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a b s t r a c t 

Advanced bainitic steels with the multiphase structure of bainitic ferrite, retained austenite and marten- 

site exhibit distinctive fatigue crack initiation behavior during high cycle fatigue/very high cycle fatigue 

(HCF/VHCF) regimes. The subsurface microstructural fatigue crack initiation, referred to as “non-inclusion 

induced crack initiation, NIICI”, is a leading mode of failure of bainitic steels within the HCF/VHCF 

regimes. In this regard, there is currently a missing gap in the knowledge with respect to the cyclic 

response of multiphase structure during VHCF failure and the underlying mechanisms of fatigue crack 

initiation during VHCF. To address this aspect, we have developed a novel approach that explicitly identi- 

fies the knowledge gap through an examination of subsurface crack initiation and interaction with the lo- 

cal microstructure. This was accomplished by uniquely combining electron microscopy, three-dimensional 

confocal microscopy, focused ion beam, and transmission Kikuchi diffraction. Interestingly, the study indi- 

cated that there are multiple micro-mechanisms responsible for the NIICI failure of bainitic steels, includ- 

ing two scenarios of transgranular-crack-assisted NIICI and two scenarios of intergranular-crack-assisted 

NIICI, which resulted in the different distribution of fine grains in the crack initiation area. The fine grains 

were formed through fragmentation of bainitic ferrite lath caused by localized plastic deformation or via 

local continuous dynamic recrystallization because of repeated interaction between slip bands and prior 

austenite grain boundaries. The formation of fine grains assisted the advancement of small cracks. An- 

other important aspect discussed is the role of retained austenite (RA) during cyclic loading, on crack ini- 

tiation and propagation in terms of the morphology, distribution and stability of RA, which determined 

the development of localized cyclic plastic deformation in multiphase structure. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Advanced carbide-free bainitic (CFB) steels have recently at- 

racted increased attention in view of their excellent combina- 

ion of strength, ductility and toughness in the last decades [1–

] . By alloying steel with silicon and/or aluminum, the precipita- 

ion of cementite during bainitic transformation can be suppressed 

 2 , 3 ]. The carbon that is rejected from bainitic ferrite enriches the

ustenite during bainitic transformation, thereby promoting the 
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ormation of retained austenite (RA) at ambient temperature. The 

otential applications of advanced bainitic steels are in the trans- 

ortation industries, such as railway switch, train wheel, axle and 

earing [ 4 , 5 ]. In order to improve the efficiency of transporta-

ion and save resources, many effort s are being made to have a 

igher strength/weight ratio of structural components, as well as 

igher traveling speed combined with a very long service life [ 6 , 7 ].

or instance, the high strength bainitic wheels used in the high- 

peed train are required to endure up to 10 8 loading cycles within 

ne maintenance period [6] . However, the current design of rail- 

ay components against fatigue failure is based on fatigue limit 

ata in the high cycle fatigue (HCF) regime around 10 7 cycles, or 

nly 5 × 10 6 cycles. Despite the cyclic stress below the traditional 
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atigue limit, fatigue failure continues to occur beyond 10 7 cycles 

8–10] . In this context, very high cycle fatigue (VHCF, i.e. , enduring 

yclic stress in excess of 10 7 cycles) behavior of bainitic steels is an 

mportant and challenging subject to ensure the long-term safety 

f structural components. 

In general, there is a transition of fatigue crack initiation sites 

rom specimen surface to subsurface inclusions or pores when the 

atigue failure takes place within the VHCF regimes [8–10] . Numer- 

us studies revealed that the non-metallic inclusions have a deter- 

ining role in the VHCF properties of high strength steels [8–11] . 

n most cases, the subsurface inclusions acting as nucleation sites 

re usually surrounded by an “initiation characteristic area” inside 

he “fish-eye”. This initiation characteristic area (ICA) was desig- 

ated as “optically dark area, ODA” [12] , “granular bright facet, 

BF” [13] , or “fine granular area, FGA” [14] . It is reported that the 

ormation of ICA consumes more than 95% of total life [15] . Thus, 

nvestigation on the ICA is very important to understand the failure 

echanisms of VHCF [12–15] . Recently, microstructural characteri- 

ation studies showed that there is a three-dimensional fine grains 

ayer beneath the ICA in the vicinity of inclusions [ 14 , 16–21 ]. The

ole of the fine grains layer in the VHCF failure has attracted signif- 

cant scientific interest but remains controversial and unclear [21] . 

n one hand, it is considered that the local grain refinement dur- 

ng VHCF occurs because of the repeated contact of the fracture 

urface along the crack wake, thus the formation of the fine grains 

ayer is a consequence of VHCF failure. For instance, the “numer- 

us cyclic pressing, NCP” model proposed by Hong et al. [17] sup- 

orted this view. On the other hand, it is suggested that the grain 

efinement is a consequence of dislocation rearrangement and the 

ormation of fine grains reduces the local threshold for the propa- 

ation of crack and enables the advancement of small cracks. Thus, 

he formation of fine grains layer is a prerequisite for crack initia- 

ion and is responsible for VHCF failure. The models such as “local 

rain refinement at crack tip” [16] and “fragmentation of marten- 

itic laths and formation of dislocation cells” [20] agree with the 

atter view. 

