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CHAPTER 1. GENERAL INTRODUCTION

1.1 Background of this study

In many industries, technology has been developed and companies have applied
the new technology. In past, many companies focused on high performance of their
product such as high speed car with high displacement volume. However, increasing
environmental regulation, competition of high fuel efficiency and made automobile
companies to reduce the weight of their products. And the trend of weight reduction
has spread out into other industries and has lasted until now because of a benefit to
decrease an entry cost of their products. On the other hand, many automobile
companies have also made a lot of efforts in development of new materials to satisfy
increasing crash worthiness as shown in Fig. 1.1. The high-Mn austenitic steels have

been considered as structural applications in automotive industry [1].

Numerous studies have been performed on high-Mn austenitic steels because of
their high strength and ductility. The excellent mechanical properties of high-Mn
steels arise from either transformation-induced plasticity (TRIP) or twinning-induced
plasticity (TWIP) effects [2, 3]. The dominant plastic deformation mechanism is
dependent upon a variety of factors, including the chemical composition and
temperature [2, 4-6]. It has been reported that the stacking fault energy (SFE), which
depends upon the chemical composition and temperature, controls the plastic
deformation mechanisms in high-Mn austenitic steels [4, 5]. Fig. 1.2 shows the
volume fraction changes of e-martensitic transformation in high-Mn austenitic alloys

[7]. In the Fe-30Mn-Al-Si alloys, when the Si component increased, the volume
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fraction of e-martensitic transformation also increased as shown in Fig. 1.2 (g) and
(k). In addition, it has been also reported that the SFE of the Fe-30Mn-3Al-3Si and
Fe-30Mn-6Si alloys are 7.8 mJ/m? and 40 mJ/m?, respectively [8, 9]. Therefore, the
addition of Al and Si (i.e., solute elements) has been used to control the SFE to
obtain the desired TRIP and TWIP effects [2, 10]. The plastic deformation mode of
high-Mn austenitic alloys depends on the SFE. The e-martensitic transformation and
mechanical twinning are reported to occur in high-Mn alloys, which have the SFE
below 18-20 mJ/m? and between 15-45 mJ/m?, respectively [11, 12]. When the SFE
is higher than 45 mJ/m?, the dominant plastic deformation become dislocation cross-
slip [13]. For example, when the SFE is extremely low, e.g., in Fe-30Mn-6Si and Fe-
30Mn-4Si-2Al alloys, remarkable e-martensitic transformation occurs, which result

in TRIP effects [10].

Recently, the austenitic TRIP steels that are associated with e-martensite have
received much attention as potential damping materials for buildings because of their
superior low-cycle fatigue properties [6, 7, 14]. In previous study, fatigue tests of the
Fe-30Mn-xSi-(6-x)Al alloys (x=0~6) were conducted to investigate the fatigue
properties as shown in Table 1.1 [6]. And the Fe-30Mn-4Si-2Al alloy has a fatigue
life that is more than four times longer than that of conventional austenitic steels,
such as TWIP and stainless steels [6]. To clarify the importance of e-martensitic
transformation, the fatigue lives of various high-Mn austenitic steels with different
y/e phase stabilities have been compared [6]. The results of this comparative study
indicated that deformation-induced, reversible, y <> & martensitic transformation

plays a crucial role in improving the fatigue life [15, 16]. However, the relationship



between the low cycle fatigue resistance and effect of e-martensitic transformation in
the Fe-30Mn-4Si-2Al alloy still has remained unclear. Moreover, the fatigue crack

growth mechanism of the Fe-30Mn-4Si-2Al alloy has not uncovered.

The fatigue life is composed of the crack initiation period and crack propagation
period [17]. The crack initiation life is used in the fatigue life prediction method
called ‘safe-life’. In the safe-life design based on the prediction of fatigue crack
nucleation, a large margin should be selected to avoid unexpected fails, which can be
caused by many factors such as scatter in experiment results and error in expected
service load, etc. [18]. And the large margin contributes to the increase in the weight
and production cost. For these reason, some industries such as a nuclear power plant,
airplane, and etc. that demand a high entry cost and long operating time have used
the crack propagation life for the fatigue life prediction. In addition, high-Mn
austenitic steels showed short the crack initiation life compared to the crack
propagation life in low cycle fatigue. For example, a fatigue crack in the Fe-30Mn-
4Si-2Al alloy was initiated at 200 cycles and at a total strain range of 2%, even
though the total fatigue life was longer than 11,000 cycles [19]. Therefore, when
high-Mn austenitic steels are considered as structural materials in not only these
industries but also automobile companies, the study of fatigue crack propagation

behavior in high-Mn austenitic steels is important for effective design.

In present study, the Fe-30Mn-6Al, Fe-30Mn-4Si-2Al alloy and Fe-30Mn-6Si
alloys were used. The chemical composition and results of tensile test are shown in
Table 1.2 and Fig. 1.3 [20]. The SFE and associated plastic deformation mode of

three alloys are summarized in Table 1.3 [8-13]. The Fe-30Mn-4Si-2Al alloy, which



showed low cycle fatigue resistance, was used to investigate the fatigue crack growth
mechanism. In addition, the Fe-30Mn-6Al and Fe-30Mn-6Si alloys, which have slip
deformation and e-martensitic transformation as a dominant plastic deformation
mode respectively, were used to compare the effect of e-martensitic transformation in
low cycle fatigue. More specifically, the Fe-30Mn-6Al and Fe-30Mn-4Si-2Al alloys
have same initial microstructure and different plastic deformation mode. Therefore,
the effect of e-martensitic transformation on the fatigue crack growth behavior can
be compared during low cycle fatigue. The Fe-30Mn-4Si-2Al and Fe-30Mn-6Si
alloys have same plastic deformation mode. However, only the Fe-30Mn-6Si alloy
shows pre-existing e-martensite before fatigue test. Therefore, the effects of pre-

existing e-martensite and volume fraction of e-martensite can be compared.



1.2 Outline of this study

The main theme of this thesis is the investigations of fatigue crack growth
mechanisms in high-Mn-austenitic alloys during low-cycle fatigue. The Fe-30Mn-
6Al, Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys that showed conventional slip
deformation, strong low cycle fatigue resistance and highest volume fraction of -

martensite respectively were used to compare the crack growth mechanisms.

Chapter 1. General introduction of this study was described with research

background and outline of this thesis.

Chapter 2. The microstructural changes and macroscopic fatigue crack growth
behavior in Fe-30Mn-6Al, Fe-30Mn-4Si-2Al, and Fe-30Mn-6Si alloys were
observed in situ by optical microscopy. The results indicate that e-martensitic
transformation in the Fe-30Mn-4Si-2Al alloy has three positive effects on crack
growth: I) the suppression of strain localization; II) zigzag crack propagation, which
enhances roughness-induced crack closure; and III) subcrack formation, which
induced crack toughening, such as stress redistribution. On the other hand, the e-
martensite has a negative effect on crack growth, i.e., it causes subcrack initiation,
which leads to the subcrack coalescence with the main crack. However, the e-
martensitic transformation in the Fe-30Mn-4Si-2Al alloy is optimized so that the
positive effects are maximized and the negative effect is minimized, which results in

the superior resistance of the alloy against low-cycle fatigue.



Chapter 3. In order to examine e-martensitic transformation effect on localization of
plastic strain, plastic strain evolutions in the vicinity of crack path were investigated
at different crack lengths in Fe-30Mn-6Al, Fe-30Mn-4Si-2Al, and Fe-30Mn-6Si
alloys. Specifically, fractographic analyses and electron backscatter diffraction
measurements underneath the fracture surfaces were carried out. In terms of crack tip
deformation, the key roles of e-martensitic transformation are (1) brittle-like
cracking along y/e interface, (2) inhibition of fatigue damage accumulation, and (3)
geometrical constraint of e-martensite crystallographic structure at a fatigue crack tip.
Because of the roles (2) and (3) above, the Fe-30Mn-4Si-2Al alloy showed the
lowest fatigue crack growth compared to the other tested alloys. This chapter

presents the proposed e-martensite-related crack growth mechanism in details.

Chapter 4. In order to examine the mechanisms proposed in chapter 2, microscopic
fatigue crack growth behaviors of the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys
were investigated by in situ SEM observation during one cycle. The results indicate
that the Fe-30Mn-6Si alloy has subcrack initiation and cracking behavior caused by
pre-existing e-martensite as a dominant crack growth behavior. The fatigue crack
growth rate of the Fe-30Mn-4Si-2Al alloy is delayed due to positive effects of -
martensitic transformation and annealing twin boundary. The suppression of plastic
deformation localization by reverse transformation of e-martensite and decrease of
driving force at a crack tip contributed to low cycle fatigue resistance in the Fe-

30Mn-4Si-2Al alloy.

Chapter 5. General conclusion of the each chapters by present studies are

summarized.
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Table 1.1 LCF life, Nt, Young’s modulus, E, and monotonic tensile properties [6].

Material Nt (cycles) E (GPa) 002 (MPa) outs (MPa) n 0 (%)
Fe-30Mn-6AI-0Si 750 156 214 479 0.21 54
Fe-30Mn-5AlI-1Si 770 163 228 492 0.20 56
Fe-30Mn-4Al-2Si 1790 171 238 507 0.19 65
Fe-30Mn-3Al-3Si 2112 174 260 574 0.19 72
Fe-30Mn-2Al-4Si 8070 179 290 634 0.18 64
Fe-30Mn-1AI-5Si 2080 174 248 690 0.26 57
Fe-30Mn-0Al-6Si 2024 150 218 745 0.28 30

Table 1.2 Chemical compositions of the alloys used (wt.%) [20].

Alloys Mn Al Fe

Fe-30Mn-6Al 30.1 5.75 Bal.
Fe-30Mn-4Si-2Al 29.99 1.98 Bal.
Fe-30Mn-6Si 30.08 0.004 Bal.
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Table 1.3 SFE and associated plastic deformation mode by chemical composition of Al and Si [8, 9, 11-13].

Alloys SFE y stability Plastic deformation mode
Fe-30Mn-6AI-0Si y stable Slip deformation
Fe-30Mn-5AI-4Si O
Fe-30Mn-4AlI-2Si
Fe-30Mn-3Al-3Si 40 mJ/m? Twinning deformation
Fe-30Mn-2Al-4Si Twinning / e-martensitic transformation
Fe-30Mn-1Al-5Si II A4
Fe-30Mn-0AI-6Si 7.8 mJ/m? Yy—¢€ g-martensitic transformation
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CHAPTER 2. Macroscopic observation of low cycle fatigue
crack growth behavior associated with deformation-induced e-
martensitic transformation in high-Mn austenitic alloys

2.1 Introduction

In previous study, the Fe-30Mn-4Si-2Al alloy showed the short crack initiation
life compared to the crack propagation life [1]. This indicates that the factor
dominating the low-cycle fatigue properties is the low crack growth rate, which
stems from the e-martensite transformation. However, the effects of e-martensitic
transformation on the crack growth behavior have not yet been reported. In addition,

it is still unclear why the Fe-30Mn-4Si-2Al alloy is the optimal composition.

Therefore, when considering fatigue-crack propagation, the crack-propagation
path and effects of subcracks must be investigated. It has been reported that zigzag
propagation paths reduce the fatigue-crack propagation rate and enhance roughness-
induced crack closure [1, 2, 3]. Subcrack formation has two effects on propagation; it
decreases the crack propagation rate because of the effects of crack toughening [4, 5],
but it can also increase the crack propagation rate owing to the coalescing of the
main crack with the subcracks [6, 7]. Moreover, by correlating these factors with
microstructural features, it is expected that the mechanisms underlying the superior
low-cycle fatigue behavior associated with e-martensitic transformations can be

understood.

