introducing a friction stress
acting on the crack surface and decelerating the fatigue crack opening and growth
process [20, 21]. Thus, this improvement is due to the RICC mechanism, which is
affected by the morphological characteristics of the cementite network, such as the
interlamellar spacing [20] and lamellar alignment [22]. The fatigue limit of pearlitic steel
is low, because the RICC mechanism does not work efficiently for the deceleration of

small cracks [23].

2.4.1 Transformation-induced crack closure

Metastable multiphase TRIP steel (Fig. 2.1c) also shows an improved fatigue
resistance compared with DP steel (Fig. 2.6). The formation of compressive residual

stress fields, arising from the volume-expanding transformation from face-centered
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cubic y-austenite to body-centered cubic (or body-centered tetragonal) o’-martensite at
the crack tip [21, 24, 25], suppresses crack initiation and growth [26]. Thus, the higher
strength-ductility balance for the multiphase TRIP steel is attributed to the TICC
mechanism. However, similar to the RICC effect on fatigue life discussed above, the
effects of TRIP and TICC are stress amplitude-dependent. Their contributions are less
effective when the stress amplitude is high, because an increasing stress amplitude leads
to larger plastic strain, which in turn results in a decrease in the fraction of metastable y-
austenite via transformation [12] during the early loading cycles. The improvements in
the fatigue performance of TRIP-maraging steel with respect to that of these
conventional steels provide an indirect confirmation of the simultaneous introduction of
the RICC and TICC (and TRIP) effects. Another indirect corroboration was given when
TRIP-maraging steel has a non-laminated microstructure, which indeed led to inferior
fatigue properties (Fig. 2.7).

Figure 2.8 shows replica images for fatigue cracks developing at the fatigue limit.
Crack initiation (Fig. 2.8a) is delayed until around 10’ cycles. The delayed fatigue crack
initiation and the hampering of its propagation are key factors for improving the fatigue
limit. Crack non-propagation takes place in both directions (parallel and perpendicular
to lath alignment) when the cracks reach prior austenite boundaries (Fig. 2.8c), which
are the interfaces decorated by austenite films in this steel (Fig. 2.1d) [12]. These
boundaries undergo substantial local hardening and residual compressive stress induced
by the transformation of the austenite films (i.e., TICC effect) in the vicinity of the

fatigue crack (Fig. 2.8d).
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2.4.2 Roughness-induced crack closure

In contrast, at high stress amplitudes, fatigue cracks form at the early stages of the
test and then continuously propagate until macroscopic failure. However, the fatigue
crack propagation path is deflected when propagating across or along different grain
boundaries or the lamellae (Fig. 2.9a). The crack surface morphology exhibits many
small branches, indicated by the yellow arrows in Fig. 2.9b. The microroughness on the
crack surface, enabled by the laminate’s hierarchical microstructure morphology,
enhances the RICC effect. The obvious similarity of the observed fracture process to the
fracture of bone [1], despite the significant difference in the constitution of these two
materials, provides another demonstration of the success of this microstructure

characterized by fine laminate and metastable phase (Fig. 2.9c and d).

2.5 Section conclusion

We conceived and demonstrated the effectiveness of a metastable multiphase fine
laminate microstructure concept for creating materials with exceptional fatigue
resistance. This is achieved by simultaneously enabling transformation-induced and
roughness-induced crack closure mechanisms. The demonstrated superior low-cycle
fatigue life and high fatigue limit constitute essential progress for steels, and we expect
similar improvements in material properties for any alloys that can be designed with
similar microstructures. Thus, this strategy has potential to improve the safety of
advanced structures and components that experience cyclic loads. For the different
fatigue life in TRIP-maraging steels, the austenite morphology probable is influence

factor that will be discuss in the following chapter.
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2.7 Tables and figures
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v" Fine laminate v" Fine laminate
v" Multi-phase v Multi-phase
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v Multi-phase v Multi-phase

Fig. 2.1. Microstructure of (a) dual-phase steels, (b) pearlitic steels, (c) TRIP steels and

(c) TRIP-maraging steels.
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Fig. 2.2. Engineering stress-strain curves for TRIP-maraging steels annealed for 1 h

and 8 h, respectively. The tensile tests were carried out at an initial strain rate of 107s".
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Fig. 2.3. Microstructure of TRIP-maraging steels after annealing at 873 K for (a) 1 h and
(b) 8 h. (a1, br): Optical microscopic images of replicas. (a2, b2): EBSD inverse pole
(IPF) maps, (a3, b3) phase maps and (a4, b4) Kernel average misorientation (KAM) maps

with IQ contrast.
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Fig. 2.4. Specimen geometry used for rotary bending fatigue tests (unit: mm)
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Fig. 2.5. (a) A schematic sketch of the plate specimen geometry used for the fatigue tests
(unit: mm). A jig shown in (b) was used to test samples taken from the plate specimens

by rotating bending fatigue testing. The plate specimen was fastened on the jig by screws.
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steels indicated by grey colour [10, 27-29].
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Fig. 2.8. TRIP-maraging steel annealed for 1 hour at the fatigue limit of 400 MPa. (a-c)

Optical images; (d) EBSD phase map with quality image.
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Fig. 2.9. Hierarchical roughness on the fatigue crack in the TRIP-maraging steel

annealed for 1 hour at 760 MPa with fatigue life 3.6x10 cycles.
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CHAPTER 3. Effect of annealing time on fatigue crack initiation

and propagation behavior

3.1 Introduction

Chapter 2 showed that laminated TRIP-maraging steels are characterized by high
fatigue limit and high fatigue life, because of the combined effect of transformation-
induced crack closure (TICC) and roughness-induced crack closure (RICC) [1].
Therefore, a thorough understanding of the microstructural factors that affect the fatigue
resistance is crucial for the practical application of TRIP-maraging steel. The occurrence
of TICC depends on the austenite characteristics such as phase stability and fraction.
The effectiveness of RICC depends mainly on the retained austenite morphology, e.g.
lamellar spacing. The austenite fraction and morphology of TRIP-maraging steel can be
adjusted by controlling annealing conditions for austenitization, i.e. both the austenite
grain size and connectivity in lamella increase with annealing time.

In fact, the annealing time has been controlled to change an elongation-strength
balance in TRIP-maraging steels [2], but the microstructure variation has not been
considered for fatigue resistance. Hence, annealing time influence on the fatigue
resistance of TRIP-maraging steel is potentially important to uncover several aspects of
the austenite fraction and distribution. Specifically, it is expected that an increase in

austenite fraction may enhance TICC. In addition, the austenite may promote RICC.
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Hence, fatigue behavior can be optimized through controlling annealing time. In order
to propose a guideline for optimizing TRIP-maraging steel microstructure, the austenite

characteristics are correlated with fatigue behavior.

3.2 Materials and investigation method

In this work, the effect of austenite morphology on fatigue crack behavior is
analyzed by using experimental results of chapter 2. Generally, in TRIP-aided multi-
phase steels, higher amounts of retained austenite can lead to higher fatigue crack
resistance, because of the deformation-induced martensitic transformation with a
volumetric expansion at the crack tip, i.e. TICC [3]. However, the present TRIP-
maraging steel with higher austenite fraction, i.e. 8h-steel, shows lower fatigue life,
irrespective of the stress amplitude.

Microstructure characterizations were carried out using scanning electron
microscopy (SEM)-based analyses: electron backscatter diffraction (EBSD) pattern
measurements and secondary electron imaging. To measure the retained austenite
distribution and reveal small fatigue crack propagation path, EBSD measurements were
conducted at an accelerating voltage of 15 kV with a beam step size of 0.05 pm. To
observe the characteristics of the fatigue fracture surface, the SEM images were obtained

at an accelerating voltage of 15 kV.

3.3 Results

3.3.1 Crack initiation and propagation in high cycle fatigue

Figures 3.1(a) and (b) show the fatigue crack lengths and crack growth rate plotted
against the number of cycles at 500 MPa in 1h-steel and at 488 MPa in 8h-steel. The

stress amplitudes were selected to maintain the same ratio (0.54) of stress amplitude to
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tensile strength for two steels. Even when comparing the results normalized by the
tensile strength, the 8h-steel shows faster crack growth than that of the lh-steel,
particularly at small fatigue crack lengths (Fig. 3.1(a) and its magnified image at lower
number of cycles regime in Fig. 3.1(b)). The corresponding crack growth rates are shown
in Fig. 3.1(c). The diagrams of fatigue crack growth rate against crack length are plotted
as shown in Fig. 3.1(d) and (e).\

Figure 3.2(a) shows that the main fatigue crack of lh-steel at 500 MPa is initiated
from a defect. As can be seen in Fig. 3.2(b), the defect is located in the interior of a prior
austenite grain. At the left tip of the crack, the crack growth was decelerated because of
the presence of lamellae that are aligned diagonally as shown in Fig. 3.2(¢c). In contrast,
at the other crack tip, it continuously propagated as shown in and Fig. 3.2(d). With
increasing number of cycles, the fatigue crack propagated along the austenite/martensite
lamella, as shown in Fig. 3.2(e). Because of the preferential fatigue crack propagation
along the lamellar structure, the main crack propagation path is remarkably tortuous.
Figure 3.2(f) indicates that the fatigue crack propagates not only along the lamella, but
also across the lamellar structure. The final stage of fatigue growth at 4.6x10° cycles,
when the fatigue crack propagates across the lamella, is accompanied with frequent
crack branching, as indicated by the white dashed arrows in Fig. 3.2(g). For further
crystallographic analysis, the EBSD results around a small sub-crack in the 1h-steel
fatigued at 500 MPa are shown in Fig. 3.3. According to the normal direction (ND)-
inverse pole figure (IPF) and 1Q maps shown in Fig. 3.3(a), the fatigue crack growth
path occurs both in the grain interior and the grain boundaries. Specifically, the crack
tips, indicated by the yellow arrows, are present in the grain interior, while the central

part of the crack is situated along grain boundaries. Since there is not a significant
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amount of austenite around the crack, probably due to martensitic transformation in this
region as shown in Fig. 3.3(b), detailed correlation between the lamellar microstructure
and the crack growth path could not be clarified from this result.