Besides the subsurface inclusion-induced crack initiation, the 

icrostructure also affects the VHCF behavior of metallic materi- 

ls [22] , where fatigue crack initiates directly from the subsurface 

icrostructure rather than from the inclusion [23–25] . We refer to 

rack initiation from subsurface microstructure as “non-inclusion- 

nduced crack initiation, NIICI”, to distinguish it from “inclusion in- 

uced crack initiation, IICI” [26] . The NIICI phenomenon was ob- 

erved in high strength steels and Ti or Ni alloys [27–29] . Our pre-

ious works analyzed the effect of microstructure and inclusion 

ize on the VHCF behavior of bainite/martensite multiphase steels 

nd revealed that there is competition between NIICI failure and 

ICI failure [26] . NIICI is one of the most important fatigue failure 

odes in VHCF regime for the bainitic steels [24–26] . It is sug- 

ested that the coarse bainite or blocky RA is responsible for the 

rack initiation, but the mechanism of damage continues to be un- 

lear [26] . Similar to the fracture surface of IICI, the ICA within the 

fish-eye” is also formed in the NIICI fracture surface [ 25 , 26 ]. How-

ver, it is uncertain whether the fine grains layer observed in ICA 

f IICI fracture surface is formed in ICA for NIICI failure to occur. 

urakami et al. observed that the fine granular area (rough area) 

as only observed in the case of crack initiation around the in- 

lusions but not for the bainitic area induced crack initiation, and 

hus proposed “hydrogen-assisted crack growth” [12] . But Pan and 

ong reported the existence of a rough area for the NIICI fracture 

urface of Ti alloys [27] . In addition, the three-dimensional obser- 

ations indicated that ICA for NIICI failure is actually composed of 

 micro-facet and a surrounding wavy area [30] . The micro-facet 

s close to the plane of maximum shear stress and is essentially 
143 
esulted from the fracture surface of the stage-I small crack, and 

he surrounding wavy area corresponds to the transition area from 

tage-I small crack to stage-II long crack. In general, the stage-I 

rack has a length comparable with the grain dimension and is 

ery sensitive to the microstructure. The stage-I crack grows along 

ith the preferred orientated slip system with maximum resolved 

hear stress. The stage-II crack is less sensitive to the microstruc- 

ure and is aligned perpendicular to the maximum tensile direction 

31] . Similarly, Chai [32] also considered that the crack propagation 

nside ICA of subsurface non-defect fatigue crack origins is stage-I 

racking influenced by the microstructure. A recent work by Ab- 

esselam et al. [33] assumed that the early growth of crack occurs 

ery slowly similar to stage-I like crack propagation, thus proposed 

he model of “stage-I like crack propagation with grain refinement 

n the crack wakes”. In this case, the local microstructural evolu- 

ion during VHCF and the interaction with small cracks determined 

he process of fatigue crack initiation. 

The effect of microstructure and stress/strain amplitude on low- 

ycle fatigue (LCF) and HCF behavior of bainitic steels has been an- 

lyzed [34–37] . For example, the recent works on LCF behavior of 

ainitic steel by Marinelli et al. [37] revealed that the strain ampli- 

ude ( �εp ) affects the cracking mechanisms, e.g. , the micro-cracks 

ucleated either in bainitic ferrite lath with highest Schmid factor 

r at high-angle bainitic block boundaries, depending on �εp [37] . 

owever, the mechanism of microstructure-induced small crack 

nitiation of CFB steels during VHCF with much lower stress/strain 

mplitude was still not fully understood. For example, it is unclear 

ow small cracks overcome the microstructural barriers of bainitic 

errite lath or block boundaries and whether it accompanies the 

ormation of fine grains layer. 

In addition, there is an increasing interest in steels contain- 

ng large content of RA, while there is a consensus that RA im- 

roves mechanical properties related to monotonic loading, such 

s elongation and toughness [1] . But the effect of RA in bainite 

icrostructure on fatigue crack initiation is relatively complex. On 

he one hand, compared with bainitic ferrite and martensite, the 

ustenite is a soft phase, which is prone to localized plastic defor- 

ation and induces fatigue crack initiation because of local plas- 

icity exhaustion or generation of high stress concentrations at 

he phase boundaries [ 38 , 39 ]. On the other hand, the metastable

ustenite in the fatigue crack tip zone can transform to marten- 

ite because of local plastic deformation, which decelerates the fa- 

igue crack growth via absorbed energy and crack closure effects 

 40 , 41 ]. A recent investigation on ferrite/austenite duplex steels 

y Fu et al. [42] showed that the austenite phase exhibits cyclic 

oftening-hardening-softening behavior in the VHCF regime, which 

ffects load stress partitioning and formation of micro-cracks. The 

A in bainite exhibits different morphologies with different dis- 

ribution, carbon enrichment and mechanical stability. Our recent 

tudy revealed these microstructure features of RA significantly af- 

ect the formation and early growth of small cracks [ 30 , 43 ]. Hence,

he understanding of the role of RA in crack initiation during VHCF 

equires an in-depth understanding. 

In the present work, HCF/VHCF tests of CFB steels with two 

evels of size of inclusion were carried out, with the aim to un- 

avel the mechanisms associated with subsurface microstructural 

atigue cracking of bainitic steel. To address this aspect, we have 

eveloped a novel approach that explicitly identifies the knowl- 

dge gap through an examination of subsurface crack initiation and 

nteraction with the local microstructure. This was accomplished 

y uniquely combining electron microscopy, 3-dimensional confo- 

al microscopy, focused ion beam (FIB), and transmission Kikuchi 

iffraction (TKD). The formation mechanism of the fine grains layer 

nd the role of RA in crack initiation were discussed in detail. 
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. Experimental procedure 

.1. Materials 

The chemical composition of experimental steel was Fe-0.42C- 

.2Mn-1.7Si-0.5Cr (wt%). Two types of melting processes were 

dopted: (i) melting in vacuum induction furnace and (ii) an addi- 

ional electroslag remelting after conventional a vacuum melting, 

ith the aim to reduce the size of non-metallic inclusions in the 

teels. Based on our previous work [26] , the maximum inclusion 

ize in steel was ∼98 μm after convention vacuum melting and 

15 μm after electroslag remelting, respectively. The ingots were 

orged to 16 mm thickness after 1200 °C for 4 h. The forged plate 

as subsequently annealed at 900 °C, followed by furnace cooling. 

he as-received microstructure of forged plates was ferrite plus 

earlite. Then the specimens cut from forged plates were austen- 

tized at 880 °C for 45 min and bainitic austempered at 360 °C 

or 2 h ( i.e. , BAT treatment is described in Ref. [44] ). In brief, the

AT treatment involves an isothermal bainitic transformation at a 

emperature between bainitic start temperature ( B s ) and marten- 

itic start temperature ( M s ). For convenience, the BAT steels with- 

ut and with electroslag remelting are designated as U-BAT steel 

nd E-BAT steel, respectively. 