In-situ observation is one of powerful method to investigate the fatigue crack

growth behavior because the method facilitates direct observation of the fatigue

14



crack growth from the crack initiation to crack propagation. Moreover, in-situ
observation method has advantage of an immediate comparison between the fatigue
crack growth rate and crack growth behavior. For instance, when the crack
coalescence with subcrack occurs, the crack growth behavior and increased crack
length can be observed at same time. In addition, the change of fatigue crack growth
behavior can be investigated in the short and long crack regions through continuous

observation during the fatigue test.

In this study, we observed the macroscopic fatigue-crack propagation and
evolution of the microstructure in situ to clarify the characteristics of the propagation
path and subcracks associated with e-martensitic transformation. In addition, the
crack growth behavior was observed at different crack lengths because the crack
growth behavior can be changed due to increasing stress intensity factor. Thus, with
the results of this study, the superior low-cycle performance of the Fe-30Mn-4Si-2Al

alloy can be explained in terms of fatigue-crack growth.
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2.2 Experimental procedures

The materials used in this study were Fe-30Mn-6Al, Fe-30Mn-4Si-2Al, and Fe-
30Mn-6Si alloys. These alloys are dominated by different plastic deformation
mechanisms during fatigue tests because of their different SFEs [8]. The alloys were
forged and rolled at 1000 °C. The hot-rolled bars were then heat treated at 1000 °C
for 1 h and subsequently water-quenched. The bars were cut via electric-discharge
machining (EDM) to create the specimens for the bending fatigue test. The
specimens were chemically polished with a solution of H20, and HF (ratio = 10:1,
respectively) to remove the EDM-affected layer. The top surface of each specimen
was then mechanically polished. Fig. 2.1 shows the geometry of the specimens used
for the bending fatigue tests. A hole with a diameter (d) and height (h) of 100 um
was drilled in the center of the top surface of the specimens to control the crack
initiation site. The surface was etched with a solution containing HNO3z and C2HsOH
(ratio = 1:9, respectively) to observe the evolution of the microstructure and its

effects on crack propagation.

The bending fatigue tests were performed under fully reversed loading conditions
at room temperature. The fatigue tests were conducted under an optical microscope
with a total strain range of 0.7% and at a frequency of 6 Hz. The fatigue-crack length
(I; see Fig. 1(d) for the definition of 1) was directly measured from images obtained
with the optical microscope. The fatigue tests were conducted until | reached 1 mm.
After the bending fatigue tests, the specimens were mechanically polished to remove

the deformation-induced topography. The microstructure at the crack tips was then
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observed via electron-backscatter diffraction (EBSD) measurements. All of the
EBSD measurements were conducted with a beam step-size of 50 nm and an
accelerating voltage of 20 kV. In addition, to observe the striations that arise from
mode I fatigue-crack growth, additional specimens with drilled holes were fractured
by fatigue under the same conditions as the in situ experiments. The fracture surfaces
of these specimens were then observed via scanning electron microscopy (SEM) at

an accelerating voltage of 15 kV.
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2.3 Results

2.3.1 Fatigue crack growth rate

Fig. 2.2 shows | as a function of the number of cycles (N) for each alloy. The
fatigue crack growth rates of the Fe-30Mn-6Al and Fe-30Mn-6Si alloys are
comparable. Contrastingly, the fatigue crack growth rate of the Fe-30Mn-4Si-2Al
alloy is markedly lower than that of the other alloys, which is similar to the trends
reported in the literature [8, 9]. The sudden increase in the fatigue crack growth rate
Is due to the coalescence of the main crack with subcracks, as shown later. In Section
2.3.2, some characteristics of the fatigue crack growth behaviors of the three alloys

are discussed by comparing the in situ images.

2.3.2 Fatigue crack growth behavior

2.3.2.1 Fe-30Mn-6Al alloy

Fig. 2.3 shows in situ images of the Fe-30Mn-6Al alloy during the fatigue test. A
crack was initiated at the drilled hole after 2 x 10% cycles, and it subsequently
propagated, as shown in Fig. 2.3(b). Fig. 2.3(c) shows that intensive surface reliefs
are present at both the left- and right-hand side crack tips. Fig. 2.3(c-e) show that the
propagation path of the left-hand side fatigue crack is a zigzag. In addition,

subcracks were initiated at the grain boundaries, as indicated by the red arrows in Fig.
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2.3(c) and (d). These subcracks eventually coalesce with the main fatigue crack (Fig.
2.3(f)), which accelerates the fatigue crack propagation rate (Fig. 2.2). To analyze the
growth behavior of the zigzag crack (left-hand side crack), magnified images of the
outlined region in Fig. 2.3(f) were obtained (Fig. 2.4). The propagation path can be
decomposed into two directions; directions A and B, as indicated by the arrow in Fig.
2.4(f). Direction A is approximately perpendicular to the loading direction, but it
does not contain any specific crystallographic features. The fatigue crack
propagation in direction A is accompanied by the formation of slip traces along two
slip planes. On the other hand, direction B is always along pre-existing slip traces,
which indicates that direction B is along the {111}, slip plane. The fatigue crack
propagation stops at the grain boundary (Fig. 2.4(d)), but it then restarts, as shown in
Fig. 2.4(e). The pre-existing slip traces are present even at 1.9 x 10* cycles (Fig.
2.4(a)), and the number of traces increases with the number of cycles until the main
crack approaches the grain boundary, as shown in Fig. 2.4(b-d). By fatigue testing
another Fe-30Mn-6Al specimen until it fractured, SEM images of the fracture
surface were obtained, as shown in Fig. 2.4(g-i). Fig. 2.4(h) and (i) show that the
early and late propagation regions mostly contain surface features with and without

striations, respectively.
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2.3.2.2 Fe-30Mn-4Si-2Al alloy

Fig. 2.5 shows in situ images of the Fe-30Mn-4Si-2Al alloy during the fatigue test.
Fig. 2.5(b) shows that a considerable amount of deformation-induced plate-like
products has formed. It has been reported that these plate-like products are mainly e-
martensite [8]. A subcrack was initiated at a grain boundary at 5.0 x 10® cycles, with
the main crack initiated at 1.5 x 10* cycles, as shown in Fig. 2.5(b). The crack on the
right-hand side reaches annealing twin boundaries, and then continues to propagate
along the twin boundaries, as shown in Fig. 2.5(c) and (d). The fatigue crack
branched to the perpendicular direction to the loading direction and then it is
deflected again along the second annealing twin boundary (Fig. 2.5(e)); this
deflection delayed the fatigue crack growth. After the crack passes through the
annealing twin boundaries, the crack propagation occurs along a zigzag path (Fig.
2.5(f)). The zigzag propagation can be clearly seen in Fig. 2.6. Fig. 2.6(a) shows that
a considerable amount of the plate-like products is present in front of the main crack
tip. These plate-like products are e-martensite, as shown by the phase map (Fig.
2.6(g)). By fatigue testing another Fe-30Mn-4Si-2Al specimen until it fractured,
SEM image of the fracture surface were obtained, as shown in Fig. 2.6(i-k). Fig.
2.6(J) shows that the early propagation region exhibits a fracture surface without
striation. Even though the fracture surface partially exhibits striation-like features
(Fig. 2.6(Kk)), the distance between the striations (approximately 1-2 um) corresponds
to the spacing or thickness of the e-martensite plates rather than the fatigue crack

propagation rate. Even the late propagation region does not exhibit clear striation,
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and it contains features that are similar to those reported for tensile fractures that are

associated with e-martensitic transformation [10, 11].

2.3.2.3 Fe-30Mn-6Si alloy

Fig. 2.7 shows in situ images of the Fe-30Mn-6Si alloy during the fatigue test. Fig.
2.7(a) shows that before the fatigue test was performed, thermally induced e-
martensite was present. Crack initiation occurred at 6.0 x 10° cycles at the right-hand
side of the drill hole, while a crack was initiated at the left-hand side of the drill hole
at 1.3 x 10* cycles (Fig. 2.7(b)). However, the fatigue crack growth on the left-hand
side is faster than that of the right-hand side (Fig. 2.7(c)). In addition, there is a
considerable amount of thermally induced e-martensite near the right-hand side
crack tip, while the region around the left-hand side of the drill hole only exhibits a
small amount. Fig. 2.7(d) shows that the crack growth on the right-hand side creates
a zigzag propagation path. Moreover, a subcrack then forms and coalesces with the
main crack (Fig. 2.7(e) and (f)). To understand this crack growth behavior, magnified
images of the zigzag region were obtained (Fig. 2.8). Fig. 2.8(a) shows the formation
of a subcrack near the main crack tip. The main crack then coalesces with the
subcrack, which accelerates the fatigue crack growth (Fig. 2.8(b)); this is similar to
the coalescence observed in Fig. 2.7(f). Furthermore, Fig. 2.8(c-f) show that the
coalescence of the main crack with subcracks occurs repeatedly. As has been
described in Sections 2.3.2.1 and 2.3.2.2, the fracture surface of a different specimen

composed of the same alloy was observed via SEM (Fig. 2.8(g-i)). In contrast to the
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other alloys, Fig. 2.8(h) shows that a considerable number of secondary cracks are
present on the fracture surface, as indicated by the arrows. Fig. 2.8(i) shows that
these secondary cracks and steps become clearer as | increases. Moreover, the red

broken like in Fig. 2.8(i) indicates the presence of a pyramidal surface feature.

2.3.3 Microstructural features at the crack tips

Fig. 2.9 shows the results of the EBSD measurements performed around the
fatigue crack tip in the Fe-30Mn-6Al alloy after the fatigue test was completed. The
phase map shown in Fig. 2.9(b) indicates that no e-martensite has formed near the
crack tip. In addition, the image quality (1Q) map (Fig. 2.9(c)) does not indicate the
presence of plates, which indicate that neither thin mechanical twin plates nor -
martensite formed during this fatigue test. Furthermore, the {111}, plane traces have
been highlighted in the 1Q map, which indicate that the majority of the fatigue crack

growths along the {111}, planes.

Fig. 2.10 shows the results of the EBSD measurements performed around the
fatigue crack tip in the Fe-30Mn-4Si-2Al alloy after the fatigue test was completed.
Fig. 2.10(b) shows that deformation-induced e-martensitic transformation have
occurred near the fatigue crack tip. In addition, the fatigue crack has propagated

along y/e-interfaces when the propagation path is aligned with the {111}, planes.

Fig. 2.11 shows the results of the EBSD measurements performed around the
fatigue crack tip in the Fe-30Mn-6Si alloy after the fatigue test was completed. Fig.

2.11(b) shows that a considerable amount of e-martensite plates can be clearly seen
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in the 1Q image (Fig. 2.11(c)). The majority of the fatigue crack along the {111},
planes, which most likely corresponds to the y/e-interfaces, as discussed in Section

2.4.1.