Figures 3.4(a) and (b) show the main fatigue crack growth of 8h-steel at 488 MPa.
Since the two cracks coalesce with each other eventually to form the main crack, both
small fatigue crack growth behaviors before coalescence are crucial. Both fatigue cracks
were initiated from grain boundaries, as highlighted by black arrows in Figs. 3.4(c) and
(d). Corresponding to the crack growth rates as shown in Fig. 3.1(e), the growth of the
right side of the crack was hindered by grain boundaries, the other side propagated along
the boundary as shown in Figs. 3.4(d) and (e). The initiated cracks continuously
propagated along the grain boundary, which acted as the crack initiation site. Then, the
fatigue cracks propagated across or along the lamellar structure, as shown in Figs. 3.4(f)
and (g), the black arrows indicate crack branching. The branched cracks stopped at the
grain boundaries or grain interior, with the lamella aligned near-perpendicularly to the
propagation direction. Finally, the two cracks coalesced with each other (Fig. 3.4(b)),
which caused the abrupt increase in growth rate shown in Fig. 3.1(c). The fatigue crack
propagation path of 8h-steel was similar as that of 1h-steel. Figure 3.5 shows the results
of EBSD measurements for 8h-steel at 488 MPa, which reveals the crystallographic
features of a small fatigue sub-crack propagation path. Figure 3.5(a) shows an example
of a fatigue crack propagation ND-IPF map along the grain boundary. Similar to the case

of lh-steel, austenite was mostly transformed at the vicinity of the crack tip.

3.3.2 Crack initiation and propagation in low cycle fatigue

The fatigue crack propagation at high stress amplitudes is shown in Fig. 3.6, where
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the fatigue crack length and crack growth rates are plotted against the number of cycles
at 760 MPa in lh-steel and at 741 MPa in 8h-steel. There was no significant difference
in the small fatigue crack growth rate between lh-steel and 8h-steel before 2.0x10*
cycles. However, the large fatigue crack growth rate after 2.0x10* cycles in 1-h steel was
lower than that in 8h-steel (Fig. 3.6(b)). The diagrams of fatigue crack growth rate
against crack length are shown in Fig. 3.6(c) and 3.6(d).

Figure 3.7(a) shows the fatigue crack was initiated along the grain boundary in 1h-
steel at a high stress amplitude of 760 MPa. The fatigue crack propagated both along
and across the lamella alignment. In the case of the fatigue crack that propagated across
the lamella alignment (Fig. 3.7(b)), the fatigue crack path formed a zigzag pattern, as
also observed in the previous study [6]. These could be attributed to two phenomena: (i)
the crack propagation along the lamella alignment shown in Fig. 3.7(c), and (ii) the
frequent occurrence of crack coalescence shown in Figs. 3.7(d) and (e).

As shown in Fig. 3.8(a), 8h-steel at 741 MPa showed crack initiation mainly from
the grain boundary, similar to 1h-steel. The propagation behavior is also quite similar to
lh-steel, as shown in Figs. 3.8(b) and (c), which display the fatigue crack propagation
across and along the lamella alignment, respectively. Frequent crack coalescence was

observed, as shown in Figs. 3.8(d), (e).
3.3.3 Fractographic observations

Figures 3.9(a1) and (b1) show the fracture surface images with indications of fatigue
crack initiation sites, fatigue crack propagation, and the final fracture zone in a l1h-steel
specimen at 500 MPa and in a 8h-steel specimen at 488 MPa, which correspond to the

high cycle fatigue regime. The final fracture zone, indicated by C. The fatigue crack

49 /122



Fatigue crack resistance of hierarchical laminated transformation-induced-plasticity maraging steel

propagation areas are classified into smooth and rough surface regions, denoted by A
and B, corresponding to Figs. 3.9(a2) and (a3), and Figs. 3.9(b2) and (bs), respectively.
The crack growth rate in region A is relatively low, and thus the corresponding fracture
surface can be rubbed for longer times resulting in a smooth topography.

In the low cycle fatigue, both fracture surfaces of 1h- and 8h-steels are shown in
Figs. 3.10(a1) and (b1). They also consist of a fatigue crack propagation area and a final
fracture zone indicated by A and B, respectively. The fracture surface corresponding to
the fatigue crack propagation part is remarkably rougher than that of the high cycle
fatigue, although a portion of the fracture surface exhibits smooth features and scratches,
as respectively indicated by blue arrows and yellow dashed line in Figs. 3.10(a2) and
(b2). In fact, the fracture surface is wavy along the circumferential direction, as indicated
by the yellow arrows. This wavy feature is likely to correspond to the frequency of the

fatigue crack coalescence observed in Figs. 3.7 and 3.8.

3.4 Discussion

3.4.1 Relative microstructural hardness

Due to the existence of ‘soft’ retained austenite [4], strong stress partitioning occurs
between the ‘soft” austenite and ‘hard’ maraging martensite, which results in preferential
deformation of the austenite compared to the maraging martensite. The deformation-
induced martensite (fresh martensite) is softer than the pre-existing maraging martensite
matrix, because of the absence of Ni,MnAl intermetallic precipitates in fresh martensite
[5]. Thus, even after the occurrence of the TRIP effect, the maraging martensite is
supposed to be the hardest phase. This is an important point to understand the difference

between the fatigue limits of 1h and 8h-steels. In fact, the difference in the fatigue limit
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cannot be explained solely by tensile strength differences related to macroscopic
hardness [1]. Since fatigue crack initiation and small fatigue crack propagation occur
selectively in the weakest microstructure, the martensite with intermetallic precipitates
is not a preferential fatigue crack initiation and propagation path. Instead, austenite or
austenite-related boundaries become the preferential crack initiation site and
propagation path in the present steels. In terms of microstructural hardness, the lamellar
spacing is self-evidently important to discuss the micro-hardness of austenite, i.e.,
decreasing lamellar spacing increases the micro-hardness of austenite because of a

reduction in effective grain size [1].

3.3.2 Effect of lamellar spacing

Based on the replica images, the 1h- and 8h-steels showed similar characteristics in
terms of fatigue crack initiation and propagation path. However, under the same stress
amplitude ratio to tensile strength, there is a significant difference in fatigue lives
between 1h- and 8h-steels. This fact is not only attributed to the difference in austenite
fraction, but also to the lamellar spacing. As shown in previous work [4], the thickness
of the retained austenite film increases with annealing time. This fact indicates that the
effective grain size in austenite increases from 150 nm to 300 nm with annealing time
from 1 hour to 8 hours. Therefore, the austenite region in the lamellar structure in 8h-
steel is softer compared to that in lh-steel. Thus, in the high cycle fatigue, the thick
lamellar spacing in 8h-steel results in faster fatigue crack propagation than that of thin
lamellar spacing (lh-steel). In other words, reducing the austenite thickness by
decreasing the annealing time is beneficial to fatigue resistance, due to an increase in

local hardness of the weakest microstructure i.e., strengthening austenite. Accordingly,
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the fatigue limit is enhanced with decreasing annealing time, which explains why the

ratio of fatigue limit to tensile strength of 1h-steel is higher than that of 8h-steel.

3.3.3 Fatigue crack initiation regime

In the high cycle fatigue, fatigue cracks in 1h-steel were preferentially initiated from
pre-existing defects, such as inclusion, rather than specific microstructural boundaries,
as shown in Fig. 3.2(b). On the other hand, fatigue cracks in 8h-steel were initiated from
austenite-related boundaries. The suppression of fatigue crack initiation on the austenite-
related boundaries in the lh-steel is attributed to the higher hardness of austenite
resulting from the thin lamellar spacing.

In contrast, in the low cycle fatigue, most of the retained austenite transformed to
martensite before fatigue crack initiation due to the high stress amplitude. Moreover, the
high stress amplitude caused multiple fatigue crack initiation sites. Since the coalescence
of cracks causes deflection of the crack propagation path, a considerable amount of
fatigue crack initiation provides large roughness, as seen in the fractographic analyses
shown in Fig. 3.10. In the low cycle fatigue regime, no significant difference in fatigue
crack initiation between 1h- and 8h-steels was observed, which indicates that the fatigue
crack initiation site does not change by the difference in annealing time, namely, the
fatigue cracks of both of the steels appeared along grain boundaries (Figs. 3.7(a) and
3.8(a)) where metastable austenite exists. The fatigue crack initiation at austenite-related
boundaries would be caused by elastic misfit associated with a significant difference in
hardness between maraging martensite and fresh martensite that transformed from
metastable austenite[5]. The elastic misfit between the two phases causes high localized

plastic strain in a vicinity of their interface. Even after deformation-induced martensitic
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transformation, the maraging martensite is harder than fresh martensite because of the
presence of intermetallic compounds [2]. Thus, the plastic strain localization mechanism
is active both before and after martensitic transformation, irrespective of metastable
austenite fraction. Since the fatigue crack initiation life is remarkably shorter than the
propagation life when the stress amplitude is high, the fatigue crack initiation frequently
occurred in the early stages of fatigue testing. Therefore, the coalescence of crack arising
from multiple crack initiation increase fatigue crack growth rate. This point must be

affected by retained austenite fraction.