Microstructure before fatigue testing was characterized by scan- 

ing electron microscopy (SEM, Zeiss EVO18, 20 kV) and trans- 

ission electron microscopy (TEM, JEOL 2010, 200 kV). Electron 

ackscatter diffraction (EBSD) measurement (step size: 0.1 μm) 

as carried out using Zeiss ULTRA-55 field emission SEM after 

lectrolytic polishing. The electrolytic polishing was conducted at 

 voltage of 18 V and current of ∼1 A in an electrolyte solu- 

ion (8 vol.% perchloric acid, 10 vol.% distilled water, 10 vol.% 2- 

utoxyethanol and 72 vol.% ethanol). X-ray diffraction (XRD, Rigaku 

martlab, Cu K α radiation) was used to determine the volume frac- 

ion of RA. 

The undeformed BAT microstructure consists of bainitic ferrite 

BF), film-like RA and blocky RA or martensite/austenite (M/A) is- 

ands, as shown in Fig. 1 (a) and (b). The total volume fraction of

A is 0.22. The film-like RA with nanometer-size or submicron- 

ize usually has higher carbon content and stacking fault energy 

han micrometer-sized blocky RA [43] . The bainitic ferrite exhibits 

 hierarchical structure with packet, block and lath. The bainitic 

errite lath consists of sub-lath and sub-units, which is associated 

ith the transformation of bainite [45] . The inverse pole figure 

IPF) map of bainitic ferrite and martensite (body-centered cubic 

tructure) is shown in Fig. 1 (c), where each color represents a 

ingle crystallographic variant ( i.e. block). The corresponding pole 

gure (PF) of a single prior austenite grain reveals that there is 

urdjumov-Sachs (K-S) or Nishiyama-Wassermann (N-W) relation- 

hip between bainitic ferrite and parent austenite [46] . Microstruc- 

ure characterization by SEM, TEM and EBSD indicates the width 

f bainitic ferrite lath is heterogeneous, and is in the range of 0.2–

.0 μm. The width of bainitic ferrite block is 3.2 ± 1 μm. It should 

e noted that the melting process has a negligible effect on the 

AT microstructure after forging, annealing and heat treatment. 

.2. Fatigue test 

The geometry and dimensions of the smooth round bar spec- 

mens for rotating bending fatigue testing were shown in Ref. 

43] . After rough machining, the specimens were subjected to BAT 

eat treatment, followed by precision polishing before the fatigue 

est. The precision polishing process included machine grinding 

nd final hand polishing with 20 0 0# emery paper. Fatigue tests 

ere conducted at different stress amplitudes at stress ratio R = - 

 on PQ1-6 type rotating bending fatigue test machine (LETRY, PR 
144 
hina). The loading frequency was ∼83 Hz, and the tests were car- 

ied out at ambient atmosphere. 

Crack initiation regions ( e.g. , fish-eye and ICA area) of failure 

pecimens were observed directly by SEM (ZEISS EVO 18, 20 kV) 

nd 3-dimensional Confocal Microscope Phase Shift MicroXAM-3D 

Vertical scan resolution: 0.01 μm, lateral resolution: 0.11 μm). 

ere, MicroXAM-3D could measure the surface profile of the fa- 

igue fracture surface. Under the guidance of 3D topography, the 

IB/SEM dual-beam system (Helios Nanolab 600i) was employed 

o cut the cross-sectional samples (thin foils with a thickness of 

100 nm) from fatigue crack initiation regions. Thin foils obtained 

y FIB/SEM dual-beam system were characterized by field emis- 

ion TEM equipped with scanning TEM (STEM) facility (JEOL 2010F, 

00 kV and FEI Tecnai F30, 300 kV), in order to observe the evolu- 

ion of retained austenite and bainitic ferrite beneath the ICA area. 

KD technology was also carried out on the thin foils using Ox- 

ord Nordlys Nano EBSD detector on ZEISS Merlin (at an acceler- 

tion voltage of 30 kV, with step size: 10–50 nm and tilt angle: 

0 °). Here, the angular resolution of TKD was ∼0.2 °. The TKD data 

ere post-processed by HKL CHANNEL 5 Flamenco and MTEX soft- 

are [47] . The local misorientation distribution map was used to 

valuate the localized plastic strain distribution among bainitic fer- 

ite and RA. The local misorientation distribution component cal- 

ulated the average misorientation between every pixel and its sur- 

ounding pixels, and assigned the mean value to that pixel. In the 

resent study, 8 neighbors ( i.e. , 3 × 3 arrays) were used in this 

alculation and the misorientation was not allowed to exceed 2 °
o exclude boundaries of laths. It is reported that the boundaries 

ith misorientation exceed 2 ° often corresponded to lath bound- 

ries [48] . 