2.3.4 Crack opening and closing processes during one cycle

Fig. 2.12(a-i) show the crack opening and closing processes in the Fe-30Mn-4Si-
2Al alloy during one cycle. Here, the both main and subcracks are present in the
images. The plates observed around the cracks are e-martensite, as shown by the
phase and 1Q maps (Fig. 2.12(j) and (k), respectively). A considerable number of
subcracks are present along the y/e-interfaces, as shown in Fig. 2.5 and 2.12. In
addition, these subcracks are often aligned parallel to the main crack. Furthermore,
the subcracks usually grow until a critical length is achieved, which corresponding to
approximately the grain size. Fig. 2.12(a-i) shows that the main crack and subcracks

open and close simultaneously.
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2.4 Discussion

2.4.1 Crack propagation path along the {111}, planes; similar behaviors
produced by different underlying mechanisms

The fatigue cracks of the three alloys investigated in this study mainly propagated
along the {111}, planes. That is, the fatigue crack propagation paths look similar
regardless of the composition. However, when studied in detail, the underlying
propagation mechanisms in the three alloys are extremely different. The Fe-30Mn-
6Al alloy exhibited neither mechanical twins nor g-martensite, as shown in Fig. 2.9.
Therefore, the fatigue crack propagation along the {111}, planes is believed to stem
from slip localization. Dislocation planar slip and the resulting persistent Liders
banding (PLB) are the most likely candidates for the fatigue propagation
mechanisms in the Fe-30Mn-6Al alloy [12, 13]. Even though the SFE of the Fe-
30Mn-6Al alloy is relatively high compared to that of the other alloys, the SFE
divided by the shear modulus is approximately 0.9 mJ/(m? -GPa) (Shear modulus =
65 GPa [24]. SFE = 60 mJ/m? [9]). This value is lower than that of other face-
centered cubic (FCC) alloys, such as pure Cu (approximately 1.6 mJ/(m? -GPa) [15]),
which exhibits frequent cross slips that result in persistent slip banding [16].
Accordingly, a low SFE is believed to promote intensive planar dislocation slip,
which causes plastic strain localization (i.e., PLB) [12, 13]. In addition, PLB has
been reported to initiate fatigue cracks [13, 16]. Therefore, because PLB forms along
the slip plane, the fatigue crack in an FCC alloy with a relatively low SFE propagates

along the {111}, planes. The zigzag fatigue crack growth shown in Fig. 2.4 is the
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result of a combination of fatigue phenomena: PLB and conventional mode I
propagation that is accompanied by the formation of slip traces on different slip
planes, as shown in Fig. 2.4. In addition, the conventional mode I propagation can be
explained with a blunting and re-sharpening mechanism. The blunting/re-sharpening
and PLB mechanisms correspond to the crack propagation along the A and B
directions, respectively. Furthermore, the blunting/re-sharpening and PLB processes
are accompanied by striation and brittle-like features, respectively. According to the
fractographic analysis (Fig. 2.4(g-i)), the early and late fatigue crack propagation
behaviors are dominated by the PLB and blunting/re-sharpening behaviors are
dominated by the PLB and blunting/re-sharpening mechanisms, respectively. The
zigzag propagation that stems from the combination of these mechanisms is believed
to be an intermediate fatigue crack propagation behavior. One possible reason for the
change in the propagation mechanism is the difference between the number of
dislocations emitted from the crack tips of short and long fatigue cracks. When
numerous emitted dislocations pile up around the crack tip during a single cycle,
cross slip occurs to accommaodate the back stress. Accordingly, the strain distribution
is relatively homogenous, which assists the occurrence of the typical mode I fatigue

crack propagation.

In contrast, when the fatigue crack growth path lies along the {111}, planes in the
Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys, the mechanism that causes the crack
propagation is the formation of e-martensite. When a crack propagates along the
{111}, planes, the y/e-interface can be considered the crack propagation path because

the y/e-interface always satisfies the Shoji-Nishiyama relationship [17]. The y/e-
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interface can be the preferred fatigue crack propagation path because of the two
following factors. The first factor is the low resistance against brittle-like cracking
on the y/e-interface [11, 18]. This is because a {111}, plane is parallel to the basal
plane of e-martensite, and therefore, the dislocation motions of the other {111},
planes are strongly inhibited at the y/e-interface. Thus, the stress concentration at the
y/e-interface causes brittle-like cracking. The second factor is the reversible motion
of leading partial dislocations on the y/e-interface [19, 20]. It has been reported that
g-martensite grows through leading dislocation motions on every other {111}, plane.
Therefore, because the e-martensite in Fe-30Mn-Si-based alloys exhibits shape-
memory effect-like deformation-induced reverse transformation [19, 20], the reverse
transformation mostly occurs via the reverse motion of leading partial dislocations.
Thus, as long as reversible g-martensitic transformation can occur effectively, the
dislocation motions are activated mainly on the y/e-interface. During the reversible
dislocation motions, irreversible lattice defects, such as residual dislocations that are
due to the forward/reverse transformations, might from, which causes the fatigue
crack propagation at the y/e-interface. Moreover, as shown in Fig. 2.11, there is a
considerable number of intersecting g-martensite domains in the Fe-30Mn-6Si alloy.
As has been reported for Fe-Mn-Si-based shape memory alloys, this intersection
requires the formation of complex microstructures, such as FCC phases and
hexagonal close-packed (HCP) twins [21-23], which may reduce the reversibility of
the deformation-induced transformation. Therefore, the irreversibility of these
intersections could also be a reason for the preferential formation of fatigue damage
at e-martensite plates during low cycle fatigue. The resulting {111}, fatigue crack

propagation is a cause of the formation of striation-free features on the fracture
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surface (Fig. 2.6(j) and 2.8(h)). If a considerable amount of g-martensite plates is
activated on multiple slip planes, the smoothness of the fatigue crack propagation is
disturbed at the y/e-interfaces, which results in the striation-like features (Fig. 2.6(k))

with a spacing that corresponds to the spacing or thickness of the g-martensite plates.

In addition, fatigue crack propagation along annealing twin boundaries in a {111},
plane was also observed (Fig. 2.6). The fatigue crack growth behavior shown in Fig.
2.6 indicates both the positive and negative effects of annealing twin boundaries on
the resistance against fatigue crack growth. First, the fatigue crack impinged on the
annealing twin boundary. Then, the fatigue crack propagated along the same twin
boundary. The former indicates that twin boundaries that are aligned perpendicular to
the crack propagation direction can inhibit crack growth, while the latter implies that
the twin boundary is a preferred site for the accumulation of fatigue damage. X3
coherent twin boundaries have been reported to act as string obstacles against
dislocation motions. This is because a large amount of energy is required for
dislocation dissociation to occur at twin boundaries [24, 25]. The dislocation
dissociation is indispensably needed for the dislocation to penetrate the coherent
boundary [26, 27], inhibiting the further dislocation motions at the twin boundary.
This property of twin boundaries contributes to the prevention of fatigue crack
growth. In contrast, the ease with which fatigue cracks are initiated at twin
boundaries has also been reported by previous studies [24, 28-30]. Specifically, it has
been reported that intersections between slip bands and twin boundaries act as the
initiation sites for cracks [28]. The fatigue damage-induced initiation of cracks is

believed to occur through the accumulation of irreversible lattice defects on the twin
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boundary. As mentioned in Section 2.4.1, dislocation penetration across a coherent
twin boundary requires dislocation dissociation. The dislocation dissociation results
in an irreversible dislocation. For example, a dislocation dissociation at a twin

boundary can be expressed by the reaction shown in Eq. (1) [26]:

N |-

[101](111)11 [114](511) + <[211](111) (1)

where [101](111) represents the incident dislocation and the (111) plane is the
obstacle twin boundary. The slip plane and direction can be expressed by indices in
the matrix. That is, (1/6) [114] (m) corresponds to a perfect dislocation at the twin
boundary. Fig. 2.13 shows a schematic diagram for the various interactions between
the dislocation and coherent twin boundary. A (1/6) [211](111) dislocation is
generated when the incident dislocation passes through the (111) twin boundary.
Even when a (1/6) [114](m) dislocation completes the reverse motion during the
compression process of the fatigue, the dislocation dissociation for the dislocation
penetration across the twin boundary in the reverse motion requires another
dislocation that corresponds to a (1/6) [211](111) dislocation during the tension
process. Therefore, irreversible dislocations are accumulated through the repetition
of dislocation dissociations at the twin boundary, which results in the fatigue

damage-induced formation of crack at the twin boundary.
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2.4.2 Effects of subcracks: coalescence and crack toughening

In addition to the growth of the main crack, subcracks formed during the fatigue
tests, especially in the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys. The formation of
subcracks has two effects on fatigue crack growth: coalescence with the main crack
and crack toughening. The former and latter accelerates and decelerates fatigue crack
growth, respectively. The formation of subcracks near the tip of the main crack was
common in the Fe-30Mn-6Si alloy. Therefore, because the propagation proceeds via
the repeated coalescence of the main crack was common in the Fe-30Mn-6Si alloy.
Therefore, because the propagation proceeds via the repeated coalescence of the
main crack with the subcracks, the fatigue crack propagation of the Fe-30Mn-6Si
alloy was discontinuous. As a result of this coalescence, secondary cracks and steps
appeared in the fracture surface of this alloy, as shown in Fig. 2.8(h) and (i).
Furthermore, the pyramidal surface feature in Fig. 2.8(i) can also be explained by

either coalescence or propagation along three different {111}, planes.

On the other hand, the coplanar subcracks of the Fe-30Mn-4Si-2Al alloy did not
appear near the tip of the main crack. Instead, the subcracks formed beside the main
crack, as shown in Fig. 2.12. The subcracks beside the main crack can decelerate the
fatigue crack growth through two processes. The first process is stress redistribution,
which occurs because of the release of residual stress at a crack tip during subcrack
initiation and propagation [4]. This behavior enhances the resistance against the
fatigue crack propagation of the main crack through a crack tip shielding mechanism

[5]. The second process is a reduction in the crack tip opening displacement (CTOD),
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which arises from the opening of subcracks, such as the one shown in Fig. 2.12.
Therefore, because the fatigue tests performed in this study were strain-controlled,
the CTOD of the main crack at the maximum strain decreases when non-coplanar
subcracks of significant length are present. As we proposed in our previous study [1],
these microscopic changes in fatigue can be classified into two cases: crack
propagation-induced events and macroscopic deformation-induced events. The latter
does not depend on when the main crack initiation and propagation occurs. Thus, the
most important factor controlling the fatigue crack growth of the Fe-30Mn-4Si-2Al
alloy is the crack propagation-induced event. The effects of stress redistribution can
be categorized as crack propagation-induced event. On the other hand, a reduction in
the CTOD can be categorized as a macroscopic deformation-induced event, which
indicates that the reduction of the CTOD is a minor factor in the deceleration of
crack growth under the conditions of this study. However, the contribution from the
reduction of the CTOD can be enhanced by greatly increasing the number of
subcracks. Therefore, reducing the CTOD may significantly contribute to the
deceleration of crack growth when under extreme conditions that cause the

formation of many subcracks.

2.4.3 Factors affecting fatigue crack growth: why does the Fe-30Mn-4Si-2Al

alloy show the outstanding fatigue resistance?

From the viewpoint of microstructural evolution, the deformation-induced e-
martensitic transformation plays an important role in fatigue crack growth. The

effects of the chemical composition on the phase stability are the most crucial factors
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because it will affect the behaviors of both the forward and reverse transformation.
The stability of the austenite phase to e-phase of in the Fe-30Mn-4Si-2Al alloy is
lower than that of the Fe-30Mn-6Al alloy, which allows the e-martensitic
transformation to occur, but it is higher than that of the Fe-30Mn-6Si alloy, which
facilities the deformation-induced reverse transformation at room temperature. In
addition to the thermodynamic effect, the two effects of e-martensitic transformation
on fatigue crack growth must be considered: the promotion of fatigue crack
formation on vy/e-interface and the suppression of slip-related strain localization at
the crack tip. The promotion of fatigue crack formation has both positive and
negative effects on fatigue crack growth. The negative effect is the coalescence with
the main crack, which accelerates fatigue crack growth. The positive effect is the
crack toughening, which is associated with crack tip shielding and a reduction in the
CTOD at the maximum strain during a cycle. Moreover, the evolution of y/e-
interface fatigue damage produces a zigzag fatigue crack propagation path along the
{111}, plane, which assists the roughness-induced crack closure [2, 3]. The
suppression of slip related strain localization is attributed to the reversible motion of
leading partial dislocations, which inhibits PLB that stems from the accumulation of
irreversible lattice defects. Therefore, because PLB causes fatigue damage evolution,

its suppression decelerates fatigue crack growth.