3.3.4 Fatigue crack propagation regime

The formation of a zigzag pattern in the fatigue main crack propagation path was
often caused by lamella alignment at both low and high cycle fatigue regimes, as shown
in Figs. 3.2(f), 3.4(f), 3.7(c) and 3.8(c). The hierarchical laminated microstructure
contributes to decelerate fatigue crack propagation when it reached a boundary as shown
in Figs. 3.2(c)(d) and 3.4(d)(e). In addition, crack branching occurred along the lamella
alignment e.g. Fig. 3.2(g). The deflection and branching of cracks in a um-scale can be
attributed to two main factors: (i) hierarchical lath martensitic structure with a
considerable amount of austenite film; and (ii) higher hardness of the maraging
martensite, even in deformed microstructures. The combined effect of the two factors
causes deformation inhomogeneity, which guides the fatigue crack propagation into
austenite or austenite-related boundaries. In addition, the fatigue crack propagation
across the lamellar structure at a specific combination of loading direction and lamella
alignment provides saw-teeth-like crack surface morphologies. Specifically, the

austenite region is highly deformed before the crack penetrates the hard maraging
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martensite, which causes nm-scale roughness. Interestingly, the effects of the austenite
fraction and lamellar spacing did not provide a significant difference between 1h- and
8h-steels regarding the crack propagation path. However, similar to the fatigue crack
initiation regime, smaller effective grain sizes in the lh-steel caused a lower fatigue
crack growth rate in the austenite region compared to that in 8h-steel.

In the high cycle fatigue regime shown in Fig. 3.1, the fatigue crack growth rate of
lh-steel is lower than that of 8h-steel, regardless of the number of cycles, although the
main crack of 1h-steel initiated early from the defect. The lower crack growth rate of
lh-steel is attributed to the thin lamellar spacing, which restricts the motion of the
dislocation emitted from a crack tip [6]. In addition, one of the most important
characteristics of TRIP-maraging steel, namely TICC, also contributes to improve the
fatigue life and fatigue limit. As shown in Figs. 3.3(b) and 3.5(b), the austenite region
transformed to martensite. This fact indicates that the TICC was associated with the
material volume dilatation, causing a compressive residual stress at the crack tip. Unlike
the TRIP effect in tensile testing, the average volume fraction of retained austenite is not
important for the fatigue crack closure. Instead, the local retained austenite fraction at
the crack tip is important in high cycle fatigue, where the stress amplitude is much lower
than the macroscopic yield strength. In other words, increasing the number of austenite
films is less effective at low stress amplitudes around the fatigue limit, since TICC
cannot be dramatically enhanced by increasing the austenite fraction. A difference in
mechanical phase stability of austenite associated with grain size and elemental
partitioning may compensate the difference in austenite fraction between the two steels.
The effect of mechanical phase stability will be concerned in a future work. In addition,

note that a preferential crack propagation path is a relatively soft region i.e. austenite
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region. Hence, in high cycle fatigue, longer fatigue life of 1h-steel than that of 8h-steel
is attributed to a combined effect of high hardness, connectivity, and optimal fraction of
local austenite at the crack tip.

In the low cycle fatigue regime, the transformation from austenite to martensite has
already occurred before the crack initiation, since the stress amplitude is higher than the
yield strength. The homogeneous volume expansion by transformation cannot act as
TICC. As a result, the crack growth rates of 1h- and 8h-steels at the same normalized
stress amplitude are nearly the same before 1.7x10* cycles, as shown in Fig. 3.6(b).
Nevertheless, significant differences on the crack growth rate appear when the crack
becomes long, e.g. after 1.7x10* cycles, where 8h-steel showed faster propagation rates
than 1h-steel. This phenomenon may be attributed to the differences in retained austenite
distribution of initial microstructure. The retained austenite is always distributed
sparsely in lh-steel, while in 8h-steel it is usually distributed as a quasi-continuous
network [3]. In the low cycle fatigue, the preferential crack propagation path is through
fresh martensite transformed from austenite, which is significantly softer than maraging
martensite with intermetallic precipitates. Therefore, a decrease in the connectivity of
fresh martensite in the 1h-steel increases the existing probability of having maraging
martensite at the crack tip, particularly for a long crack, decelerating the fatigue crack
growth rate compared to that of 8h-steel with higher austenite connectivity.

Although a significant difference in the fatigue crack growth rate was observed
between the 1h- and 8h-steels, both steels showed remarkable roughness on the fatigue
crack surface, shown by the topography in Figs. 3.10(a;) and (b1) and the zigzag pattern
propagation path in Figs. 3.7 and 3.8. As observed in the replica images, the main factors

creating the zigzag path are grain boundary cracking and lamella alignment. Therefore,
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the degree of roughness is considered to be independent of the austenite fraction as long
as the microstructure can be recognized as austenite/maraging martensite lamellae.
Consequently, the major factor, RICC, was not affected by the change in lamella size
and connectivity. Finally, on the fracture surface, smooth regions and scratches were
observed in Figs. 3.10(a2) and (b2). This fact indicates that crack surfaces rubbed each

other, which supports the occurrence of RICC in both steels.

3.5 Section conclusion

The effects of austenite/martensite lamella size and austenite connectivity on the
fatigue behavior of TRIP-maraging steels were investigated by analyzing the crack
initiation site, propagation path, and fracture surface. The conclusions are as follows.
(1) The fatigue life and strength of 1h-steel are superior to that of 8h-steel, which results

from two factors: (i) relatively high hardness of austenite, arising from thinner

austenite film thickness; and (ii) lower connectivity of austenite.

(2) Even after the TRIP phenomenon, the pre-existing maraging martensite is the hardest
phase. This leads to preferential fatigue crack propagation either along austenite-
related boundaries, producing a zigzag pattern on the propagation path.

(3) The austenite connectivity affects the fatigue crack growth rate, i.e., less austenite
connectivity provides high resistance to long crack propagation because of the
number of maraging martensite increases. In addition, in the low cycle fatigue
regime, both lh- and 8h-steels present RICC, which can be demonstrated by
comparing the zigzag fatigue crack path from replica images and smooth fracture
surfaces. However, a significant effect of the lamella size and connectivity on RICC

was not observed in the present study.
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Fig. 3.1. Crack growth data in the high cycle fatigue regime. (a) Fatigue crack length
plotted against the number of cycles, (b) magnified graph of the region for small crack
growth (0-2.5x10° cycles), and (c) corresponding crack growth rate plotted against the
number of cycles. (d) Fatigue crack growth rate plotted against fatigue crack length, and
(e) its magnified graph of the small crack growth region (0-120 mm of crack length).

The stress amplitude/tensile strength ratio is 0.54.
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Fig. 3.3. EBSD data of high cycle fatigue sub-crack in 1h-steel at 500 MPa obtained
after the failure at 4.68x10° cycles. (a) ND-IPF map with IQ contrast and (b) phase map

with IQ contrast. The arrows indicate fatigue crack tip.
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Fig. 3.5. EBSD data of high cycle fatigue sub-crack in 8h-steel at 488 MPa obtained
after the failure at 3.14x10° cycles. (a) ND-IPF map with IQ contrast and (b) phase map

with IQ contrast. The arrows indicate fatigue crack tips.
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Fig. 3.7. lh-steel at 760 MPa with fatigue life of 3.60x10* cycles. (a) Main crack
Initiation site, (b) fatigue crack propagation across the lamella alignment, (c) fatigue
crack propagation along the lamella alignment, and (d) main crack propagation path

before coalescence and (e) after coalescence.
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crack propagation along the lamella alignment, and (d) main crack propagation path

before coalescence, and (e) after coalescence.
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Crack initiation sites

Fig. 3.9. Fracture surfaces obtained by high cycle fatigue in (a) the 1h-steel specimen
at 500 MPa with fatigue life of 4.68x10° cycles and (bi) the 8h-steel specimen at 488
MPa with fatigue life of 3.14x10° cycles. Images (a2) and (bz) are example of the smooth
fatigue propagation region, and (a3) and (bs) are example of the rough fatigue

propagation region.
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Fig. 3.10. Fracture surface of (a) 1h-steel at 800 MPa with fatigue life of 2.23x10* cycles
and (b) 8h-steel at 780 MPa with fatigue life of 1.61x10* cycles. Blue arrows indicate
smooth regions and yellow dashed lines highlight friction scratches. Final fracture

region is highlighted by white dashed line.
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CHAPTER 4. Microstructural mechanisms of fatigue crack non-

propagation

4.1 Introduction

In the chapter 3, TRIP-maraging steels exhibited robustness of high cycle fatigue
strength associated with fatigue crack growth resistance, because of the metastable
laminated microstructure [1]. It has been demonstrated that metastable retained austenite
can decelerate fatigue crack growth owing to the introduction of extra compressive stress
at the crack tip pertaining to martensitic transformation from close-packed to non-close-
packed crystal structures, i.e., transformation-induced crack closure, i.e., TICC [2, 3].
Accordingly, TRIP can contribute to fatigue crack resistance particularly at high cycle
fatigue regime. Moreover, a laminated structure also contributes to fatigue life by
deflecting a crack, which can result in the roughness-induced crack closure (RICC) and
the associated reduction in the effective driving force for crack growth [4, 5].

From engineering point of view, the fatigue limit has generally been determined as
the stress amplitude where a specimen is not fractured at 107 cycles, and thus, the high
cycle fatigue regime is regarded as the most important phenomenon in engineering
structure design. In fact, fatigue limit can be relatively low even if the tensile strength is
high such as in pearlitic steels [6]. Therefore, the improvement of high cycle fatigue

resistance and fatigue limit has been a primary issue for the use of high-strength
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materials in actual structure parts. Accordingly, in this study, we firstly investigate the
underlying mechanisms of the influences of TRIP and roughness on high cycle fatigue
with respect to microstructure characteristics such as lamellar alignment and martensitic
transformation behavior at the fatigue crack tip. Further, we focus on the relationship
between microstructure and fatigue crack non-propagation at the fatigue limit.