. Results 

.1. S-N characteristics 

Fig. 2 shows S-N data obtained from the bending fatigue test 

f the E-BAT and U-BAT samples. As indicated in Fig. 2 (a), the S-N

ata of failed specimens are approximated with a straight line in 

he double logarithmic diagram, and the relationship of fitting line 

s: 

og σa = 3 . 12 − 0 . 039 log N f with R 

2 = 0 . 87 (1) 

In addition, the E-BAT and U-BAT steels have similar S-N trend. 

t is worth noting that the fatigue failure eventually occurs with 

ncrease in the number of cycles even beyond 10 7 cycles, i.e. the 

nfinite fatigue life cannot be obtained above 10 7 cycles, as shown 

n Fig. 2 (a). 

The symbols and abbreviations in Fig. 2 (a) indicate the types 

f crack initiation mode and Fig. 2 (b) shows the fraction of each 

ode of failed specimens. It can be seen that there are two crack 

nitiation modes for the failed E-BAT samples: 27% of samples 

racked on the surface and 73% of samples cracked by internal NI- 

CI mode. The fatigue cracks initiate on the surface at relatively 

igher stress amplitude, which is related to the formation of extru- 

ions and intrusions in surface grains because of the development 

f persistent slip bands [49] . When the stress amplitude decreases 

nd N f exceeds 10 6 cycles, the majority of fatigue cracks initiate 

rom the sub-surface microstructure ( i.e. , NIICI mode). Besides the 

urface-induced crack initiation and NIICI, the surface and subsur- 

ace inclusion-induced crack initiation modes are also observed in 

he failed U-BAT sample. Although the crack initiation modes of 

-BAT and U-BAT steels are not entirely identical, the two experi- 

ental steels have similar S-N trend ( Fig. 2 (a)), which means that 

he microstructure has a significant effect on the fatigue properties 

f CFB steels in this study. 
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Fig. 1. Microstructures of BAT steels. (a) SEM micrograph; (b) TEM micrograph with electron diffraction pattern of RA [43] ; (c) EBSD image combined with band contrast, 

inverse pole figure (IPF) and pole figure (PF) maps of bainitic ferrite and martensite, the dashed black line showing the boundary of a single prior austenite grain; B: bainite, 

M/A: martensite/austenite island, BF: bainitic ferrite, RA: retained austenite. 

Fig. 2. (a) S - N data and (b) fraction of each fatigue crack initiation mode of failed E-BAT and U-BAT samples. Sur: surface, Sur (Inc): surface inclusion, Int (Inc): interior 

inclusion, Int (NIICI): interior non-inclusion induced crack initiation. 
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.2. Geometrical morphology of fracture surface 

Since the features of subsurface inclusion-induced fracture sur- 

ace within HCF/VHCF regimes, such as fish-eye morphology, have 

een studied before [ 26 , 43 ], we discuss here the subsurface non-

nclusion-induced fracture surface in detail. Figs. 3 and 4 show typ- 

cal fracture surface of NIICI failed specimen within HCF and VHCF 
145 
egimes, respectively. The SEM images show that the fish-eye mor- 

hology with ICA is also formed in the NIICI fracture surfaces that 

re failed within both HCF and VHCF regimes. The ICA is rougher 

han the fish-eye area. Unlike the IICI fracture surface, no inclusion 

s observed in the center of ICA area, as indicated by the enlarged 

EM images in Figs. 3 (b) and 4(b). The 3D and surface profile ob- 

ervations ( Figs. 3 (c, d) and 4(c, d)) confirm that ICA in NIICI frac-



G. Gao, R. Liu, Y. Fan et al. Journal of Materials Science & Technology 108 (2022) 142–157 

Fig. 3. (a) SEM image of a typical NIICI fracture surface of E-BAT specimen failed at σ a = 745 MPa with N f = 1.69 × 10 6 cycles; (b) enlarged window of ICA area; (c) 3D 

morphology image; (d) the sectional profile of the labeled line in (c); Sur: surface, FiE: fish eye, ICA: initiation characteristic area. 
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ure surface is composed of a micro-facet and surrounding wavy 

rea. There is an angle between 30 ° and 50 ° between the micro- 

acet and the plane of maximum tensile stress. The surface profile 

f micro-facet has a strong similarity with the propagation path 

f stage-I crack, which propagates on the special slip planes close 

o the plane of maximum shear stress [31] . The surrounding wavy 

rea corresponds to the transition area (TA) from small microstruc- 

ural crack to long crack, which is strongly related to the resistance 

ffered by the microstructure [ 31 , 50 ]. The microstructural barrier 

ffects the geometrical morphology of the transition area (TA), and 

lso determines the periphery of ICA. 

The values of stress intensity factor (SIF) range at the periph- 

ry of micro-facet ( i.e. , �K fac ) and non-inclusion induced ICA ( i.e. ,

K NA ) in NIICI failed specimens and at the periphery of inclusion 

 i.e. , �K inc ) and ICA around inclusion ( i.e. , �K IA ) in interior IICI

ailed specimens are calculated based on the 
√ 

area model [ 51 , 52 ]: 

K = 0 . 5 σa ( 1 − d/R ) 
√ 

π
√ 

area (2) 

here σ a is stress amplitude, d is the depth of crack initiation site 

rom surface of the failed specimen, R is the radius of the speci- 

en, area is the projected area of inclusion, micro-facet and ICA 

n the plane perpendicular to the stress axis (the method of mea- 
146 
uring the projected area can be seen in Refs. [ 53 , 54 ] and the raw

ata can be seen in Supplementary materials). The calculated val- 

es of SIF versus the fatigue life are shown in Fig. 5 . It is noted that

he values of �K NA lie within the same range as those of �K IA , and

re almost constant at an average value of 5.1 MPa m 

1/2 . Similarly, 

he values of �K fac and �K inc are also almost constant at an aver- 

ge value of 3.2 MPa m 

1/2 . The SIF of ICA (both �K NA and �K IA )

s close to the threshold SIF for the propagation of long crack ( i.e. ,

K th , 4,5 MPa m 

1/2 for high strength steels [19] ), whereas the SIF

f micro-facet and inclusion ( i.e. , �K fac and �K inc ) is smaller than

K th . 