In this context, the behavior of e-martensitic transformation must be controlled to
achieve an exceptional resistance against low cycle fatigue crack growth, such as
that exhibited by the Fe-30Mn-4Si-2Al alloy (Fig. 2.2). For example, the Fe-30Mn-

6Al alloy contains no e-martensite, and hence, it does not receive the positive effects
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of e-martensite, which results in the lower resistance against fatigue compared to the
Fe-30Mn-4Si-2Al alloy. In contrast, in the case of the Fe-30Mn-6Si alloy, a
considerable number of subcracks preferentially formed near the crack tip, which
promoted fatigue crack growth by coalescing with the main crack. The ease with
which the subcracks formed is probably because of the higher amount of &-
martensite. The high amount of e-martensite increases the degree of stress
concentration and decreases the reversibility because of intersections of g-martensite
plates. Furthermore, the addition of Si is known to have a significant effect to
deteriorate the plasticity of steels [31]. The reduction in plasticity potentially causes
the y/e-interface to crack more easily. The brittle features of e-martensite-related
cracks can be clearly observed in tensile tests when more than 6% of Si is added to

Fe-high-Mn alloys [11].
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2.5 Conclusions

In this study, the microstructural evolution of Fe-30Mn-6Al, Fe-30Mn-4Si-2Al,
and Fe-30Mn-6Si alloys during strain-controlled bending fatigue tests was observed
in situ. From the results, the factors that produce the superior resistance of the Fe-
30Mn-4Si-2Al alloy against low cycle fatigue were determined in terms of the crack

propagation behavior. The main conclusions are summarized below.

(1) The Fe-30Mn-6Al alloy exhibited fatigue crack growth along the {111}, plane
in addition to conventional mode I propagation. The fatigue crack propagation
along the {111}, plane is caused by the strain localization and the subsequent

fatigue crack formation.

(2) The Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys also exhibited fatigue-crack
growth along the {111}, plane. However, the propagation mechanisms
involved are not the same as that of the Fe-30Mn-6Al alloy. That is, the fatigue
cracks in the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys propagated along the
y/e-interfaces. The fatigue crack propagation along the y/e-interfaces causes
the formation of a zigzag propagation path. The zigzag propagation path is
believed to decelerate fatigue crack growth because of the enhanced

roughness-induced crack closure.

(3) Subcracks that formed near the crack tip coalesced with the main crack, which
accelerated crack growth in the Fe-30Mn-6Si alloy. In contrast, the subcracks

in the Fe-30Mn-4Si-2Al alloy did not coalesce with the main crack. This is
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believed to decelerate fatigue crack growth because of the stress redistribution

and a reduction in the CTOD, which stem from the opening of subcracks.

Hence, in terms of crack growth, the e-martensitic transformation has three
positive effects: 1) the suppression of strain localization; 2) zigzag crack propagation,
which enhances roughness-induced crack closure; and 3) subcrack formation, which
induces crack-toughening, such as the stress redistribution. However, the e-
martensitic transformation also has a negative effect on crack growth, i.e., it causes
subcrack initiation, which leads to the subcrack coalescence with the main crack.
The e-martensitic transformation in the Fe-30Mn-4Si-2Al alloy is optimized so that
the three positive effects are maximized while the negative effect is minimized,
which results in the superior resistance of the alloy against low cycle fatigue. In
future works, the optimal plasticity, amount (phase stability), and morphology of &-
martensite must be determined, and its associated subcrack formation behavior that
assists crack toughening and roughness-induced crack closure without coalescence

with the main crack should be investigated further.
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Fig. 2.1 (a) Top view of the sample geometry used for the fatigue tests. (b) Detailed
schematic of the shape of the drilled hole that is indicated in (a) (d = diameter, h =
height). (c) Magnified side view showing the position of the drill hole and the
loading direction. (d) Definition of the crack length (1) that was used in this study.
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Fig. 2.2 Fatigue crack length (l) as a function of the number of cycles (N) for a
maximum | of 1 mm for the three alloys tested.
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Fig. 2.3 In situ images of the Fe-30Mn-6Al alloy at various points during the fatigue test: (a) undeformed, (b) 6.0 x 103, (c) 1.9 x 10% (d) 2.3
x 10% (e) 2.9 x 10% and (f) 3.3 x 10* cycles. The white arrows indicate the main crack tips. The red arrows indicate subcracks.
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Fig. 2.4 (a-f) In situ images of the Fe-30Mn-6Al alloy at various points during the
fatigue test: (a) 1.9 x 10%, (b) 2.1 x 10%, (c) 2.3 x 10%, (d) 2.5 x 10%, () 2.7 x 10* and
(f) 2.9 x 10* cycles. (g-i) SEM images of the fatigue fracture surface of the same
alloy (but a different specimen): (g) overview, and (h) early and (i) late propagation
regions.
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Fig. 2.5 In situ images of the Fe-30Mn-4Si-2Al alloy at various points during the fatigue test: (a) undeformed, (b) 1.9 x 104, (c) 2.1 x 10%, (d)
2.5 x 104 (e) 3.3 x 104 and (f) 4.3 x 10* cycles. The white arrows indicate the main crack tips. The broken yellow lines indicate annealing
twin boundaries. The red arrow indicates a subcrack.
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Fig. 2.6 (a-f) In-situ images of the Fe-30Mn-4Si-2Al alloy at various points during
the fatigue test: (a) 3.1 x 10* cycles, (b) 3.5 x 10* cycles, (c) 3.7 x 10* cycles, (d) 3.9
x 10* cycles, (e) 4.1 x 10* cycles, and (f) 4.3 x 10* cycles. (g) Phase and (h) image
quality maps corresponding to the outlined region in (f). (i-I) SEM images of the
fatigue fracture surface of the same alloy (but a different specimen): (i) overview,
and (j) early, (k) intermediate, and (I) late propagation regions.
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Fig. 2.7 In situ images of the Fe-30Mn-6Si alloy at various points during the fatigue test: (a) undeformed, (b) 1.3 x 10%, (c) 2.5 x 10%, (d) 2.9 x
10%, (e) 3.1 x 10% and (f) 3.7 x 10* cycles. The white arrows indicated the main crack tips. The red arrows indicate subcracks.
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Fig. 2.8 (a-f) In situ images of the Fe-30Mn-6Si alloy at various points during the
fatigue test: (a) 2.5 x 10* cycles, (b) 2.7 x 10* cycles, (c) 2.9 x 10* cycles, (d) 3.1 x
10* cycles, () 3.3 x 10* cycles, and (f) 3.5 x 10 cycles. The white arrows indicate
the main crack, while the red arrows indicate the subcracks. (g-i) SEM images of the
fatigue fracture surface of the same alloy (but a different specimen): (g) overview,
and (h) early and (i) late propagation regions.
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Fig. 2.9 (a) Optical microscope image of the Fe-30Mn-6Al alloy after the fatigue test
(4.5 x 10* cycles). (b) Phase and (c) image quality maps corresponding to (a). The
red lines in the image quality map indicate {111}, planes.
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Fig. 2.10 (a) Optical microscope image of the Fe-30Mn-4Si-2Al alloy after the
fatigue test (6.3 x 10* cycles). (b) EBSD phase map corresponding to the outlined
region in (a).
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Fig. 2.11 (a) Optical microscope image of the Fe-30Mn-6Si alloy after the fatigue
test (4.3 x 10 cycles). (b) Phase and (c) image quality maps corresponding to the
outlined region in (a).
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Fig. 2.12 In situ images of the Fe-30Mn-4Si-2Al alloy during one cycle of the
fatigue test. These images were taken at 6.3 x 10* cycles. (a-i) The strain stages are
indicated in the schematic graphs shown in the insets. (j) Phase and (k) image quality
maps corresponding to the outlined region in (a).
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Fig. 2.13 Schematic diagram of the dislocation dissociation at the twin boundary.
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CHAPTER 3. Effects of e-martensitic transformation on crack
tip deformation, plastic damage accumulation, and slip plane
cracking associated with low cycle fatigue crack growth

3.1 Introduction

In chapter 2, macroscopic fatigue crack growth behavior was observed in situ by
optical microscopy. The Fe-30Mn-6Al alloy showed ductile striations on fracture
surface. This result indicates that a large plastic deformation is localized at the crack
tip. In contrast with the Fe-30Mn-6Al alloy, the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si
alloys showed considerable e-martensite near the crack path. However, the role of e-
martensite was quite different. Even the-30Mn-6Si alloy has been known to exhibit a
great work hardening capacity, the occurrence of premature fracture that associated
with e-martensite-related cracking can cause extremely low elongation [1, 2]. The
Fe-30Mn-4Si-2Al alloy showed the striation-like patterns on fracture surface of long
crack region as shown in Fig. 2.6(l). Moreover, when the striation-like patterns were
observed on fracture surface, the fatigue crack growth rate was still low, even though
the rapidly increased fatigue crack length by crack coalescence with long subcrack as
shown in Figs. 2.2, 2.6(i) and (). These results indicate that the Fe-30Mn-4Si-2Al
alloy has other effect of e-martensitic transformation, as well as the positive effects
of e-martensitic transformation introduced in chapter 2 such as zigzag crack
propagation, which enhances roughness-induced crack closure. Therefore, the further
research is needed to investigate the low crack growth rate of the Fe-30Mn-4Si-2Al

alloy.
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The formation of ductile striation has been known as a result of crack blunting and
re-sharpening [3, 4]. Moreover, the crack blunting and re-sharpening behavior
requires a large degree of plastic strain localization [5, 6]. The low-cycle fatigue
resistance of high Mn alloy is supposed that reverse transformation of g-martensite
has been recognized as the most important factor enhancing the resistance to low-
cycle fatigue [7, 8]. More specifically, the reverse transformation is attributed to the
forward and reverse motion of leading partials, which suppresses damage
accumulation-related to low-cycle fatigue [9]. However, the relationship between the
low fatigue crack growth and e-martensitic transformation has not been thoroughly
investigated in viewpoint of the localization of plastic deformation. In specific, the
way in which the reverse transformation of e-martensite decelerates the fatigue crack
growth is still debatable. Moreover, we must also consider how the g-martensitic
transformation affects the deformation behavior geometrically at a crack tip based on

the dislocation motions.

In order to discuss the effect of two factors mentioned above, performing a
fractographic analysis and the associated electron backscatter diffraction
measurements are expected to uncover the fatigue crack growth mechanism and
fatigue-related plastic strain evolution, respectively. Furthermore, in order to extend
the discussion from fatigue crack growth to fatigue life, the crack length dependence
of the fatigue crack growth behavior must be noted. Namely, in the present study, we
examine the relationship between the crack tip deformation and crack growth rate on
one side, and its crack length dependency with considerations to e-martensite

cracking on the other side.
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3.2 Experimental procedures

The Fe-30Mn-6Al, Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloy were used to
evaluate the plastic deformation localization. The chemical composition and the
results of tensile test are shown in Figs. 1.2 and 1.3. In chapter 2, the bending fatigue
test was conducted to obtain the fracture surface until 1 mm crack length. Moreover,
the same specimen was used in present chapter. However, the observation area of
fracture surfaces was different to that of chapter 2. Fig. 3.1 shows the specimen
geometry and observation area for further fracture surface and EBSD measurement.
Additional observation of fracture surfaces was conducted by scanning electron
microscopy (SEM) at an accelerating voltage of 20 kV and at around 2 mm crack
length to extend the discussion of the crack growth behavior change as shown in Fig.
3.1(c). Then, the specimens for the SEM observations were mechanically polished
from a side until the center of the specimen width (2 mm was removed) to observe
the microstructures underneath the fracture surface as shown in Fig. 3.1(d) [10, 11].
The microstructures near the short and long crack regions were observed by electron
backscatter diffraction measurements (EBSD) at an accelerating voltage of 15 kV
and a beam step size of 50 nm. The grain reference orientation deviation (GROD)

was used to confirm the distributions and maximum value of plasticity deformations.
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3.3 Results

3.3.1 Fracture surface observation pertaining to short and long fatigue crack

growth

Fig. 3.2 shows SEM fractographs of the regions corresponding to short crack parts
(300 um from the drill hole) of the respective alloys. All of the facture surfaces show
quasi-cleavage-like features. In addition, significant roughness is observed on the
fracture surface of all the alloys. This roughness might correspond to the zigzag

propagation shown in Figs. 2.3, 2.5 and 2.7.