The investigation of small sub-cracks revealed that the metastable laminated
microstructure did not completely restrict crack initiation at retained austenite [7].
However, non-propagating cracks were observed at the surface of the 1 h-steel at 400
MPa, which is defined as the conventional engineering fatigue limit of a TRIP-maraging
steel [1]. Therefore, the fatigue crack non-propagation mechanism is key to reveal the
superior high cycle fatigue resistance. Considering that retained austenite grains are
located along the boundaries of maraging martensite, the maraging martensite with
significant deformation resistance owing to the existing intermetallic compounds might
highly restrict the transformation-induced volumetric expansion from the retained
austenite and increase the compressive residual stress. Moreover, the hierarchical
laminated microstructure not only improves the crack deflection and associated RICC,
but also acts as an obstacle against crack propagation. The non-propagating cracks at
400 MPa must be influenced by the TRIP and hierarchical microstructure. In fact, fatigue
failure occurred at 400 MPa, which is the very high cycle fatigue regime, perhaps owing
to the presence of internal inclusions [7]. However, as mentioned above, the nature of
the very high cycle fatigue stemming from internal inclusions is beyond our scope, and
we specifically aim to clarify the microstructural mechanism of the fatigue crack non-
propagation at the fatigue limit in this study in order to generalize the design concept of

metastable laminated microstructure regarding metal fatigue.
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4.2 Experimental procedure and microstructure characterization

The main purpose of this work is to analyze the fatigue crack propagation
mechanism in the high cycle fatigue regime. Therefore, we characterized the
microstructure and crack growth behavior using specimens and their replica images
obtained from chapter 2. With the specimen tested at the stress amplitude of 450 MPa,
we focused on characterizing fatigue crack initiation and subsequent small crack growth
behavior in the high cycle regime for a comparison with fatigue crack non-propagation
at the fatigue limit of 400 MPa. At the fatigue limit where the specimen did not exhibit
fracture at 107 cycles, we analyzed the influence of microstructures on fatigue crack non-
propagation. Details of the fatigue crack "non-propagation" and associated
microstructure at the fatigue limit have never been examined so far. The fatigue crack
length was measured using the plastic replica method. The crack length was defined as
projected length of surface cracks on respective replica images. The crack length
includes a size of an initiation site such as inclusion.

In order to clarify the fatigue behavior of the TRIP-maraging steel, microstructure
characterizations were carried out using optical microscope and SEM-based EBSD
measurements. EBSD measurements were performed at an accelerating voltage of 15
kV with a beam step size of 50 nm to observe the distribution of retained austenite and
the propagation path of small fatigue crack. The characteristics of the fatigue fracture

surface were observed using SEM at an accelerating voltage of 15 kV.
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4.3 Results

4.3.1 High cycle fatigue crack growth

First, we present fatigue crack growth behavior in high cycle fatigue regime for a
comparison with behavior of fatigue crack non-propagation shown later. Figure 4.1
shows a set of replica images for a specimen fractured at 2.27 x 10° cycles under a stress
amplitude of 450 MPa. Note that the specimen surface was entirely flat prior to the test
as shown in Fig. 4.1b. Subsequently, the surface was distorted during the test, which
caused surface relief with a circular shape as shown in Fig. 4.1c. The circular shape
could correspond to an inclusion underneath the specimen surface, which acted as a
stress concentration source [8, 9]. Owing to the presence of "soft" and metastable
retained austenite along the martensite-related boundaries in the TRIP-maraging steel,
the fatigue crack initiated from this deformed area and further propagated along the
martensite packet boundary (Fig. 4.1d).

Fatigue crack propagation was decelerated when the laminated microstructure
tended to be aligned perpendicular to the direction of crack growth, as indicated by the
yellow arrows in Figs. 4.1e—f (or Figs. 4.1g—h), resulting in the retardation of crack
growth at the austenite/martensite interface. In contrast, the other side of the crack tip
propagated parallel to the lamellar alignment, as indicated by the red arrows, exhibiting
relatively faster growth until reaching the martensite boundaries as shown in Figs. 4.1e—
f (or Figs. 4.1g—h). Accordingly, the crack deflection strongly depends on the alignment
direction of the laminated microstructure consisting of maraging martensite and retained
austenite [10].

Conventional maraging steels have high tensile strength, but the impact tests
demonstrated them to be susceptible to brittle fracture, which is characterized by evident
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grain facets caused by the carbides at prior austenite grain boundaries and various
martensite boundaries [11]. In TRIP-maraging steel, brittle phenomenon was not
observed on the fracture surface (Fig. 4.2), which is attributed to the presence of retained
austenite rather than carbides at the boundaries [12]. The retained austenite increases the
ductility and leads to the formation of a dimpled fracture surface as observed in Fig.
4.2d. These observations for crack “propagation” are consistent with the previous study
that showed almost the same behavior of crack propagation at a relatively high stress

amplitude [7].
4.3.2 Fatigue crack non-propagation at the fatigue limit

At least three non-propagating fatigue cracks were observed in a single specimen
tested at 400 MPa. Figure 4.3 shows the fatigue crack length plotted against the number
of cycles. The non-propagating cracks were formed with the length of 75-80 pum as
shown in Fig. 4.3a. The crack growth rates fluctuated as shown in Fig. 4.3b. Figure 4.4
shows the fracture surface of the specimen, which showed failure after 107 cycles. This
image demonstrates that the crack was initiated from an internal inclusion, and its
subsequent propagation caused the failure after 107 cycles. In other words, the failure at
400 MPa indicates the typical very high cycle fatigue regime, which is out of scope of
this study.

Figure 4.5 shows the inverted replica images of crack 1, corresponding to the black
curve in Fig. 4.3. The fatigue crack initiation was observed at 1.00 x 107 cycles, which
originated from the inclusion acting as the stress concentration site as shown in Fig. 4.5c.
Subsequently, the crack propagated along the austenite-related boundary, which caused

a sudden initial increase in the crack growth rate. A unit length of the initial rapid
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propagation of a fatigue crack corresponds to the martensite packet size or prior austenite
grain size. With further increase in the number of cycles, the fatigue crack stopped
propagating at a certain length as shown in Figs. 4.5f~h. To analyze the underlying
crystallographic features, the sample was subjected to slight mechanical polishing and
the subsurface microstructure was investigated using EBSD (Fig. 4.6). The crack path
near the bottom of the crack tip is indicated by a yellow dashed line shown in the
magnified inset within the EBSD images. Crack branching along the lamellar boundary
was also observed as indicated by a green arrow. Austenite was barely observed near the
crack, indicating that it had already transformed into martensite (Fig. 4.6c). The
corresponding KAM map shows high values along most of the austenite-related
boundaries compared with the other regions (Fig. 4.6d).

Figure 4.7a shows a replica image of the microstructure before the initiation of crack
2. The crack initiated from an inclusion is indicated by a white arrow and crack tips are
marked by black arrows in Fig. 4.7b. Most of the crack path was along the lamellar
alignment and grain boundary. Subsequently, the top side of the propagating crack
encountered lamellae aligned nearly perpendicular to the direction of propagation, as
indicated by the black dashed region. In contrast to the non-propagation of the bottom
side of the crack tip, the top side of the crack tip continued to propagate within the
laminated structure in a zigzag path (Fig. 4.7b-d). Eventually the crack propagation of
the top side stopped from 2.00 x 107 cycles (Fig. 4.7e—g). A detailed observation showed
that the crack propagated across the laminated structure in a tortuous path, as highlighted
by the yellow dashed line in Fig. 4.7h. The corresponding EBSD results showed that the
fatigue crack propagated through a martensite packet including martensite blocks with

different orientations surrounded by the white dashed line in Fig. 4.8b. The phase map
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showed that austenite barely existed near the crack, which indicated that the martensitic
transformation was induced by the deformation of the crack tip (Fig. 4.8c). In order to
observe the crack path deeply, the identical region was further mechanically polished to
show a new microstructure as shown in Fig. 4.9 (the new subsurface was approximately
12 um from the original spherical surface). Compared with the original microstructure
shown in Fig. 4.8b, it can be observed that the shape of the identical region within the
latest polished subsurface was different, as highlighted by the white dashed region (Fig.
4.9b). The top side of the crack propagation path passed through a grain in a tortuous
path indicated by the white arrow in the IPF map (Fig. 4.9c). The other side of the crack
path was along the boundaries, and the tip penetrated into the grain (Fig. 4.9d). From the
overall point of view, notably, the austenite fraction in the subsurface in Fig. 4.9¢ was
higher than that of the surface in Fig. 4.8c, demonstrating that the martensitic
transformation occurred easier in the specimen surface than in the subsurface.

Figure 4.10 shows the replica images of crack 3 at 400 MPa. The fatigue crack
initiated from the microstructure boundary at 7.6 x 10° cycles as shown in Fig. 4.10b.
Subsequently, the crack was deflected owing to propagation along the microstructure
boundaries and the finely zigzag transgranular crack growth across the packet/block
boundaries (Figs. 4.10c—d). The crack penetrated into the neighboring packet (indicated
by the black dotted line in Fig. 4.10¢), and propagated along the block boundary (Fig.
4.10f). When the fatigue crack encountered the packet boundary again, it was observed

to have stopped propagating until 2.96 x 107 cycles (Figs. 4.10g-h).
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4.4 Discussion

4.4.1 Factors affecting fatigue crack initiation at fatigue limit

Before noting the crack non-propagation, we first discuss an origin of the crack at
the fatigue limit. The KAM maps before and after the fatigue tests (Figs. 2.3a4 and 4.6d)
show that the austenite-related boundaries were susceptible to plastic deformation,
whereas most parts of the maraging martensite exhibited no plastic deformation even
after the test at the fatigue limit of 400 MPa (Fig. 4.6d). Note that only maraging
martensite contains the intermetallic compounds [13]. Intermetallic compounds enhance
the yield and ultimate tensile strength of the maraging martensite. Therefore, maraging
martensite is more resistant to plastic deformation than retained austenite. According to
a previous study [10], during an in-situ experiment, the austenite in TRIP-maraging steel
transformed to a/-martensite at low strain, i.e., approximately 2%. In other words, crack
initiation would occur at an austenite region, as a fatigue crack always forms in the
softest microstructure. Furthermore, an inclusion existing on an austenite-related
boundary was observed to assist the main fatigue crack nucleation at the stress
amplitudes of 400 and 450 MPa, as it caused stress concentration like a hole as shown
in Figs. 4.1d, 4.5¢, and 4.7b. An analogous phenomenon was observed in a previous
work where a crack also initiated from the an inclusion at a stress amplitude of 500 MPa
in a similar type of TRIP-maraging steel [7]. According to the previous study [7] and
Figs. 4.1, 4.5 and 4.7, the primary fatigue crack initiation site is concluded to be

austenite-related boundary having an inclusion, irrespective of stress amplitude.