Based on 3D observation and SIF calculation of the character- 

stic area in NIICI fracture surface, it is suggested that the nu- 

leation and early propagation of non-inclusion-induced cracks 

ake place within the ICA area that contains a micro-facet and 

urrouding TA. The inclined angle of micro-facet, the size of 

icro-facet and ICA (or TA) are important geometrical parame- 

ers in controlling the initiation of non-inclusion induced cracks. 

n the following section, we describe in detail the characteri- 

ation of microstructure beneath the micro-facet and TA in NI- 

CI failed specimens, in order to fundamentally explore the rela- 

ionship between the geometry and its surrouding microstructural 

volution. 
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Fig. 4. (a) SEM image of a typical NIICI fracture surface of U-BAT specimen failed at σ a = 686 MPa with N f = 2.16 × 10 7 cycles; (b) enlarged window of ICA area; (c) 3D 

morphology image; (d) the sectional profile of the labeled line in (c); Sur: surface, FiE: fish eye, ICA: initiation characterisitic area. 

Fig. 5. (a) Stress intensity factor range of inclusions, micro-facet and ICA area of U-BAT and E-BAT specimens, the blue dash lines indicate the mean values; (b) Schematic 

showing the fish eye, ICA, facet and inclusion in the fracture surface (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 
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Fig. 6. SEM images of NIICI fracture surface (a) before and (b, c, d) after etching (E-BAT specimen failed at σ a = 785 MPa with N f = 3.78 × 10 6 cycles), (c) and (d) are 

enlarged windows of (b). PAG: prior austenite grain. 

Fig. 7. SEM images of NIICI fracture surface. (a) before and (b) after etching (E-BAT specimen failed at σ a = 745 MPa with N f = 7.99 × 10 6 cycles). PAG: prior austenite grain, 

M/A: martensite/austenite. 
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.3. Etched fracture surface observation 

In this section, several NIICI fracture surfaces with various 

tress amplitude and fatigue life are directly etched in a 2% ni- 

al solution, followed by SEM observation. Fig. 6 shows the NIICI 

racture surface of the E-BAT sample failed at σ a = 785 MPa with 

 f = 3.78 × 10 6 cycles. A comparison of fracture surfaces before 

nd after etching reveals that the micro-facet is limited within a 

ingle prior austenite grain (PAG), as shown in Fig. 6 (a) and (b). 

rom the enlarged window of micro-facet in Fig. 6 (c), the lath mor- 

hology is not very clear and there are several granules. The gran- 

lar area and intrusion/extrusion are observed around the micro- 

acet, as shown by the unetched fracture surface in Fig. 6 (a). Af- 

er etching, the microstructure in the granular area shows frag- 

entation of bainitic ferrite laths ( Fig. 6 (b)). The voids within the 

ainitic ferrite lath are also observed from the etched fracture sur- 

ace ( Fig. 6 (b) and (d)). 
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Fig. 7 shows the NIICI fracture surface of the E-BAT sample 

ailed at σ a = 745 MPa with N f = 7.99 × 10 6 cycles. It is observed

hat there is a blocky M/A constituent on the micro-facet, from the 

omparison of fracture surfaces before ( Fig. 7 (a)) and after etch- 

ng ( Fig. 7 (b)). The blocky M/A is adjacent to the PAG boundary 

 Fig. 7 (b)). Compared to bainitic ferrite, the etching of M/A is rela- 

ively feeble because of the presence of high carbon martensite and 

ustenite [55] . Furthermore, the secondary cracks nucleate from 

/A because of the brittle characteristic of M/A ( Fig. 7 (b)). The 

icrostructure in the granular area around the micro-facet also 

hows fragmentation of bainitic ferrite laths ( Fig. 7 (b)). 

Fig. 8 shows another NIICI fracture surface of the E-BAT sam- 

le failed at σ a = 706 MPa with N f = 9.49 × 10 6 cycles. The com- 

arison of fracture surfaces before and after etching reveals that 

he micro-facet is also limited within a single PAG, as shown in 

ig. 8 (a) and (b). A fraction of micro-facet is occupied by M/A 

showing cleavage facet), while the other part exhibits fragmented 
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Fig. 8. SEM images of NIICI fracture surface. (a) Before and (b) after etching (E-BAT specimen failed at σ a = 706 MPa with N f = 9.49 × 10 6 cycles). 
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icrostructure ( Fig. 8 (b)). The presence of M/A in the neighboring 

AG ( Fig. 8 (b)) is also observed. The granular area is also observed

round the micro-facet. The slip bands are parallel to the longitudi- 

al direction of bainitic ferrite lath. There are discontinuous voids 

ormed within the bainitic ferrite laths along with slip bands. The 

ranular area exhibits the character of fragmented microstructure. 