Fig. 3.3 shows the fracture surfaces at 900 um from the drill hole. The fatigue
striations appeared on the fracture surface of the Fe-30Mn-6Al alloy, shown in Fig.
3.3(a), are similar to the striation feature observed in chapter 2 as shown in Fig.
2.4(1). This result indicates that the fatigue crack growth mechanism of the Fe-30Mn-
6Al alloy at 900 um is different to that at 300 um. In contrast, the fatigue striations
were not observed at 900 pm from the drill hole of the Fe-30Mn-4Si-2Al and the Fe-
30Mn-6Si alloys. Instead, striation-like patterns were observed on the fracture
surface of the Fe-30Mn-4Si-2Al alloy, as shown in Fig. 3.3(b), which is different
from the striations observed on the fracture surface of the Fe-30Mn-6Al alloy. These
results indicate that the fatigue crack growth mechanism of the Fe-30Mn-4Si-2Al
alloy changes at 900 um and the mechanism is different to the Fe-30Mn-6Al alloy
showing ductile striations. The Fe-30Mn-6Si alloy shows subcracks on the fracture

surface at 900 um, as shown in Fig. 3.3(c).
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Fig. 3.4 shows the fracture surfaces at around 2 mm from the drill hole. Fatigue
striations with increased spaces were observed in the Fe-30Mn-6Al alloy, as shown
in Fig. 3.4(a). Similar fatigue striation was also observed in the Fe-30Mn-4Si-2Al
alloy, as shown in Fig. 3.4(b). In addition, the striation spacing was narrower than
that of the Fe-30Mn-6Al alloy at the same crack length. These results indicate that
the fatigue crack growth mechanism of the Fe-30Mn-4Si-2Al alloy is comparable to
the Fe-30Mn-6Al alloy in the long crack region with crack length of 2 mm, and
associated crack growth rate of the Fe-30Mn-4Si-2Al alloy is relatively low even
after 1 mm crack length. In contrast, such fatigue striation was not observed in the

Fe-30Mn-6Si alloy, not even at 2 mm crack length.

3.3.2 EBSD measurements at the vicinities of fracture surfaces

Fig. 3.5 illustrates a SEM image and a set of EBSD measurements results at an
identical relatively short crack part formed in the Fe-30Mn-6Al alloy. The phase and
orientation maps, respectively shown in Figs. 3.5(b) and (c), indicate that &-
martensite and deformation twin did not form; instead, highly strain-localized bands
that markedly decrease the image quality exist. Fig. 3.5(d) shows a GROD map that
qualitatively corresponds to the plastic strain distribution in each grain [12]. High
concentration of plastic deformation is observed near the slip bands, grain boundary,

and fractured part.

Fig. 3.6 shows a SEM image and a set of EBSD results taken at the short crack

region in the Fe-30Mn-4Si-2Al alloy. It can clearly be seen in Fig. 3.6(b) that
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considerable amount of e-martensite appears particularly near the fractured part.
Deformation twins were not detected in this measurement, as shown in Fig. 3.6(c).
The high concentration of plastic strain existed in the e-martensite plates, particularly
near the fractured part, is the most important feature shown in Fig. 3.6(d). The
maximum reported value of GROD is 27. Note that this GROD value is lower than
that of the Fe-30Mn-6Al alloy (maximum GROD: 39). Furthermore, the amount of
g-martensite in the Fe-30Mn-6Si alloy is increased compared to that of the Fe-30Mn-
4Si-2Al alloy, as shown in Fig. 3.7(b). Although e-martensite forms and distribution
of plastic strain deformation is widespread in the Fe-30Mn-6Si alloy at the short
crack part (Fig. 3.7(b)), the maximum GROD value obtained is approximately 7.
Hence, the contribution of plastic deformation within e-martensite to fatigue crack

growth in the Fe-30Mn-6Si alloy is much lower compared to the other two alloys.

The Fe-30Mn-6Al alloy did not develop e-martensite or form deformation twins,
not even at the long crack part, as shown in Figs. 3.8(b) and (c). The maximum
GROD of the corresponding area (shown in Fig. 3.5(d)) is slightly higher than that at
the short crack part (Fig. 3.8(d)), indicating that a comparable or higher plastic strain
was developed by the fatigue crack growth at the long crack length compared to that
at the short crack length. Note that plastic deformation of the Fe-30Mn-6Al is

localized along the crack path.

Fig. 3.9 and 3.10 show the same sets of SEM/EBSD analyses at long crack parts
of the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys, respectively. Note that plastic
deformation of the Fe-30Mn-4Si-2Al alloy is localized on fracture surface like the

Fe-30Mn-6Al alloy as shown in Fig. 3.9(d). In addition, a volume fraction of &-
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martensite decreases compared with that of short crack region shown in Fig. 3.6(b).
The localization of plastic strain and decreasing volume fraction of e-martensite may
indicate that the fatigue crack growth mechanism of the Fe-30Mn-4Si-2Al alloy
become similar to the Fe-30Mn-6Al alloy at 900 um. However, the maximum
GROD of the Fe-30Mn-4Si-2Al alloy is still lower than the Fe-30Mn-6Al alloy.
Therefore, the crack growth mechanism of the Fe-30Mn-4Si-2Al alloy is supposed
that the crack growth mechanism is changing, but still slightly different at 900 um.
However, The order of the maximum GROD did not depend on the crack length: 42,
21, and 9 for the Fe-30Mn-6Al, Fe-30Mn-4Si-2Al, and Fe-30Mn-6Si alloys at the
long crack parts, respectively (the corresponding GROD at the short crack parts are
39, 27, and 7). It is found that the amount of localized plastic strain decreases with

increasing the Si content (or decreasing the Al content).
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3.4 Discussion

3.4.1 Correlation between strain localization and crack growth, and its crack

length dependence: the chemical composition effects on fatigue behavior

The obtained experimental results are summarized in terms of crack propagation

path, strain localization, and crack length dependence, as follows:

a)

b)

d)

The fracture surfaces (Fig. 3.2) in all of the three alloys revealed that crack

propagation along the slip plane occurs when the crack length is short.

The Fe-30Mn-6Al alloy showed ductile fatigue striations at a crack length of

900 um as shown in Fig. 3.3(a), which corresponds to the result of chapter 2.

The Fe-30Mn-6Al alloy showed the highest degree of strain localization in the
vicinities of fracture surface. The degree of strain localization decreased with
the Si content increase (or Al content decrease), regardless of crack length, as

shown in Figs. 3.5 to 3.10.

Fatigue cracking of the Fe-30Mn-6Si alloy mostly occurred along v/e
interfaces with a low plastic strain in e-martensite, irrespective of crack length,
as shown in Figs. 3.2 to 3.4. Accordingly, fatigue striation was not detected at

all.

The Fe-30Mn-4Si-2Al alloy showed significant plastic deformation in e-

martensite pertaining to fine zigzag crack propagation partially along 7y/e
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interfaces until 900 um. When the crack length increased to 2 mm, fatigue

striation appeared, as shown in Fig. 3.4.

The fact (a) indicates that the Fe-30Mn-6Al alloy shows fatigue crack growth
associated with damage accumulation, i.e. localization of lattice defects such as
dislocation when the fatigue crack was short. Then, as revealed by the fact (b), the
fatigue crack growth mechanism of this alloy changes to deformation-induced
blunting and subsequent re-sharpening accompanied by striation formation when the
fatigue crack is large. Both of the fatigue crack growth mechanisms of this alloy
require a large degree of plastic strain localization, which corresponds to the fact (c).
These fatigue crack growth mechanisms in the Fe-30Mn-6Al alloy are typical in

ductile FCC metals [5, 6].

In contrast, the fatigue crack growth behavior of the Fe-30Mn-6Si alloy appears
like a brittle manner related to y/e interfaces, regardless of the crack length as
mentioned in the fact (d). Both of the Fe-30Mn-6Al and the Fe-30Mn-6Si alloys
show crack growth along slip planes in short crack regions. However, large plastic
strain localization is not observed in the Fe-30Mn-6Si alloy, not even in a long crack
region, as shown in Fig. 3.10(d). These facts imply that the fatigue cracking of the
Fe-30Mn-6Si alloy occurs along y/¢ interface, instead of the damage-accumulation-
controlled crack growth or deformation-induced blunting and subsequent re-
sharpening mechanisms. The Fe-30Mn-6Si alloy shows subcracks on the fracture
surface of long crack regions (Figs. 3.3 and 3.4), which is hypothesized that the
subcrack formed at the vicinity of the crack tip and subsequently coalesced with the

main crack, as schematically illustrated in Fig. 3.11. The crack formation arising
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from e-martensite/e-martensite interactions has been well recognized to occur in high
Mn austenitic steels [13, 14]. Note that a considerable amount of g-martensite is
observed even in locations far from the crack tip. The pre-existing e-martensite
would play an important role to assist the brittle-like fatigue cracking. This can be
the reason why fatigue striation did not appear, irrespective of crack length, as

mentioned in the fact (d).

Finally, we discuss the crack growth characteristics in the Fe-30Mn-4Si-2Al alloy
that showed the lowest growth rate. In order to understand the nature of the high
fatigue crack resistance, we must note the presence of significant plastic strain and
formation of striation in the Fe-30Mn- 4Si-2Al alloy [fact (c) and (e)]. Unlike the Fe-
30Mn-6Si alloy, the fatigue crack growth mechanism of the Fe-30Mn-4Si-2Al alloy
does not display brittle manner, since the ductile fatigue striation appears when the
crack becomes long, as mentioned in the fact (e). Accordingly, the short crack
propagation mechanism is considered to stem from damage accumulation such as in
the Fe-30Mn-6Al alloy, even if the crack propagation path is along y/e interface (in
chapter 2, the fatigue crack growth along y/e interface was observed actually in the
Fe-30Mn-4Si-2Al alloy). Assuming that the short crack growth is caused by ductile
damage accumulation along e-martensite plates at the crack tip, the damage
accumulation is inhibited by the reversible transformation of e-martensite that stems
from repetitive motion of leading partials on an identical slip plane [7-9], as will be
discussed in details later. Therefore, the short crack growth associated with ductile
damage accumulation is decelerated by the e-martensitic transformation as long as

the e-martensite interface does not act as brittle cracking path. This phenomenon is
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one of reasons why the crack growth rate of the Fe-30Mn-4Si-2Al alloy was
relatively low compared to the other two alloys. The deformation-induced reverse
transformation of e-martensite decreases the residual plastic strain, which
corresponds to the fact (c). Hence, the Fe-30Mn-4Si-2Al alloy has higher plastic
strain level than the Fe-30Mn- 6Si alloy because of suppression of the brittle-like
cracking, while it has lower degree of plastic strain than the Fe-30Mn-6Al alloy that
attributed to the reversible transformation of e-martensite. Furthermore, even when
the crack is long, the fatigue crack growth rate of the Fe-30Mn-4Si-2Al alloy was
lower than the other tested alloys, as shown in Fig. 2.2. Therefore, another crack
growth deceleration mechanism exists pertaining to the fatigue striation formation.
Within this context, in order to discuss the underlying mechanisms of short and long
crack growth in the Fe-30Mn-4Si-2Al alloy, the focus will be on the effects of -
martensite on 1) lattice defect accumulation, 2) crack tip deformation, and 3)
occurrence of brittle-like cracking. These three points will be discussed in the
following section using a newly proposed crack growth model based on the

crystallography of e-martensite.