4.4.2 Microstructural characteristics of fatigue crack propagation

Next, we discuss the small fatigue crack propagation behavior prior to the non-
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propagation. Based on the observations of the specimen surface replica and post-mortem
EBSD analyses, the effects of a hierarchical laminated microstructure on the fatigue
crack resistance are schematically illustrated in Fig. 4.11. Owing to the low stress
intensity factor at the small crack tip, crack prefers to propagate along the microstructure
boundaries such as the prior austenite grain boundary and packet/block boundaries. A
crack along the boundaries encounters the retained austenite via propagation, which
facilitates the deformation of the austenite (Fig. 4.11a). The deformation of crack
opening triggers the martensitic transformation at the crack tip as shown in the EBSD
phase maps of Figs. 4.6c, 4.8c and 4.9¢, which decelerated crack growth (Fig. 4.11b).
The deceleration associated with martensitic transformation has been discussed in terms
of PICC [14] and associated TRIP effect [2]. For instance, in Fig. 4.6c, austenite was
almost consumed for crack propagation-induced martensitic transformation.
Correspondingly, the fatigue crack growth rate markedly decreased with crack length,
which resulted in the non-propagating fatigue crack as shown in Fig. 4.5 (crack 1). When
the plastic zone size is significantly large at a long crack tip [15], martensitic
transformation occurs even in the retained austenite located slightly far from the crack
tip (Fig. 4.11c). Assuming that crack closure effect can significantly work in this
condition, the martensitic transformation ahead of the crack tip also contributes to PICC
when the crack tip propagates into the transformed region. Work hardening associated
with the TRIP effect is accomplished when the retained austenite is fully transformed
into martensite. When the crack approaches fresh martensite, the crack-opening-related
deformation induces dislocation multiplication, which enables further work hardening.
After overcoming the crack closure effects and work hardening, the fatigue crack further

propagates by yielding fresh martensite. With further propagation, the crack is resisted
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by the martensite boundary (the bottom side of the crack in Figs. 4.10d and h) because
grain boundaries containing atomistic misfits also act as strong barriers against
dislocation motion [16] and subsequently cause back-stress arising from the dislocation
pile-up [17, 18] (Fig. 4.11d). When a martensite packet/block boundary is aligned
perpendicular to the direction of crack propagation, the crack grows across the laminated
microstructure with a finely zigzag feature as experimentally shown in Fig. 4.7h
(schematically in Fig. 4.11e). Although experimental quantification of the roughness
effect on the crack growth is not possible in this study, the crack deflection and fine
zigzag feature have been recognized to induce RICC, such as in pearlitic steels [19] and
titanium alloy [20]. The RICC effect enables the reduction in the driving force of crack
growth [2, 4], and thus decelerates the crack growth (Fig. 4.11e). In summary, in this
propagation regime, the hierarchical microstructure and martensitic transformation
jointly influence the resistance of fatigue crack growth. The hierarchical fine
microstructure consisting of martensite boundary and martensite/austenite laminates
causes (1) multiple types of crack deflection that would cause RICC, and (2) frequent
occurrence of dislocation pile-up at the boundaries, which prevents crack opening.
Crack-tip-opening-induced martensitic transformation induces (1) volumetric expansion
from face centered cubic to body centered cubic, which can increase compressive
residual stress and further enhance PICC, and (2) work hardening from soft austenite

matrix to harder fresh martensite owing to TRIP at a crack front.

4.4.3 Microstructure effect on fatigue crack non-propagation

As mentioned above, the fatigue crack propagation path can be classified into two

cases: across the laminated structure (Figs. 4.8b and 4.9b) and within the soft austenite
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along the lamellar alignment (Fig. 4.6b). We discuss the details of the two cases
separately.

The crack propagation across the laminates requires a higher driving force because
the crack unavoidably propagates within hard maraging martensite where the dislocation
mobility is low. According to a previous work [21], propagation from a soft to hard phase
causes a greater effect of PICC compared with the case of single phase. Furthermore,
the hierarchical microstructure of martensite consisting of prior austenite grain, packet,
block, and lath enhances the deflection behavior via propagation along the martensite-
related boundary. Specifically, the boundaries of the martensite block that is the smallest
microstructure unit with a significant orientation change act as a major crack propagation
path when the crack propagates within the maraging martensite region (polygon with
the dashed line in Fig. 4.8b). This causes crack deflection (Fig. 4.7h), which can induce
crack closure, i.e., RICC. As shown in Figs. 4.1e and f, crack propagation is retarded at
the block boundaries, which indicates the difficulty of crack propagation across the
block boundaries. Instead, crack tends to be deflected along the block boundary. A
combined effect of these factors endows high fatigue crack non-propagation limit.

In contrast, the fatigue crack propagates preferentially along the austenite film when
the lamella is aligned parallel to the propagation path. The progressive crack growth
passing through multiple packet/block boundaries induces roughness in the crack
morphology. Thus, RICC associated with the roughness is the most presumable positive
effect of the retained austenite. The negative influence of retained austenite would
accelerate crack growth with respect to maraging martensite, when the crack propagates
along the laminates and approaches austenite as schematically shown in Fig. 4.12a.

Assuming that the crack propagates via blunting and re-sharpening mechanism, the
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crack growth requires stress accommodation at the crack tip. As austenite is soft, the
number of dislocation emissions from the crack tip is greater than the case wherein the
crack propagates within maraging martensite. Simultaneously, martensitic
transformation also occurs at the crack tip (Fig. 4.12b). After the transformation,
dislocation emission from the crack tip occurs in fresh martensite. The motion of the
emitted dislocation can be impinged at the fresh martensite/maraging martensite
interface or the intermetallic precipitates in maraging martensite (Figs. 4.12b and c).
Note that a previous work demonstrated that the boundary between fresh martensite and
maraging martensite exhibits a misorientation of only ~1° [13]. Such a low-angle
boundary does not act as a strong obstacle against dislocation motion owing to the
coherency of atomic arrangement [22, 23]. However, the intermetallic compounds in
maraging martensite act as barriers against dislocation motion. Thus, the dislocation in
austenite can move easily until it encounters the intermetallic compound, which causes
a relatively high crack growth rate in austenite films. Correspondingly, the fatigue crack
cannot stop around the central region of the austenite film (Fig. 4.12b) even at the fatigue
limit when it is along the laminates (Fig. 4.7b). However, the large plastic deformation
in retained austenite effectively assists work hardening and PICC. Therefore, coupled
with the RICC, the enhanced work hardening and PICC can decelerate the subsequent
crack growth after passing through the fresh martensite region. Consequently, the crack
is terminated easily by the hard maraging martensite, resulting in a non-propagating

fatigue crack as shown in Fig. 4.7e.
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4.5 Section Conclusion

In this work, we investigated the microstructural effects on fatigue crack non-
propagation and associated phenomena in a laminated TRIP-maraging steel to uncover
the underlying mechanism of superior crack resistance. The findings of the present study
are summarized as follows.

(1) Austenite-related boundaries having inclusions are the most susceptible to
fatigue damage evolution compared with maraging martensite. The initial fatigue crack
rapidly propagates along the "soft" austenite until it reaches the packet or prior austenite
grain boundary.

(2) Although austenite is the preferential site for crack propagation, the crack
opening induces martensitic transformation in the austenite region. The martensitic
transformation enhances volume expansion and work hardening. These are important
for deceleration of crack growth in terms of crack closure and dislocation motion
resistance.

(3) A zigzag crack propagation path forms through its growth along the laminates

and across the block boundary, which contributes to non-propagating fatigue crack.
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4.7 Tables and figures

N=1.96x10°
50 um

N=1.40x106 | | y it N=2.10x106
10pm |} p 50 e, i 50 pum

Fig. 4.1. Replica images showing surface fatigue crack behavior for the high cycle

fatigue condition at a stress amplitude of 450 MPa with fatigue life of 2.27x10° cycles.
(a) Fatigue crack propagation path. (b—d) Crack initiation processing. (e—f) and (g-h)
Fatigue crack propagated along the laminated structure preferentially indicated by red

arrows.
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(b)

Crack initiation site %

NS

Fig. 4.2. Fracture surface at 450 MPa without brittle fracture phenomenon. (a) Fracture
surface. (b) Magnified location near crack initiation. (c) Example of crack propagation

area. (d) Final fracture area with a dimple feature.
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Fig. 4.3. Surface fatigue crack growth data at the fatigue limit of 400 MPa. (a) Fatigue
crack length and (b) corresponding crack growth rate plotted against the number of

cycles. Some data were extracted from chapter 2.
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Fig. 4.4. Fracture surface at 400 MPa. (a) Fracture surface and (b) fatigue crack initiation

from an internal inclusion.
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Fig. 4.5. Inverted replica images of non-propagation surface crack 1 at 400 MPa as
shown in Fig. 4.3. Initial microstructure before fatigue testing. (b) Microstructure before
the crack initiation during testing. (c) Crack initiation. (d—e) Crack propagation. (f~h)

Crack non-propagation.
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/I Loading
direction

Fig. 4.6. EBSD data for the non-propagating crack at 400 MPa corresponding to Fig.
4.5h. (a) SEM image. (b) ND-IPF map with IQ contrast. (c) Phase map with 1Q contrast.
(d) KAM with IQ contrast. The yellow arrows indicate fatigue crack tips; the green arrow

indicates fatigue crack branching.
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=4 N=2.96x107