.4. Local microstructural evolution at crack initiation characteristic 

rea 

In this section, FIB is combined with TEM, STEM and TKD to 

cquire detailed information of high-resolution local microstruc- 

ural evolution at crack initiation characteristic area (ICA). Fig. 9 

hows microstructural characterization underneath the ICA in a 

ypical NIICI fracture surface of the E-BAT specimen failed at σ a 

 745 MPa with N f = 2.87 × 10 6 cycles. Fig. 9 (a) is the SEM im-

ge with a tilted angle showing the geometry of ICA and the posi- 

ion from where a thin foil sample is prepared using FIB. The thin 

oil sample covers a part of micro-facet and transition area (TA) 

nd is characterized by TEM ( Fig. 9 (b)) and TKD ( Fig. 9 (c, d)). The

icro-facet is inclined at about 40 ° to the loading axis, which im- 

lies that the micro-facet is close to the plane of maximum shear 

tress. TEM and TKD images confirm the presence of fine grains 

nd voids along the micro-facet and TA. The IPF map in Fig. 9 (c)

ombined with enlarged TEM images ( Fig. 9 (e, f)) reveals that the 

ne grains have the size between tens and hundreds of nanome- 

ers, and distribute along with a bainitic ferrite lath. Hence, the 

ne grains layer in micro-facet results from the fragmentation of 

ainitic ferrite laths [20] . There is also a tendency for the bainitic 

errite sub-block beneath micro-facet to fragment, as shown by a 

ellow ellipse in Fig. 9 (c). The misorientation between sub-block I 

nd II is less than 15 °, hence the sub-blocks I and II are considered

o make up a bainitic ferrite block [46] . The micro-facet is parallel 

o the longitudinal direction of the bainitic ferrite block. It is found 

hat the activated slip planes of bainitic ferrite sub-blocks (I and 

I) aligned to the micro-facet have a high maximum Schmid factor 

SF = 0.406 and 0.360, respectively) rather than the highest max- 

mum Schmid factor by means of slip trace analysis of {110} α slip 

ystems, as shown in Fig. 9 (c). Based on the orientation relation- 

hip analysis, the bainitic ferrite sub-blocks (I and II) are adjacent 

o the PAG boundary. It is inferred that the fatigue failure is caused 

y intergranular cracking. The blocky RA on the other side of the 

AG boundary is located between micro-facet and TA. The local 

isorientation map ( Fig. 9 (d)) indicates that RA has slightly higher 

ocal misorientation compared with bainitic ferrite, which implies 

hat RA bears more local stress or plastic strain. The mean value 

f local misorientation of RA is about 0.54 °, while that of bainitic 

errite is about 0.48 °. TEM image and selected area diffraction pat- 

erns of RA in Fig. 9 (g) show that the blocky RA does not transform
149 
o martensite. In addition, there is a secondary crack that is normal 

o the longitudinal direction of bainitic ferrite lath. The fine grains 

re observed on the sides of secondary crack, but there is no fine 

rain at the front of the crack tip ( Fig. 9 (h)). The secondary crack

oes not continue to advance, possibly because of the barriers ef- 

ect coming from lath/block boundaries [56] . 

Fig. 10 describes the microstructural characterization of the ICA 

n a typical NIICI fracture surface of the U-BAT specimen failed at 

a = 745 MPa with N f = 9.09 × 10 6 cycles. Fig. 10 (a) is the SEM

mage with a tilted angle showing the geometry of ICA and the 

osition for preparation of the FIB sample. TEM image showing 

he overall microstructures underneath ICA is shown in Fig. 10 (b). 

t is also found that the micro-facet is inclined at ∼45 ° to the 

oading axis. There are several voids and secondary cracks under- 

eath the ICA, which also distribute along the plane of maximum 

hear stress. Subsequently, the detailed characterizations were per- 

ormed on two regions marked by the red dashed rectangle in 

ig. 10 (b). 

The IPF and local misorientation maps of the region I are shown 

n Fig. 10 (c and d), respectively. The presence of fine grains layer 

long the micro-facet and TA is noted. Enlarged TEM image of fine 

rains layer in Fig. 10 (e) shows that the grain is more fine com- 

ared to the failed sample with shorter fatigue life in Fig. 9 (e, 

), which is confirmed by more complete selected area diffraction 

ings. The bainitic ferrite lath/block and inter-lath or inter-block RA 

re found beneath ICA. The micro-facet is aligned to the longitu- 

inal direction of the bainitic ferrite block marked by α1, whose 

orresponding activated {110} α slip plane also has a high maxi- 

um Schmid factor (SF = 0.399) rather than the highest maxi- 

um Schmid factor, as shown in Fig. 10 (c). There are two RA grains

ith different orientations, as marked by γ -1 and γ -2, respec- 

ively, in Fig. 10 (c). The thickness of γ -1 and γ -2 is ∼ 250 nm 

 i.e. , submicron-size). Based on the PTCLab crystallography program 

57] , the orientation between γ -1 and γ -2 is calculated and is 

011] 67 °, i.e. , the two RA grains are twinned ( e.g. , the ideal ori-

ntation of twins is [011] 60 °). The orientation relationships (OR) 

etween γ -1 and surrounding bainitic ferrite (marked by α1, α2 

nd α3) are listed in Table 1 . It is found that γ -1 has a K-S rela-

ionship with both α1 and α3, but the OR between γ -1 and α2 

eviates from the K-S relationship, as indicated in Table 1 . It is 

mplied that the α2 lath or block experiences large plastic defor- 

ation, which can be confirmed by the local misorientation map 

n Fig. 10 (d). The higher average angle of local misorientation is 

elated to more plastic deformation [58] . Furthermore, the plastic 

eformation is concentrated near the fracture surface and in the 

egions between two RA grains ( γ -1 and γ -2), as shown by the 

ashed line in Fig. 10 (d). The local plastic deformation promotes 

he fragmentation of bainitic ferrite laths, and consequently the 

ormation of voids, as shown in Fig. 10 (f). 
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Fig. 9. Microstructural characterization of fatigue crack initiation characteristic area of E-BAT specimen failed at σ a = 745 MPa with N f = 2.87 × 10 6 cycles. (a) SEM image 

with a tilted angle, the red line shows the position for preparation of FIB sample; (b) TEM image showing the overall microstructure underneath ICA; (c) TKD result showing 

inverse pole figure and boundary maps, the inset shows slip system trace figure and the numbers are values of maximum Schmid factor of each slip system; (d) TKD results 

showing local misorientation of bcc and fcc phase; (e) and (f) the bright and dark field TEM images combined with selected area diffraction rings showing fine grains; 