3.4.2 Contribution of e-martensitic transformation in deceleration of fatigue

crack growth: from the viewpoint of crack tip deformation

In this section, we discuss the crack tip deformation mechanisms with and without
g-martensitic transformation. A continuous fatigue crack growth pertaining to crack

blunting and re-sharpening has been considered as dislocation-based geometrical
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deformation of a crack tip [15, 16]. Fig. 3.12 shows a schematic diagram that
illustrates an assumed fatigue crack growth mechanism during one cycle associated
with crack tip deformation caused by perfect dislocation motions. When loading is
applied to a specimen, dislocations are emitted from a crack tip which opens the
crack tip. Ideally, further loading causes symmetrical dislocation emissions at the
crack tip, which brings about crack blunting and crack growth. Consider that the
emitted dislocations are pinned by solute atoms or pre-existing dislocations, while
other dislocations formed from Frank-Read sources, and are subsequently absorbed
to the crack surface causing crack closing. The resulting displacement of the crack
tip perpendicular to the loading direction is a crack growth length during one cycle,
Aa. Alternatively, as shown in Fig. 3.13, another type of fatigue crack growth can be
caused by dislocation accumulation at a crack tip [17], which stems from
asymmetrical dislocation emission from a crack tip or enormous dislocation

multiplication in a plastic zone formed by stress concentration at the crack tip.

Here, we discuss micro-mechanisms of e-martensitic transformation-driven crack
tip deformation based on the abovementioned two crack growth models. An ideal
case with phenomenologically accepted facts will be considered based on the

following assumptions:

1) e-martensitic transformation is a primary plasticity mechanism that occurs at a

crack tip, as indicated by the present study and chapter 2 [18].

2) A leading partial dislocation rather than perfect dislocation is emitted from the

crack tip in order to form g-martensite.
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3) The required stress for slip/twinning of e-martensite is higher than the critical

stress for e-martensitic transformation.

4) The deformation-induced reverse transformation of e-martensite exceptionally
occurs by counter directional stress (compression after tension and vice versa)
[7, 8]. This probably occurs because of the presence of back stress at a tip of &-

martensite plates that impinged at microstructural obstacles [19, 20].

5) Ductile micro-void formation at the vicinity of the fatigue crack does not

occur during the cyclic loading.

Based on the above assumptions, we propose a model of geometrical effects of &-
martensitic transformation on a crack tip deformation, as shown in Fig. 3.14.
Intrinsically, the motion of leading partials and subsequent formation of intrinsic
stacking fault are the formation mechanism of g-martensite [21, 22]. Therefore,
during loading, first, a leading partial is emitted from a crack tip. Next, the second
leading partial cannot sweep the same slip plane as the first leading partial motion,
because of the crystallography of intrinsic stacking fault. A schematic diagram that
illustrates this crystallography is shown in Fig. 3.15. A Leading partial dislocation
motion changes the atomic sequence from A-B-C (austenite) to A-C-A (e-martensite),
as shown in the schematic diagrams. After A-C-A stacking sequence formation, an
additional leading partial motion with the same Burgers vector that forms A-A
atomic stacking sequence is energetically unfavorable in FCC crystals [21]. Thus, the
second leading partial must be emitted along a near-symmetrical slip plane. Note that
the third leading partial cannot be emitted from the crack tip. If the third leading

partial is emitted along the neighboring slip plane of the intrinsic stacking faults, the
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stacking sequence becomes an extrinsic stacking fault that is a nucleus of the FCC
twin, not e-martensite, which indicates that the third dislocation emission from the
crack tip is not energetically favored in the present assumptions. In other words, the
neighboring slip planes plotted by red line in Fig 3.14 are geometrically immobile
planes. Instead, pre-existing dislocation sources such as those activated at the
vicinity of the crack front where stress is highly concentrated move to form g-
martensite. However, the pre-existing dislocation motion at the vicinity of the crack
front does not contribute to crack growth and crack tip opening displacement, which
means that stress concentration at the crack tip is not accommodated. Therefore, the
partial dislocations must be emitted from the crack surface behind the crack tip. The
atomistic zigzag structure of the crack wake decreases the macroscopic curvature of
the crack tip, thus relaxing the stress concentration. During unloading or
compressive loading, e-martensite may transform reversely. However, part of &-
martensite remains even after one loading cycle, since a considerable amount of the
remaining e-martensite was observed in the vicinity of the fracture surfaces, as seen

in Figs. 3.6, 3.7, 3.9, and 3.10.

The remaining e-martensite must inhibit crack tip deformation during the next
cycle. To cause significant crack tip deformation in the next cycle, e-martensite must
be deformed plastically through slip, twinning, or o’-martensitic transformation.
When the plastic deformability of e-martensite is not sufficient, the plastic
deformation requirement of e-martensite causes quasi-cleavage cracking along y/e
interfaces that corresponds to slip plane. The occurrence of brittle-like cracking in

the Fe-30Mn-6Si alloy stems from the low ductility of e-martensite. In fact, -
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martensite in high Mn austenitic steels including the Fe-30Mn-6Si alloy has been
reported to show the distinct brittle-like fracture in monotonic tension experiments
[13, 23, 24]. Specifically, when the Si content is increased to over 5 wt.% in high Mn
alloys, the ratio of lattice constants c/a of g-martensite becomes close to that of the
ideal hexagonal close-packed (1.633) [25]. Non-basal slip cannot preferentially
occur in the near-ideal close-packed structure, because the interplanar spacing of the
basal plane is much smaller than those of the other crystallographic planes. This
consideration must be noted as a reason why the Fe-30Mn-6Si alloy showed brittle-
like cracking associated with the low ductility of e-martensite. In contrast, the Fe-
30Mn-4Si-2Al alloy is much more ductile than the Fe-30Mn-6Si alloy [26].
Accordingly, as seen in the GROD map of Figs. 3.6(d) and 3.9(d), e-martensite of the
Fe-30Mn-4Si-2Al alloy was observed to be more plastically deformable than that of
the Fe-30Mn-6Si alloy. Thus, the plastic deformation of e-martensite could occur to
accommodate stress concentration at the crack tip even with the presence of a
considerable amount of e-martensite that formed in a prior fatigue cycle. Yet, the
plastic deformation in e-martensite requires higher stress compared to slip, which
can be another reason for the low crack growth rate in the Fe-30Mn4Si-2Al alloy.
Moreover, the striation formation arises from heterogeneous plastic deformation on
the crack surface around the crack tip. For example, Laird et al. described [27, 28] a
schematic for heterogeneously stretching zone at a crack tip to explain the striation
formation. As indicated in Fig. 3.14, because of the crystallographic constraint of -
martensite, locally stretching zone cannot form easily. In order to develop striation
patterns via formation of a stretching zone, e-martensite must be highly deformed at

the crack tip. Therefore, it is also considered that e-martensitic transformation at a
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crack tip delays striation formation, which is a reason why the striations of the Fe-

30Mn-4Si-2Al alloy appears only at the long crack (the fact (e) in Section 3.4.1)

In addition, when the crack tip deformation cannot occur easily in such
abovementioned case, the fatigue crack growth along slip plane that associated with
the dislocation accumulation during cyclic loading must be considered to occur as
shown in Fig. 3.13. The dislocation accumulation is difficult to occur when e-
martensitic transformation acts as a primary plasticity mechanism. This is because
the reversible e-martensite must suppress the accumulation of dislocations that cause
the slip plane cracking. Thus, when fatigue crack growth occurs via damage
accumulation, the fatigue crack growth rate is relatively low compared to the case
without e-martensite. Namely, in terms of crack tip deformation, it is summarized
that reversible deformation-induced e-martensitic transformation can suppress both
of the crack growth mechanisms arising from crack tip deformation and the
dislocation accumulation on a slip plane. Accordingly, the Fe-30Mn-4Si-2Al alloy

with ductile e-martensite could show markedly low fatigue crack growth rate.
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3.5 Conclusions

In this study, fully reversed bending fatigue tests are conducted in Fe-30Mn-6Al,
Fe-30Mn-4Si-2Al, and Fe-30Mn-6Si alloys with different austenite stability to e-
martensitic transformation. Accordingly, the fracture surfaces and plastic
deformation localization near the crack growth path were analyzed. Consequently,

the following conclusions were drawn:

(1) The fatigue crack growth mechanism of the Fe-30Mn-6Al and Fe-30Mn-4Si-
2Al alloys changes from crack propagation along slip plane to crack growth
with striations. The critical crack length for the growth mechanism transition
of the Fe-30Mn-4Si-2Al alloy was greater than that of the Fe-30Mn-6Al alloy.

In contrast, the Fe-30Mn-6Si alloy did not show striation until failure.

(2) Both of Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys showed fatigue crack
propagation along y/e interface. However, more fine zigzag propagation path
configuration was observed in the Fe-30Mn-4Si-2Al alloy compared to that of
the Fe-30Mn-6Si alloy. The crack growth mode along the interface in the Fe-
30Mn-6Si alloy is brittle-like cracking, while that in the Fe-30Mn-4Si-2Al is

ductile mode with a considerable amount of plastic staining.

(3) The e-martensite formed in the vicinity of the fractured part of the Fe-30Mn-
6Si alloy was not remarkably plastically deformed, even when the crack is
long. In contrast, the g-martensite formed in the Fe-30Mn-4Si-2Al alloy was

observed to contain a considerable amount of plastic strain. In other words, the
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e-martensite formed in the Fe-30Mn-4Si-2Al alloy is more ductile than that of

the Fe-30Mn-6Si alloy.

(4) The geometric constraint of crack tip deformation that arises from the
crystallographic structure of g-martensite is believed to decelerate fatigue
crack growth rate. When this effect of e-martensite works, significant plastic
deformability of e-martensite is required such as the case of the Fe-30Mn-4Si-
2Al alloy. Therefore, the Fe-30Mn-4Si-2Al alloy showed a lower fatigue crack
growth rate than the other tested alloys, and showed striation even with e-

martensite when the crack becomes long.
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Fig. 3.1 (a) Specimen geometry used for the bending fatigue test. (b) Magnified
schematic of the shape of the drill hole. (c) A schematic of fractured specimen cut by
saw machine for fracture surface observation. (d) Mechanically polished specimen
geometry until the center line for the observation of crack morphology and

corresponding microstructure.