Fig. 4.7. Inverted replica images of non-propagation surface crack 2 at 400 MPa as
shown in Fig. 4.3. (a) Initial microstructure before fatigue testing. (b) Fatigue crack
initiated at the inclusion and propagated along the boundaries. (c—d) One side of the
crack stopped whereas the other side propagated across the lamellar alignment in a
zigzag path. (e—g) Crack non-propagation. (h) The magnified crack path with a zigzag

pattern is obtained from Fig. 4.7g.
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Loading
direction

Fig. 4.8. Fatigue crack with non-propagation at 400 MPa corresponding to Fig. 4.7g.
The specimen surface was slightly polished after the fatigue test. (a) SEM image,
corresponding to the EBSD results (b) ND-IPF map with IQ contrast, and (c) phase map

with IQ contrast. Fatigue crack tips are indicated by yellow arrows.
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Loading
B //direction y

Fig. 4.9. Fatigue crack with non-propagation at 400 MPa polished at a depth of
approximately 12 um from the surface. (a) SEM image. (b) ND-IPF map with 1Q. (e)
Phase map with 1Q. (c—d) and (f—g) Magnified images of the crack tip. The crack tips
are indicated by yellow arrows. A deflected crack path was formed when the crack

propagated across a grain (indicated by white arrow).
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N=2.50x107 N=2.96x10"

Fig. 4.10. Inverted replica images of non-propagation surface crack 3 at 400 MPa shown
in Fig. 4.3. (a) Initial microstructure before fatigue testing. (b) Fatigue crack initiated.
(c) Crack propagated along and across the boundaries. (d) Fatigue crack stopped at the
maraging martensite packet boundary. (e—f) Fatigue crack continued to propagate across
the boundary and along the lamellar alignment. (g—h). Non-propagation crack formed

owing to the barrier of the packet boundary.
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.

Fig. 4.11. Schematic of crack propagation. Crack path is indicated by a white line. The
distribution of dislocation shows the plastic zone at the crack tip. (a) A small crack
propagates along the boundaries to approach an austenite with low amount of dislocation.
(b) Crack propagates within the austenite, which results in martensitic transformation.
(c) Austenite transforms to martensite in advance owing to plastic zone evolution with
an increase in crack length. (d) Crack is deflected by the boundary when it attempts to
propagate across the maraging martensite along the maximum shear plane. (¢) Crack

propagates across a few lamellae in a zigzag path.
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Fig. 4.12. Schematic of the crack blunting process. Stress accommodation ahead of the
crack tip. (a) Fatigue crack propagates along the laminates and approaches the austenite.
(b—) Crack-tip-opening-induced martensitic transformation and the intermetallic

compounds enable dislocation motion resistance.
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CHAPTER 5. Physical mechanism of roughness-induced crack

closure failure

5.1 Introduction

Fatigue crack roughness can be formed through microstructure-dependent crack
deflection [1], such as preferential crack propagations along twin/grain boundary in
austenitic steels [2] and laminated structure in pearlitic steels [3]. As shown in chapter 3
and 4, the hierarchical soft-austenite/hard-martensite laminated microstructure of TRIP-
maraging steels guides crack propagation along austenite region, resulting in frequent
crack deflection. According to the RICC mechanism, once the crack roughness appears
during cyclic loading, asymmetric crack tip deformation causes a mismatch between the
crack surfaces [4]. The mismatch causes a premature crack surface contact, assisting
crack closure and subsequently decelerating fatigue crack growth rate [5, 6].

Phenomenologically, in TRIP-maraging steels, the increase in austenite size and
connectivity was reported to reduce resistance to low-cycle fatigue [7]. Assuming RICC,
the fact indicates that the annealing-time-dependent microstructure significantly affects
crack deflection/closure behaviors and associated fatigue crack growth rate. However,
the crack roughness and associated crack closure with different annealing time have not
been thoroughly clarified as shown in Chapter 3 and 4. In addition, the worn crack

surface might be a hint to investigate microstructure dependence of the RICC, because
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the wear resistance of the crack surface topography is key to maintain the roughness
during cyclic loading [8]. As reported previously [7], hardness that is a primary factor
affecting wear resistance, is also dependent on annealing time at 873 K. Therefore, the
key points in this study is placed on (1) crack roughness and associated crack closure
and (2) wear resistance of the fatigue crack region.

For both points (1) and (2), direct observations of fatigue crack in post-mortem
specimens are expected to clarify the microstructural effects on the low-cycle fatigue of
the TRIP-maraging steel. In order to clarify microstructure-dependent crack roughness
including its crack length dependence, only two-dimensional characterization of surface
cracks sometimes misleads understanding of its true nature, because of difference in
mechanical condition between specimen interior and surface. To solve this problem, we
here present the three-dimensional crack roughness features. Then, we discuss the
correspondence with microstructure, crack roughness, and hardness-based wear
behavior toward revealing significance of RICC in fatigue crack growth of TRIP-

maraging steels with different annealing times.

5.2 Experimental procedure and microstructure characterization

In this study, we focus on the low cycle fatigue results obtained from chapter 3,
where a 1 h-steel fractured at 800 MPa, and a 8 h-steel fractured at 780. In the fatigue-
fractured specimens, sub-cracks of 1100 um from 1 h-steel and 800 pm from 8 h-steel
were selected for crack morphology observations. The Vickers hardness values 15 pm
from the fracture surface were measured along the circumference of the specimen. Other
details of microstructure characteristics are listed in Table 5.1.

The observation of crack surface concentrated on the roughness evolution along
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radial direction by means of mechanical serial sectioning, because the newly formed
crack surfaces have rougher morphology, while the crack surfaces far from crack tip
show relative smooth topography after a long-term cyclic wear [9]. Prior to polishing,
an indent was marked by the Vickers hardness tester under measurement condition of
0.05 kgf, in order to ensure that the observing region is identical during serial sectioning.
After each serial sectioning, the crack surface roughness evolution was presented
through scanning electron microscopy (SEM) at an accelerating voltage of 20 kV. This
microstructure characterization process is shown in Fig. 5.1. In addition, the further
analysis of effect of microstructure on crack growth was detected by
electron backscatter diffraction (EBSD) measurements at an accelerating voltage of 20
kV and a beam step size of 70 nm. Electron channeling contrast imaging (ECCI)

technique was carried out at an accelerating voltage of 30 kV.

5.3 Results

5.3.1 Fractographic viewpoint of the crack roughness

In the chapter 3, fracture surfaces showed smooth topographic feature involving
friction scratches (Figs. 3.10a, and by). This topographic feature is an indirect evidence
of occurrence of wear, which is associated with repetitive crack surfaces contact during
the fatigue tests. Regarding wear, hardness is an important factor to maintain the crack
roughness during long loading cycles. Therefore, the hardness values of 1h- and 8h-

steels were measured as listed in Table 5.1.

5.3.2 Three-dimensional characteristics of roughness in 1 h-steel

Figure 5.2a shows a three-dimensional morphology of a fatigue crack of 1 h-steel

tested at 800 MPa. The crack propagated until a surface crack length of approximately
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1 mm. The three-dimensional zigzag morphology is clearly demonstrated here. The
regions outlined by blue dashed line in Fig. 5.2b show a set of relatively low
magnification images, which correspond to each section of Fig. 5.2a, respectively. The
long crack showed tortuous crack path as indicated by yellow dotted line. Magnified
images shown in Figs. 5.2ci-cs indicates micrometer-scale roughness more clearly.
Notably, although Figs. 5.2ci-c2> show crack zigzag path without crack closure near the
specimen surface, the crack surfaces contact each other in the specimen interior. In other
words, crack closure occurred near the crack front. Furthermore, the degree of crack
surface roughness gradually increased with depth of observation region, and mismatch
of the crack surfaces were observed as well. Correspondingly, the frequency of crack
closure region increases with increasing depth of the observation region as highlighted
by yellow arrows in Figs. 5.2¢3-cs. This fact indicates that crack roughness significantly
contributes to the occurrence of crack closure, i.e., RICC. Particularly, the crack
roughness was enhanced by the crack branching as indicated by blue arrows or
deflection mainly along the lamellae boundaries in Fig. 5.2¢, as well as the crack
coalescence shown in Fig. 5.2c3. The crack propagation with zigzag pattern was not only
in the two-dimensional view, but also along radial direction. To be specific, the sub-
crack as presented on the surface (Fig. 5.2c1) is formed by the branched crack
propagating beneath specimen surface and then changing the direction towards surface
indicated by the white arrows in Fig. 5.2c,. In addition, Fig. 5.2d quantitatively shows
projection distances from center line of each image to respective positions of the crack,
which is plotted against serial sectioning depth. For instance, the projection distances in
Fig. 5.2¢; corresponds to the length of yellow arrows. The average height of the crack

roughness along the depth direction was approximately 7 pm.
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Figure 5.3a shows microstructural crystallographic features of the region outlined
by dashed blue lines in Fig. 5.2be. A crack transgranularly propagates across numerous
maraging martensite blocks with zigzag path. The KAM map shows that the plastic
deformation is mainly distributed along grain boundaries acting a preferential formation
site of the retained austenite, while maraging martensite interior barely shows damage
(Fig. 5.3b). Furthermore, we note coarse laths indicated by white arrows in Fig. 5.3b.
Figure 5.3c; shows an ECC image including the coarse laths. In one of coarse lath
regions as shown in Fig. 5.3c;, the crack surfaces show significant asymmetric
topography. A side of crack surfaces presents a submicrometer-scale serration-like
roughness, while the other side shows a smooth topography caused by wear. Another
coarse lath region also shows worn crack surfaces as indicated by red arrow in Fig. 5.3c3,
which cannot contribute to crack closure. The region near the worn surface presents
coarse and thin laths as shown in Fig. 5.3c4. The coarse lath martensite shows a large

amount of lattice distortion, while the thin lath contained relatively less lattice distortion.