(g) TEM image and selected area diffraction patterns of RA; (h) TEM image of secondary crack. LD: loading direction, TA: transition area, BF: bainitic ferrite, RA: retained 

austenite (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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Fig. 10. Microstructural characterization of fatigue crack initiation characteristic area of U-BAT specimen failed at σ a = 745 MPa with N f = 9.09 × 10 6 cycles. (a) SEM image 

with a tilted angle, the red line showing the location of FIB sample; (b) TEM image showing the overall microstructure underneath ICA; (c) TKD result showing inverse pole 

figure and boundary maps, the inset shows slip system trace figure and the numbers are values of maximum Schmid factor of each slip system; (d) TKD result showing 

local misorientation of bcc and fcc phase; (e) the bright-field TEM image combined with selected area diffraction rings showing fine grains; (f) enlarged TEM image showing 

fragmentation of bainitic ferrite laths; (g-1) bright-field TEM image of of RA and newly formed martensite; (g-2) dark- field TEM image and selected area diffraction patterns 

showing the newly formed martensite; (h-1) TEM image and selected area diffraction patterns of RA; (h-2) HRTEM image showing the presence of stacking faults. LD: 

loading direction, TA: transition area, RA: retained austenite, M: martensite (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.). 
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Table 1 

Orientation relationship between retained austenite ( γ -1, labeled in Fig. 10 (c)) and surrounding α phases. 

OR Matrix Orientation relationship 

γ -1 vs. α-1 0.17356 -0.65625 0.734310.98376 0.15023 -0.09826-0.04583 0.73944 0.67167 plane: (1 1 -1) ̂ (-3. 3. 0.): 0.8 °direc: [1 -1 0] ̂ [1. 1. -1.]: 1.5 °
γ -1 vs. α-2 -0.94011 -0.2546 0.226670.34085 -0.71082 0.615270.00447 0.65568 0.75503 plane: (1 -1 -1) ̂ (-2. 1. -3.): 1.1 °direc: [1 0 1] ̂ [-1. 1. 1.]: 7.4 °
γ -1 vs. α-3 -0.96671 -0.17397 0.187650.25554 -0.69449 0.67260.01331 0.69816 0.71582 plane: (0 1 1) ̂ (0. 0. 4.): 1.0 °direc: [1 1 -1] ̂ [-1. -1. 0.]: 5.0 °
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Additionally, in comparison to γ -1, the γ -2 grain has a higher 

verage angle of local misorientation, as indicated in Fig. 10 (d). 

ut γ -1 grain has a higher Schmid factor compared with the γ -2 

rain ( Fig. 10 (c)). Hence, TEM images and selected area diffraction 

atterns of γ -1 and γ -2 grains were acquired. From the bright- 

eld TEM image ( Fig. 10 (g-1)), as well as dark-field TEM image 

nd selected area diffraction patterns ( Fig. 10 (g-2)), we can see a 

mall fraction of new martensite formed in γ -1. It is found that 

he newly formed martensite is aligned to the plane of maxi- 

um shear stress. Hence, the newly formed martensite might be 

ormed on the slip bands induced by shear stress. The size of 

ewly formed martensite is too small to be detected by TKD. The 

ewly formed martensite can harden the austenite grain of γ -1 

nd resist local plastic deformation in austenite. Furthermore, the 

oid that forms in α grain near the interface of γ / α can relax some 

nternal stress [42] . In contrast, the γ -2 grain shows the forma- 

ion of dense stacking faults, as indicated by selected area diffrac- 

ion patterns and high resolution TEM (HRTEM) image ( Fig. 10 (h-1) 

nd (h-2)). The planes of stacking fault are found to align along the 

lane of maximum shear stress. The stacking faults, which are gen- 

rated because of the dissociation of a perfect dislocation into two 

artial dislocations, also contributed to plastic deformation [38] . 

The microstructural characterization near secondary cracks 

arked by red dashed rectangle II in Fig. 10 (b) is presented in 

ig. 11 . It is found there are several discontinuous voids and sec- 

ndary cracks formed within a coarse bainitic ferrite lath (thick- 

ess of ∼0.5 μm), and distribute along the plane of the maximum 

hear stress. Hence, the secondary crack can be considered as a 

tage-I small crack. The longitudinal direction of the BF lath, which 

s also the direction of distribution of voids and secondary cracks, 

s aligned to activated {110} α slip plane with a high Schmid factor 

SF = 0.412). However, there is no fine grain near the secondary 

racks, as shown in Fig. 11 (c). From the local misorientation map 

n Fig. 11 (d), the plastic deformation is concentrated along with the 

/ α interface or within the bainitic ferrite lath. There is no obvious 

train/stress concentration along the twin boundary of RA. 

Fig. 12 illustrates microstructural characterization underneath 

CA in another NIICI fracture surface of the U-BAT specimen that 

ailed at σ a = 680 MPa with N f = 4.88 × 10 7 cycles. The TEM 

ample prepared by FIB covered a part of micro-facet and TA, as 

hown in Fig. 12 (a). It is noted that the micro-facet is aligned to

he plane of maximum shear stress. There are fine grains layer 

nd voids along the micro-facet and TA, which can also be con- 

rmed by IPF map in Fig. 12 (b) obtained by TKD technology. But 

he distribution of fine grains layer is discontinuous, e.g. , there is 

o fine grains layer observed near the fracture surface across a 

ainitic ferrite block (marked as II in Fig. 12 (b)). The phenomenon 

f discontinuous fine grains layer has been previously observed 

59] . Interestingly, the fine grains are also formed along the PAG 

oundary, although this region is not exposed to the fracture sur- 

ace. The micro-facet is aligned to the longitudinal direction of the 

ainitic ferrite blocks of both I and II, whose corresponding ac- 

ivated {110} α slip planes have nearly the highest Schmid factor 

SF = 0.482 and 0.467, respectively). But for the bainitic ferrite 

lock of III, the activated {110} α slip plane that is parallel to the 

racture surface in TA has a low Schmid factor (SF = 0.247). In ad- 

ition, the activated {110} α slip plane of the bainitic ferrite block 
152 
f III is not aligned to the longitudinal direction. Hence, the growth 

ath of small cracks depends not only on the magnitude of Schmid 

actor but also on the spatial distribution of bainitic ferrite block. 

t seems that the fine grains layer is formed between block II and 

II (also at the intersection of micro-facet and TA) to facilitate the 

dvancement of a small crack. 