72



Crack propagation direction

Fig. 3.2 Fatigue fracture surfaces at 300 um from the drill hole in the (a) Fe-30Mn-6Al, (b) Fe-30Mn-4Si-2Al, and (c) Fe-30Mn-6Si alloy
specimens. The loading direction is perpendicular to the crack propagation direction.
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Crack propagation direction

Fig. 3.3 Fatigue fracture surfaces at 900 um from the drill hole of the (a) Fe-30Mn-6Al, (b) Fe-30Mn-4Si-2Al, and (c) Fe-30Mn-6Si alloy
specimens. The loading direction is perpendicular to the crack propagation direction.
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Crack propagation direction

Fig. 3.4 Fatigue fracture surfaces at 2 mm from the drill hole of the (a) Fe-30Mn-6Al, (b) Fe-30Mn-4Si-2Al, and (c) Fe-30Mn-6Si alloy
specimens. The loading direction is perpendicular to the crack propagation direction.
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Fig. 3.5 Fatigue crack morphology at 400 um from the top surface along the width
central line of the Fe-30Mn-6Al alloy specimen. (a) Cross sectional SEM image near
the fracture surface, and corresponding (b) phase map, (c) IPF map of the horizontal
direction, and (d) grain reference orientation deviation (GROD) map. The EBSD
images are overlapped on the image quality map.
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Fig. 3.6 Fatigue crack morphology at 400 pm from the top surface along the width
central line of the Fe-30Mn-4Si-2Al alloy specimen. (a) Cross sectional SEM image
near the fractured part, and corresponding (b) phase map, (c) IPF map of the
horizontal direction, and (d) GROD map. The EBSD images are overlapped on the
image quality map.
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Fig. 3.7 Fatigue crack morphology at 400 pm from the top surface along the width
central line of the Fe-30Mn-6Si alloy specimen. (a) Cross sectional SEM image near
the fractured part, and corresponding (b) phase map, (c) IPF map of the horizontal
direction, and (d) GROD map. The EBSD images are overlapped on the image
quality map.
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Fig. 3.8 Fatigue crack morphology at 1 mm from the top surface along the width
central line of the Fe-30Mn-6Al alloy specimen. (a) Cross sectional SEM image near
the fractured part, and corresponding (b) phase map, (c) IPF map of the horizontal
direction, and (d) GROD map. The EBSD images are overlapped on the image
quality map.
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Fig. 3.9 Fatigue crack morphology at 1 mm from the top surface along the width
central line of the Fe-30Mn-4Si-2Al alloy specimen. (a) Cross sectional SEM image
near the fractured part, and corresponding (b) phase map, (c) IPF map of the
horizontal direction, and (d) GROD map. The EBSD images are overlapped on the
image quality map.
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Fig. 3.10 Fatigue crack morphology at 1 mm from the top surface along the width
central line of the Fe-30Mn-6Si alloy specimen. (a) Cross sectional SEM image near
the fractured part, and corresponding (b) phase map, (c) IPF map of the horizontal
direction, and (d) GROD map. The EBSD images are overlapped on the image
quality map.
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Fig. 3.11 Schematic diagrams of the fatigue cracking mechanism associated with pre-existing e-martensite at a crack tip. The vertical direction
corresponds to the loading direction.
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Fig. 3.12 Schematic diagram of crack tip deformation pertaining to dislocation
emission. The vertical direction corresponds to the loading direction.
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Fig. 3.13 Schematic diagram of fatigue slip plane cracking associated with
dislocation accumulation at a crack tip. The vertical direction corresponds to the

loading direction.
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Fig. 3.15 Schematic diagram of the stacking sequences of (a) austenite and (b) e-
martensite. Atoms on the bottom, middle, and top layers are drawn as black, red, and
blue, respectively. (c) Crystallographic restriction of partial dislocation motions in €-
martensite. Atoms on the bottom layer and a central atom on the middle layer are
picked up from (b).
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CHAPTER 4. Microscopic observation of low-cycle fatigue
crack propagation for investigation of fatigue crack growth
mechanism

4.1 Introduction

In chapter 2, the macroscopic crack growth behavior was observed by optical
microscopy. In addition, the effects of e-martensitic transformation were also
investigated. However, the crack opening and closure behavior was not conducted
during one cycle because of a low magnification and focusing problem by bending
of specimen. Moreover, the crack growth mechanisms of the Fe-30Mn-4Si-2Al and
Fe-30Mn-6Si alloys were proposed, using schematics in chapter 3. In the proposed
mechanism, both alloys are expected to show different crack opening behavior. More
specifically, a large crack tip opening can occurs because dislocation emission from
the crack wake may contribute to a large crack tip opening in the Fe-30Mn-4Si-2Al
alloy. However, the dislocation emission at the crack wake not contributes to the
crack propagation. On the other hand, the Fe-30Mn-6Si alloy showed the brittle-like
cracking and subcrack formation by pre-existing e-martensite in chapter 2. Moreover,
the plastic strain localization was not observed in chapter 3. These results indicate
that the crack tip opening behavior of the Fe-30Mn-6Si alloy may quite different to
the Fe-30Mn-4Si-2Al alloy. However, the fatigue crack growth behavior during one
cycle was not investigated yet. Therefore, in order to examine the crack growth

mechanisms proposed in chapter 3, further microscopic investigation is needed.

The observation of crack tip deformation requires a high magnification.
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Accordingly, numerous in-situ SEM observation has been conducted to investigate
the fatigue crack growth behavior [1, 2]. In-situ SEM observation has been mainly
used to measure the crack opening displacement (COD) as well as to observe the
crack propagation at applied maximum loading. Therefore, in order to investigate the
fatigue crack tip deformation behavior and examine the crack growth mechanism
proposed in chapter 2, in situ SEM observation during fatigue test was conducted
with a high magnification. In present study, the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si
alloys were used for comparison of the crack tip deformation behavior. In addition,

the crack opening behavior of both alloys during three cycles was observed.
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4.2 Experimental procedure

In present study, the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys were used. The
chemical composition and the results of tensile test are shown in chapter 1 [3]. Three
alloys were forged and rolled at 1000 °C, followed by annealing at 1000 °C for 1h
and subsequently water-quenched. The alloys were cut by electric discharge
machining (EDM) to prepare the fatigue specimens. Then, four through hole were
introduced to fix the specimen in SEM machine during fatigue test. All surfaces of
the fatigue specimens were mechanically polished to remove the EDM-affected layer.
Then, a 100 (I) x 6 (w) x 36 (d) um of FIB notch was introduced at center of the
fatigue specimen to make a fatigue crack initiation site. The specimen geometry and

size of FIB notch were shown in Fig. 4.1.

The tensile fatigue tests were carried out under optical microscopy to measure
the fatigue crack length at room temperature. The fatigue tests were stress controlled
by hydraulic fatigue machine at a frequency of 10 Hz. During the fatigue test,
constant stress is applied and corresponding stress to 5% strain obtained from the
tensile test results was used. When the fatigue crack length reached to 700 um, the
fatigue tests were conducted in SEM for the observation of crack tip deformation
during one cycle at an accelerating voltage of 15 and 30 kV in the Fe-30Mn-6Si and
Fe-30Mn-4Si-2Al alloy respectively. The applied stress for in situ SEM observation
is same to that applied in tensile fatigue test. Total 11 points were used for the

observation of crack tip deformation as shown in Fig. 4.2.

89



4.3 Experimental results

4.3.1 Fatigue crack growth rate

Fig. 4.3 shows the fatigue crack growth up to about 700 um crack length in the Fe-
30Mn-4Si-2Al and Fe-30Mn-6Si alloys. The fatigue crack initiation of the Fe-30Mn-
6si alloy occurred at 7.6 x 10* cycles. Then, the fatigue crack propagated rapidly and
reached to 700 pum crack length at 1.24 x 10° cycles. The fatigue crack initiation
cycle is more than two times than the crack propagation cycle. These tendency was

reported in chapter 2 [4, 5].

The Fe-30Mn-4Si-2Al alloy showed early crack initiation compared to the Fe-
30Mn-6Si alloy at 6.0 x 10* cycles. Note that the crack propagation cycle to 700 um
crack length is 2.0 x 10° cycles and is longer than the Fe-30Mn-6Si alloy, even the
crack initiation of the Fe-30Mn-4Si-2Al alloy occurred earlier than the Fe-30Mn-6Si
alloy. And these results indicate that the low cycle fatigue resistance of the Fe-30Mn-

4Si-2Al alloy is higher than the Fe-30Mn-6Si alloy.

4.3.2 In-situ SEM observation during one cycle in the Fe-30Mn-4Si-2Al alloy

When the fatigue crack length reached to 700 um, the microscopic fatigue crack
tip deformation was observed in situ by SEM during one cycle. The two fatigue
crack tips, which initiated and propagated from a FIB notch were observed in each

specimen. Figs. 4.4 and 4.5 showed results of in situ observation in the Fe-30Mn-
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4Si-2Al alloy during one cycle. The fatigue crack propagated perpendicular to
loading direction as shown Fig. 4.4. Two annealing twin boundary (TB) were
observed at vicinity of the crack tip. When the fatigue crack penetrated the annealing
TB, a large crack deflection occurred along the TB. Note that the fatigue crack
propagated along the TB, even the TB existed along the loading direction as shown
in Fig. 4.4(a). These results indicate that the roughness-induced crack closure occurs
because of the crack deflection at TB. During loading cycle, the fatigue crack
opening occurred as shown in Fig. 4.4(a-f). However, the fatigue crack propagation
was not observed. It should note that the fatigue crack growth was delayed at TB

because of the roughness-induced crack closure.

Fig. 4.5 shows the fatigue crack growth behavior at opposite fatigue crack tip in
the Fe-30Mn-4Si-2Al alloy. The subcrack initiation was observed near the fatigue
crack tip as shown in Fig. 4.5(a). During the loading cycle, the main crack did not
propagate as shown in Fig. 4.5(a-f). Instead, the crack coalesces between the main
crack and subcrack occurred as shown in Fig. 4.5(f). Then, the new main crack tip

was totally closed during the unloading cycle as shown in Fig. 4.5 (g-k).

4.3.3 In-situ SEM observation during one cycle in the Fe-30Mn-6Si alloy

Fig. 4.6 shows the microscopic fatigue crack growth behavior during one cycle in
the Fe-30Mn-6Si alloy. The long subcrack in front of the main crack tip was
observed as shown in Fig. 4.6(a). When the main crack tip was opened during

loading cycle, the subcrack tip opening was also observed as shown in Fig. 4.6(a-f).
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And some slip planes between the main crack and subcrack was observed. However,
the crack propagation was not observed at both crack tips. The similar fatigue crack
coalescence between the main crack and subcrack and cracking behavior along y/€ or

el interfaces in the Fe-30Mn-6Si alloy were reported in chapter 2.

Fig. 4.7 shows the crack growth behavior of subcrack tip shown in Fig. 4.6.
During loading cycle, the fatigue crack tip opening was observed as shown in Fig.
4.7(a-f). However, the fatigue crack opening displacement (COD) of the Fe-30Mn-
6Si alloy was smaller than the Fe-30Mn-4Si-2Al alloy as shown in Fig. 4.4 and 4.5.
Note that the Fe-30Mn-6Si alloy shows small COD compared with the Fe-30Mn-
4Si-2Al alloy, even though the similar fatigue crack length and rapid crack growth
rate as shown in Fig. 4.3. A highly deformed area was observed in front of the
subcrack tip during the loading cycle. Note that the Fe-30Mn-6Si alloy shows the

subcrack initiation in front of the main crack tip.

Fig. 4.8 shows the crack growth behavior of an opposite main crack tip in the Fe-
30Mn-6Si alloy. The cracking behavior was observed at vicinity of the crack tip at
applied maximum load with sharp crack tip (Fig. 4.8(f)). These results indicate that
the cracking behavior of the Fe-30Mn-6Si alloy occurs without accumulation of
plastic strain because a crack tip blunting and re-sharpening behavior associated with

dislocation-based deformation was not observed.
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4.4 Discussion

In chapter 3, the crack growth mechanism of the Fe-30Mn-6Si alloy was proposed.
The proposed mechanism was the subcrack initiation and crack coalescence with the
main crack. In present chapter, the subcrack initiation in front of the main crack tip
was observed as shown in Fig. 4.6. Fig. 4.10 shows the crack tip opening behavior
observed during three cycles at maximum loading. The subcrack initiation was
observed in front of subcrack tip. The pre-existing e-martensite of the Fe-30Mn-6Si
alloy has been reported [5]. Moreover, the subcrack formation caused from e/e
interactions has been recognized to occur in high Mn austenitic alloys [6, 7]. In
addition, in chapter 3, a large plastic strain localization was not observed in Fe-
30Mn-6Si alloy. Therefore, the crack propagation by a large crack tip opening was
not considered such as the crack tip blunting and re-sharpening behavior like the Fe-
30Mn-6Al alloy. In this chapter, a large crack tip opening of the Fe-30Mn-6Si alloy
was not observed as shown in Figs. 4.6 to 4.8. Therefore, the proposed crack growth

mechanism of the Fe-30Mn-6Si alloy in chapter 3 is demonstrated.