5.3.3 Three-dimensional characteristics of roughness in 8 h-steel

Figure 5.4a shows a the three-dimensionally zigzag fatigue crack with 800 pum
length in 8 h-steel tested at 780 MPa. At different depths, the identical region outlined
by yellow lines in Fig. 5.4b is magnified to exhibit a crack mainly along lamellar
alignment (Fig. 5.4c), which results in a micrometer-scale crack surface roughness.
Notably, the configurations of the crack do not show grain-size-scale change with
specimen depth from surface to 26 um as shown in Figs. 5.4c-c3. Significant changes in
crack shape was observed in the curvature of the crack surface and the presence of

submicrometer-scale roughness as indicated by yellow dashed circle. The
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submicrometer-scale roughness could remain because wear did not occur at this location
owing to crack closure at neighboring place. A grain-size-scale change appeared when
the specimen was ground from 26 to 40 um in depth as shown in Fig. 5.4c4, because the
crack is deflected by branched crack indicated by blue dashed line. Again, no grain-size-scale
change in crack shape was observed from 40 to 51 pm in depth. The presence of
roughness causes crack closure as indicated by yellow arrows, irrespective of depth
along the radial direction. Figure 5.4d shows roughness profiles along the radial
direction. The parts of the fluctuant segments show an average crack roughness height
of around 9.0 pm.

Figures 5.5a;1-a; show the evolution of the micrometer-scale roughness associated
with crack coalescence. A microstructural feature and plastic strain distribution of the
region where crack coalescence occurred on the surface is characterized after the serial
sectioning process, as shown in Figs. 5.5b and 5.5c. The ND-IPF map with 1Q contrast
mainly presents an interlamellar crack, and the relevant KAM map shows an extensive

plastic deformation.

5.4 Discussion

5.4.1 Roughness originating from crack propagation

In low cycle fatigue, the high applied-stress leads to transformation from retained
austenite to fresh martensite at early fatigue stage. The macroscopic yielding causes
multi-crack initiations at fresh martensite and pre-existing defects such as inclusion (Fig.
5.6a; and bi). Subsequently, the initial cracks preferentially propagate along lamellar
alignment, because (i) the fresh martensite inherits the original austenite distribution

pattern, which is located at prior austenite boundary and various maraging martensite
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boundaries [10], (ii) the fresh martensite is softer than maraging martensite owing to the
absence of intermetallic compounds [7], and (iii) the intermetallic compounds contribute
to plastic deformation resistance in maraging martensite by pinning dislocation [11, 12].
Thus, crack surface exhibits a micrometer-scale roughness. In 1 h-steel, the highly
deformed fresh martensite will cause a local nm-scale roughness due to the volume
dilatation [7]. With increasing crack length, the stress intensity factor is enhanced to a
certain value that assists crack to break through the maraging martensite blocks as shown
in Fig. 5.3a (schematically in Figs. 5.6a; and b»). In this situation, cracks show
submicrometer-scale rough surfaces due to the different orientation of the blocks. In
addition, the submicrometer-scale roughness is also observed inside coarse lath of 1 h-
steel (Fig. 5.3c2), which is formed by the mix-mode [+II when the slip plan is diagonal
to the loading direction. Furthermore, crack coalescence also contributes the
micrometer-scale roughness as shown in Figs. 5.2c3 and 5.5a;-a> (schematically in Figs.
5.6a3 and b3). Thus, both steels have similar crack surface roughness pattern in terms of
interlamellar, transgranular and coalescing crack, which act as macroscopic factor for
crack closure. The microscopic factor stems from the asymmetric crack wake plasticity
i.e. mismatched crack surfaces [13, 14], which results from inhomogeneous
microstructure resistance to dislocation motion. When crack tip deformation drives
crack surface shift, those factors contribute to crack closure i.e. RICC and associated
deceleration of growth rate [5]. However, owing to the crack surface contact
accompanied by friction, the roughness of fracture surface was inevitably worn as shown
in chapter 3 (Figs. 3.10a> and b»). Therefore, in the following, evolution of crack surface

wear will be described.
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5.4.2 Effect of hardness on crack roughness: a viewpoint of wear

As mentioned above, the transgranular crack across laminated microstructure has a
more finely zigzag path (Figs. 5.2c3 and 5.4¢»), compared to the interlamellar cracking.
Although the frequent crack deflection contributes to crack closure, the inevitable wear
progressively reduces the roughness height to weaken RICC as schematically shown in
Fig. 5.7. In loading process, the advancing crack tip generates new submicrometer-scale
roughness (Fig. 5.7a). During unloading, the crack surface asperities prematurely
contact and flaws are remained. With the mismatched surfaces reciprocal sliding under
the crack tip driving, interaction force facilitates the flaws growth (Fig. 5.7b). Finally,
asperities are fractured to become smooth topography (Fig. 5.7¢). In the following crack
re-sharpening process, new flaws are introduced on the smooth surface by asperities.
The subsequently shifting crack surface asperities stretches the flaws to leave scratches
(Fig. 5.7d). Therefore, when roughness is reduced to a certain height that both crack
surfaces cannot locally contact each other, RICC becomes impossible.

According to the results, two steels show a distinct degree of worn surfaces (Figs.
5.2 and 5.4). Particularly, the submicrometer-scale roughness can be obviously observed
in 1 h-steel, instead of 8 h-steel. This reveals that 1 h-steel has stronger wear resistance
than 8 h-steel, because of its higher hardness particularly in the vicinity of crack (Table
5.1). The hardness-dependence of wear resistance detected by A.J. Perez-Unzueta and
J.H. Beynon [15], showed that, during pure sliding wear tests, the pearlitic rail steel has
higher value of hardness by decreasing the lamellar spacing and can effectively reduce
the wear, because the high hardness stems from high work-hardening. In the dry wear
test, J.Kalousek et al. [16] reported that both tempered martensite and bainite steels

showed improved wear resistance through increasing the hardness. These studies
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demonstrated that the hardness is crucial for wear resistance.

The hardness is associated with the heat treatment in the present steels. Here, it
should be noted that the austenite reversion process is under over-annealing [17-19]. In
the previous work [7], increasing austenite grain size with annealing time results in
softening austenite, i.e. the austenite in 1 h-steel is harder than that in 8 h-steel.
Correspondingly, the hardness of fresh martensite transformed from austenite in 1 h-
steel is higher than that in 8 h-steel. In terms of maraging martensite, the hardness is
reduced with over-annealing time [20-23]. This is attributed to the dislocations re-
arrangement and associated decrement of dislocation density in maraging martensite.
Also, the intermetallic compound re-arrangement and coarsening decrease its density,
and thus the interparticle spacing increases. Therefore, during plastic strain, dislocation
line easily tends to loop around the particles in 8 h-steel, resulting in deterioration in
impeding effect on dislocation motion and finally softening the maraging martensite. As
presented by KAM maps, in 8 h-steel, the maraging martensite suffers from severe
plastic deformation, while that in 1 h-steel shows barely plastic deformation except in
the vicinity of crack (Figs. 5.3b and 5.5¢). This reflects that the maraging martensite in
1 h-steel has high hardness and effectively resists plastic deformation. Therefore, on the
overview of point, the 1 h-steel is harder than 8 h-steel. Correspondingly, the 1 h-steel

possesses stronger wear resistance and associated long-term effective RICC.

5.4.3 Influence of coarse lath martensite on RICC

In the 1 h-steel, Fatigue crack across martensite blocks involves coarse and thin
lathes. The hardness of coarse lath is lower than that of thin lath [24], resulting in

accelerating crack growth in the coarse lath region. Since the plastic deformation in
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coarse lath is preferentially along slip plane [25], when the slip plane is diagonal to the
loading direction, fatigue crack across coarse lath easily forms a submicrometer-scale
serration-like path by mix-mode I+II (Fig. 5.3c2). Thus, this submicrometer-scale
roughness contributes to crack closure. However, the wear causes an asymmetric worn
surfaces probable due to the inhomogeneous hardness.

Similar case also occurred at another coarse lath region where a crack propagated
with a zigzag pattern path. The wear also destroys the matched fracture surface
roughness, leaving asymmetric crack flanks. Specifically, the upper crack surface was
smoother (region indicated by red arrow in Fig. 5.3c3). At the same side of crack, the
thin lath showed a bright contrast in ECC image, irrespective of crystallographic
orientation (Fig. 5.3c3). Since grains with optimized surface orientation for Bragg’s
condition must show dark contrast, the orientation-independent bright contrast indicates
that the thin laths contain high lattice defect density such as dislocation. In contrast, a
partial region of coarse lath showed dark contrast and the other region particularly near
the lath boundary showed bright contrast. With the same context above, the contrast
gradient indicates lattice distortion, which is plausibly attributed to dislocation
accumulation near the lath boundary. In other words, plastic strain heterogeneously
evolved in the coarse lath, arising from the low density of intrinsic dislocation. Generally,
crystallographic defect such as dislocation and grain boundary is preferential nucleation
site for precipitation particles. Thus, the amount of particle is less due to the less
dislocation in coarse lath. Accordingly, at high stress amplitude, the pinning effect of
particle on motion of large amount of the newly-generated dislocation is limited. Finally,
dislocation distribution becomes inhomogeneous, further affecting crystal strength. At

unloading process, the asymmetric crack surfaces tend to return to original position and
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form a cavity, instead of crack closure, resulting in RICC failure. Thus, the influence of
coarse lath martensite on RICC is significant detrimental and acts as potential crack path,
because of low hardness and rapid wear consumption. In this regard, the high hardness
appears to be especially important with respect to high wear resistance and associated
long-term effective RICC.

The unpolished surface of 8 h-steel shows RICC while 1 h-steel does not show that.
Instead, this one-sided situation cannot judge that 8 h-steel has high degree of roughness.
Based on the above results, internal crack behavior presented by serial sectioning
uncovered that two-dimensional characterization easily misleads understanding. In fact,
crack surfaces present different roughness in different depth owing to the wear.
Furthermore, since the wear related to the hardness, the ‘soft’ 8 h-steel had a larger range
of worn crack surface than the 1 h-steel. Accordingly, the assessment on RICC through

three-dimensional investigation is more comprehensive.

5.5 Section Conclusion

The different heat treatment generates different microstructure with various
hardness that influences fatigue crack growth and associated roughness. The roughness
evolution is investigated through serial sectioning mechanical polishing. The conclusion
is as follows:

(1). Low-cycle fatigue resistance in 1 h-steel is superior to that of 8 h-steel. This is not
only due to the low austenite connectivity, but also the strong wear resistance. 8 h-steel
mainly shows interlamellar cracking due to the high austenite connectivity, while 1 h-
steel shows transgranular crack across laminated microstructure that results in a

submicrometer-scale roughness.
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(2). Owing to the existing wear during crack surfaces contacting each other, the crack
surfaces far from crack front become smooth, while the surfaces near the crack front is
rough. This morphology evolution is more evident in the ‘hard’ 1 h-steel, compared to
the ‘soft’ 8 h-steel that shows smooth crack surfaces in most regions, because the
hardness determines the wear resistance. Therefore, the 1 h-steel has long-term effective
RICC.

(3). In 1 h-steel, the roughness in coarse lath is worn easier than that in thin lath. Thus,
the influence of coarse lath martensite on RICC is significant detrimental and acts as

potential crack path, because of low hardness and rapid wear consumption.
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5.7 Tables and figures

Table 5.1. Microstructure size of 1h- and 8h-steels.

Vickers hardness tests were conducted at 0.05 kgf.

) ) ) Block Lath
Annealing | Prior austenite Packet ] ) HV before HV near the
) o ) thickness | thickness
time grain size (um) | size (um) tests fracture surface
(nm) (um)
1 hour 30 10 3 0.8 356 468
8 hour 29.7 9.7 2.7 0.5 261 329
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Fig 5.1. Three-dimensional microstructure characterization process with serial

sectioning.

112 /122



Fatigue crack resistance of hierarchical laminated transformation-induced-plasticity maraging steel

(] sub-crack

@ 7 axis Y axis (loading direction)

surface

12 pm

-26 pm

=35 um
-40 um

X axis (propagation direction)

=
=
8’ E
= 0 F
-g 3
B -5 F
= :
Ke]
©
A
o
p—
o

. a ——point 1
r ——point 3

-15 F point 4
F —e—point 5
_20 e A S O
-10 10 30 50

Serial sectioning depth, um

Fig. 5.2. 1h-steel at 800 MPa with fatigue life of 2.23x10* cycles. (a) Three-dimensional
microstructure characterization by serial sectioning. (b) Long zigzag crack. The regions
outlined by blue and white dashed lines are magnified as shown in Fig. 5.2a and Fig.
5.2c. (¢) The evolution of crack surface roughness with different depths. The blue and
yellow arrows indicate crack branching and crack closure, respectively. (d) Projection
distance from center line of each image to crack, is plotted against serial sectioning depth.

The average height of crack roughness is approximately 7 pm.
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Fig. 5.3. Microstructure characterization of 1h-steel at 800 MPa obtained after the failure
at 2.23x10% cycles, corresponding to the region outlined by blue dashed line in Fig. 5.2bs.
EBSD data is shown by (a) ND-IPF map with IQ contrast, and (b) KAM map. The white
arrows indicate coarse laths. (ci) Identical zigzag crack is characterized by ECCI
technique. (c2-c3) Crack surfaces show asymmetric roughness. The red arrow indicates

the worn surfaces. (c4) A region near worn surface includes coarse and thin laths.
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Fig. 5.4. 8h-steel at 780 MPa with fatigue life of 1.61x10* cycles. (a) Three-dimensional
microstructure characterizations by serial sectioning. (b) The local regions indicated by
yellow dashed lines correspond to Figs 5.4a and 5.4c. (c) Crack propagation along
lamellar alignment caused crack closure indicated by yellow arrows. (d) Projection

distance from center line of each image to crack, is plotted against serial sectioning depth.
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Fig. 5.5. Fatigue crack propagation path of 8 h-steel at 780 MPa. (aj-a2) A set of inverted
replica images shows that crack coalescences cause the micrometer-scale roughness
indicated by the red arrows. After serial sectioning to -51 pm, microstructure of yellow
outline in Fig. 5.5a; is characterized by EBSD as presented in (b) ND-IPF map with 1Q

contrast and (c) KAM map.
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Fig. 5.6. Schematic of fatigue crack behavior at low cycle fatigue in (a) 1 h-steel and (b)

8 h-steel. (a1, b1) Cracks initiate from defect and transformed martensite region. (az, b2)
Cracks across maraging martensite blocks form submicrometer-scale roughness;
Lamellar alignments build up micrometer-scale roughness. (a3, b3) Crack coalescences

contribute to the micrometer-scale roughness. The white lines indicate fatigue crack.
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Fig. 5.7. Schematic of the submicrometer-scale roughness evolution during fatigue crack

propagation. (a) Submicrometer-scale roughness is generated near crack tip. (b) Crack
surfaces contact each other results in flaws on asperities. (c) Relative slip between both
surfaces causes the asperities fracture. (d) The worn surface becomes smooth without

RICC effect. Aa is fatigue crack growth length.
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CHAPTER 6. General Conclusions and Outlook

6.1 Conclusions

As a new alloy, TRIP-maraging steel presents a robustness in fatigue performance.
This attributed to two aspects in terms of laminated austenite/maraging martensite
structure and deformation-induced martensitic transformation. Laminated structure
resisting crack growth is predominantly due to roughness-induced crack closure (RICC)
stemming from a zigzag crack propagation path within the austenite region. Martensitic
transformation, which causes volume expansion from face centered cubic (FCC) to body
centered cubic (BCC), decelerates crack growth rate by increasing local hardness and
transformation-induced crack closure.

Here, it is worth noting that presently experimental TRIP-maraging steel is still not
optimized, specifically on the aspect of the austenite fraction. Results show that austenite
strength decreases with annealing time. Thus, crack preferentially initiates from
inclusion in the TRIP-maraging steel annealed at 873 K for 1 h, while occurs at austenite
region in the steel annealed for 8 h. However, the total fatigue life of short annealing
steel is superior. In other words, steel annealed for 1 h shows great potential on fatigue
initiation life if the inclusion issue can be effectively controlled.

In terms of maraging martensite, it also contributes fatigue resistance because of the

high strength stemming from the intermetallic compounds resistance to the motion of
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dislocation. Similarly, dislocation from austenite is restricted to transmit into maraging
martensite. Therefore, experimental results show that crack along austenite-related
regions. As mentioned above, austenite transformation to martensite contributes to crack
growth deceleration. However, according to the experimental results and microstructural
mechanism on dislocation motion, austenite is preferentially site for crack propagation,
due to the elastic misfit among maraging martensite, transformation-induced martensite
and austenite. Therefore, austenite fraction is intrinsically critical factor. The steel with
high austenite fraction, i.e., high degree of austenite connectivity, has a rapid crack
propagation.

Laminated microstructure contributes to zigzag crack path and promotes the
associated roughness-induced crack closure (RICC). RICC related to the wear resistance
has been clarified via three-dimensional serial sectioning. The roughness far from the
crack tip easily disappears with number of cycles in a soft material, and thus hardness
effect on wear behavior of crack surface roughness involves a wide crack length range.
The wear resistance related to hardness is verified as present work. More specifically,
the higher hardness obtained through controlling the annealing time enables to improve

wear resistance. Therefore, the hardness is crucial criteria for RICC.

6.2 Outlook

According to the present work, it is worth further studying RICC effect, particularly
quantify the effect of friction stress on roughness, which will significant contribute to
fatigue life prediction and improvement of finite element method accuracy. For small
crack, AKw in TRIP-maraging steel should be lower than that in maraging steel owing

to the yield stress dependence. However, the existing of RICC effect might influence the

120 /122



Fatigue crack resistance of hierarchical laminated transformation-induced-plasticity maraging steel

value of AKu. It is expected that AKw in TRIP-maraging steel increases sharply with
small crack length due to the roughness formation, compared to that in maraging steel.
This experiment will be carried out using different size of notched specimen. In addition,
present work shows that TRIP-maraging steels have large potential in mechanic
properties. In order to reduce the negative effect that initial crack grows rapidly along
austenite-related boundary, grain size reduction might be a solution. This strategy can
simultaneously enhance crack deflection frequency, material hardness and associated
wear resistance. However, decreasing grain size can cause a drop in roughness height. It
would be interesting to exploring the influence of these variations on RICC. Considering
the situation of engineering application, welding process is used widely for assembling
and frame structure. The microstructure matrix of weld pool of TRIP-maraging steel
should be fully lath martensite, and residual stress is generated during welding. In order
to obtain fine laminated microstructure with specific mechanic properties, it is essential
to carry out annealing heat treatment. Correspondingly, the effect of microstructure and
residual stress on fatigue crack resistance needs to be examined.

From the viewpoint of modern industries, specifically in automobile industry,
ferrite/martensite dual-phase (DP) steels and TRIP aided multi-phase steels have been
widely used in the frame structure and body sheets, because of extraordinary formability
combined with shock absorption energy. The applications of these steels in automobile
have same goal that simultaneous increasing the structure strength and reducing CO>
emission through lowing thickness of body sheets. Experimental results show that TRIP-
maraging steel is superior to DP steel and TRIP steel in not only tensile properties, but
also fatigue performance. Therefore, probably, TRIP-maraging steel would be the next

generation material in automobile industry.
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