The subcrack initiations were also observed in the Fe-30Mn-4Si-2Al alloy as
shown in Fig. 4.5. However, after the crack coalescence, the Fe-30Mn-4Si-2Al alloy
showed a large crack tip opening compared with the Fe-30Mn-6Si alloy. Fig. 4.9
shows the crack tip deformation behavior during three cycles at maximum loading in
the Fe-30Mn-4Si-2Al alloy. The crack tip opening displacement gradually increased
during three cycles. However, the fatigue crack propagation did not occur even

though a large crack tip opening. Therefore, these behavior is not related to
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deformation-induced crack tip blunting and re-sharpening behavior because the
fatigue crack propagates continuously when the blunting and re-sharpening behavior
occurs with ductile striations. Therefore, the crack growth behavior observed in
present chapter is associated with reverse g-martensitic transformation at the crack
tip proposed in chapter 3 because the proposed crack growth mechanism described

the crack growth behavior, which occurred before formation of ductile striation.

In the proposed crack growth mechanism, dislocation emission occurs from the
crack wake, causing a large crack tip opening. In addition, the fatigue crack
propagation by a large plastic strain localization was suppressed due to reverse -
martensitic transformation. In present chapter, a large crack tip opening was
observed without the crack propagation as shown in Fig. 4.10. This result indicates
that the crack propagation by the crack tip blunting and re-sharpening behavior not
occurs and a large crack tip opening occurs due to dislocation emission from a crack
wake. Therefore, the proposed crack growth mechanism of the Fe-30Mn-4Si-2Al

alloy in chapter 3 is demonstrated.

In chapter 3 the considerable localization of plastic deformation of the Fe-30Mn-
4Si-2Al alloy was observed near the fatigue crack path in chapter 3 as shown in Fig.
3.9. However, ductile striations was not observed in that region. Instead, the
striation-like patterns were observed on fracture surface of the Fe-30Mn-4Si-2Al
alloy as shown in Figs. 2.6(1) and 3.3(b). In addition, the fatigue crack growth rate
was still low. These results indicate that the striation-like patterns are formed when a
large crack tip opening occurs with decreased plastic strain localization, which is not

enough to cause the crack tip blunting and re-sharpening behavior. Therefore, the
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fatigue crack growth rate was delayed when the crack growth behavior follows the

proposed mechanism demonstrated in present chapter.

The other reason why the Fe-30Mn-4Si-2Al alloy shows the low cycle fatigue
resistance is presence of annealing twinning boundary. In chapter 2, twinning
boundaries were observed along the crack path. Moreover, the fatigue crack
deflection occurred along the twinning boundaries, even if the twinning boundaries
exists along loading direction. In chapter 2, the delay of crack propagation was
explained by dislocation dissociation as shown in Fig. 2.13. In this chapter, the brittle
cracking along the annealing twinning boundaries was observed as shown in Fig. 4.4.
In addition, the fatigue crack not propagates, even though a considerable crack tip
opening, when the crack tip reached to the twinning boundaries as shown in Fig.
4.4(f). These results indicate that the dislocation dissociation occurs to penetrate the
annealing twinning boundary and the brittle cracking occurs due to accumulated
dislocation along the twinning boundary [8-11]. In addition, the frequent crack
deflections were observed as shown in Fig. 4.4. The crack deflections contribute to
cause the roughness-induced crack closure. The roughness-induced crack closure
was reported that the crack deflection deceases driving force at a crack tip [12-14].
In the result, the twin boundaries have positive and negative effects in the fatigue
crack growth. The positive effects is that twin boundaries causes the crack deflection
and deceases the driving force at a crack tip due to the roughness-induced crack
closure. The negative effect is that the twin boundaries causes the dislocation
accumulation. Therefore, the fatigue crack can propagate easily along the twinning

boundary, showing brittle-cracking behavior.

95



4.5 Conclusion

In this study, the microscopic crack growth behavior during one cycle was
observed in the Fe-30Mn-4Si-2Al and Fe-30Mn-6Si alloys by SEM to examine the
crack growth mechanism proposed in chapter 3. From the results. The fatigue crack
growth behavior of the Fe-30Mn-4Si-2Al and The Fe-30Mn-6Si alloys is same to the

proposed mechanism. The main conclusions are summarized below.

(1) The twin boundaries in the Fe-30Mn-4Si-2Al alloy have positive and negative
effects. The positive effects is the frequent crack deflection, causing decrease
of driving force at the crack tip. The negative effect is brittle cracking
occurrence along the twinning boundaries due to accumulation of dislocations

emitted from the crack tip.

(2) The Fe-30Mn-6Si alloy showed the subcrack initiation in front of the main
crack and subcrack tip. Then, the crack coalescence with the main crack
occurred. Moreover, a large crack tip opening not occurred at maximum
loading. Therefore, the proposed crack growth mechanism of the Fe-30Mn-6Si

alloy is demonstrated.

(3) The Fe-30Mn-4Si-2Al alloy showed a large crack tip opening. However, the
fatigue crack not propagated. Therefore, the large crack tip opening was not
related to the blunting and re-sharpening behavior because those behavior
caused the crack propagation at maximum loading. The large crack tip opening

occurred due to the dislocation emission from a crack wake.
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(4) In the proposed mechanism of the Fe-30Mn-4Si-2Al alloy, reverse
transformation of e-martensite contributed to suppression of the plastic strain
localization, causing the delay of formation of ductile striations. The large
crack tip opening of the present chapter without the crack propagation can
demonstrate the formation of striation-like patterns in chapter 2 and decreased
the plastic strain localization, is not enough to cause the blunting and re-
sharpening behavior due to reverse transformation of e-martensite. This is the
main reason why the Fe-30Mn-4Si-2Al alloy shows low cycle fatigue

resistance.
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Fig. 4.1 specimen geometry used for the fatigue test. (a) Top view of the specimen
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Fig. 4.2 Schematic of the observation point for in-situ during one cycle.
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Fig. 4.3 Fatigue crack length (l) as a function of the number of cycles (N) for the Fe-
30Mn-4Si-2Al and Fe-30Mn-6Si alloys tested.
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Fig. 4.4 In situ SEM observation images of the Fe-30Mn-4Si-2Al alloy at one of
main fatigue crack tip with 750 um crack length during one cycle.
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Fig. 4.5 In situ SEM observation images of the Fe-30Mn-4Si-2Al alloy at the other
of main fatigue crack tip with 750 um crack length during one cycle.
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Fig. 4.6 In situ SEM observation images of the Fe-30Mn-6Si alloy at one of main
fatigue crack tip with 730 um crack length during one cycle.
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Fig. 4.7 In situ SEM observation images of the Fe-30Mn-6Si alloy at subcrack tip
with 730 um crack length during one cycle.
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Fig. 4.8 In situ SEM observation images of the Fe-30Mn-6Si alloy at the other of
main fatigue crack tip with 730 um crack length during one cycle.
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Reflerence line

Fig. 4.9 Crack tip deformation behavior of the Fe-30Mn-4Si-2Al alloy at maximum loading applied in the fatigue test during three cycles.
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Fig. 4.10 Crack tip deformation behavior of the Fe-30Mn-6Si alloy at maximum loading applied in the fatigue test during three cycles.
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CHAPTER 5. GENERAL CONCLUSION

In this thesis, the macroscopic and microscopic fatigue crack growth behaviors of
high Mn steels were observed in situ by an optical microscopy and scanning electron
microscope (SEM) during low cycle fatigue test. The Fe-30Mn-6Al, Fe-30Mn-4Si-
2Al and Fe-30Mn-6Si alloys were used for fatigue test. To investigate the fatigue
crack growth behavior, fracture surface observations, electron backscatter diffraction

(EBSD) measurements and crack opening behaviors during one cycle are used.

The fatigue crack initiation and propagation are closely related to microstructure
of each material. Therefore, the fatigue crack growth behaviors are investigated with
microstructures near the fatigue crack. In particular, the deformation-induced e-
martensitic transformation and e-martensite associated fatigue crack growth behavior
are focused on low cycle fatigue. In addition, the fatigue crack propagation
mechanism are investigated with or without e-martensitic transformation and pre-

existing e-martensite.

The high Mn austenitic steels have been studied in many industries such as a
damping materials for building, structural materials for automobile industries, etc.
Even there are many kinds of chemical compositions in the high Mn austenitic steels,
| believe that present investigations can be used in various industries, which
considered the application of high Mn austenitic steels and tried to solve the fatigue
crack problems of applied high Mn steels in low cycle fatigue as a fundamental study

in view point of fatigue.

The results of the experimental works were obtained as following:
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1. The Fe-30Mn-6Al alloy exhibited fatigue crack growth along {111} slip plane
in short fatigue crack region. However, the fatigue crack growth behavior
changed to deformation-induced blunting and re-sharpening behavior
accompanied by striation formation. These crack growth behaviors require a
large degree of plastic strain localization. And these fatigue crack growth

mechanisms in the Fe-30Mn-6Al alloy are typical in ductile FCC metals.

2. The Fe-30Mn-6Si alloy showed the cracking behavior along y/e or ele
interfaces with a low plastic strain irrespective of crack length. Moreover,
frequent subcrack formations in front of the main crack tip were observed.
These subcracks caused crack coalescence with the main crack and
acceleration of the crack growth rate. The Fe-30Mn-6Si alloy has many stress
concentration site such as y/e or e/e interfaces occurred by deformation-
induced e-martensitic transformation and pre-existing e-martensite. When the
main crack initiated, these interfaces received high stress concentration as well
as the fatigue crack tip. Therefore, the subcracks easily initiated and coalesced

with the main crack instead of plastic strain accumulation at the crack tip.

3. The Fe-30Mn-4Si-2Al alloy showed the crack growth along y/e interfaces
when the fatigue crack is short. The fatigue crack propagation mechanism
changed to the crack blunting and re-sharpening behavior like the Fe-30Mn-
6Al alloy in long fatigue crack length. However, reverse transformation of -
martensite suppressed the plastic strain localization. In addition, the
dislocation emission from a crack wake contributed to a large crack tip

opening. However, the fatigue crack did not propagate. Therefore, the
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deformation-induced blunting and re-sharpening behavior was delayed due to
decreased plastic strain localization by reverse motion of dislocation. Instead,
the striation-like patterns was formed by a large crack tip opening and fatigue

crack growth rate was low.

The fatigue crack growth rate delayed by the annealing twinning boundaries
was observed in the Fe-30Mn-4Si-2Al alloy. However, the brittle-like cracking
occurred along the twinning boundaries. The dislocation dissociation occurred
to penetrate the twinning boundaries. Moreover, the fatigue damage is
accumulated along the twinning boundaries. Therefore, the fatigue crack
propagates along the twinning boundaries easily and the fatigue crack growth

penetrating the twinning boundaries was delayed.

The pre-existing e-martensite has negative effects to the fatigue crack growth,
causing brittle-like cracking and subcrack formation along e/e interfaces.
Moreover, the twinning boundaries existing perpendicular to the fatigue crack
growth have positive effects to the fatigue crack growth, preventing the fatigue
crack growth. In addition, the crack deflections at the twinning boundaries has
a positive effect. These crack deflections cause the roughness-induced crack
closure and decrease the driving force at the crack tip. Therefore, the Fe-
30Mn-4Si-2Al alloy is optimized to low cycle fatigue due to suppression of
the plastic strain localization and the positive effect of twinning boundaries

without the pre-existing e-martensite.
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