The detailed features of fine grains layer and voids in different 

egions are characterized. Fig. 12 (c-1) and (c-2) show the STEM im- 

ge and selected area diffraction rings of the fine grains layer lo- 

ated along the micro-facet (as marked as region 1 in Fig. 12 (a)), 

espectively. The fine grains have an average size of ∼50 nm and 

re present around the voids. The voids are formed in the bainitic 

errite lath that is close to RA. The RA partially transformed to 

artensite. The HRTEM image in Fig. 12 (c-3) shows the newly 

ormed martensite. It is also found that the newly formed marten- 

ite is aligned to the plane of maximum shear stress, similar to the 

ewly formed martensite in Fig. 10 (g-1). In contrast, Fig. 12 (d-1) 

hows the STEM image of the region without fine grains formation 

marked by dash rectangle 2 in Fig. 12 (a)). The fracture surface ( i.e. ,

rimary crack path) is aligned to the longitudinal axis of a bainitic 

errite lath. Based on the thickness of bainitic ferrite laths, it seems 

he micro-crack forms within a coarse bainitic ferrite lath. In addi- 

ion, the dislocation tangles are limited within the coarse bainitic 

errite lath, as marked by red arrows in Fig. 12 (d-1). The inter-lath 

anometer-sized film-like RA remains stable, as indicated by the 

elected area diffraction patterns in Fig. 12 (d-2). 

Fig. 12 (e) shows the fine grains region located between the 

lock II and III of bainitic ferrite (also at the intersection of micro- 

acet and TA). We can see the formation of voids near the inter- 

ace of the fine grains region and matrix. Fig. 12 (f) is the enlarged

EM image of region 4, as marked in Fig. 12 (a). There are disloca-

ion cells and fine grains near the fracture surface. Moreover, the 

ne grains are formed along the PAG boundary despite far away 

rom the fracture surface. The fine grains along the PAG boundary 

re shown in Fig. 12 (g-1), where the size of fine grains is not uni-

orm. The ultra-fine grain ( e.g. , marked by d) is formed between 

he fine grain of b and the PAG boundary. This is a typical phe- 

omenon of continuous dynamic recrystallization (cDRX) [ 60 , 61 ]. 

he mechanism of cDRX is that the formation of new fine grains 

s caused by the increase in sub-boundary misorientation brought 

bout by the continuous accumulation of dislocations introduced 

y the deformation [61] . Unlike static recrystallization and conven- 

ional dynamic recrystallization, the cDRX can take place at any 

emperature [61] . In this study, the continuous accumulation and 

earrangement of dislocations take place near the PAG boundary 

s a result of repeated interaction of slip bands and PAG boundary, 

hich induces the occurrence of local cDRX. In addition, the strain 

radient could develop in the vicinity of the PAG boundary and 

onsequently leads to the different sizes of fine grains [61] . The slip 

ands in α grain adjacent PAG boundary is aligned along the plane 

f maximum shear stress, as shown in Fig. 12 (g-2). This means the 

ormation of slip bands in α grain is driven by the shear stress. 

n the case of the presence of RA on both sides of PAG boundary, 

he features of slip bands are shown in Fig. 12 (h). It is found that

ultiple slip bands are activated in the RA grains because of the 

nteraction of dislocation with PAG boundary. The HRTEM image 

f slip bands in γ -1 grain is shown in Fig. 12 (h-2). Furthermore, 
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Fig. 11. Microstructural characterization near secondary cracks marked in Fig. 10 (b). (a) TEM image with the selected area diffraction patterns of RA twins; (b) TKD result 

showing inverse pole figure and boundary maps with slip system trace figure; (c) enlarged STEM image; (d) TKD result showing local misorientation of bcc and fcc phase. 
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he step of PAG boundary is also observed from Fig. 12 (h-1). It is

uggested that intergranular cracking occurs easily because of high 

tress concentrations at the step of PAG boundary [62] . 

. Discussion 

Based on the detailed characterization using different ap- 

roaches, we conclude that there is a competition between the 

ub-surface inclusion-induced crack initiation (IICI) and the non- 

nclusion-induced crack initiation (NIICI) for the studied carbide- 

ree bainitic steels within HCF/VHCF regimes. But the competition 

echanisms between the inclusion-induced and non-inclusion- 

nduced crack initiations are still not fully understood. The phe- 

omena may be associated with the size or type of inclusions, 

he features of microstructure, as well as the interaction between 

nclusion and microstructure [ 24 , 26 ]. In general, the HCF/VHCF 

racks are mostly initiated from the subsurface inclusions in the 

onventional martensitic high strength steels, but the subsurface 

IICI is scarcely observed [ 11 , 18 ]. However, the mechanism of 

ainitic transformation is different from that of martensitic trans- 

ormation. The bainitic transformation is a diffusion-controlled 

ransformation but the martensitic is formed by a displacive mech- 

nism [45] . Hence, the distribution of residual stress of bainitic or 

artensitic microstructure near inclusion could be different [63] . 

urthermore, the strength and plasticity of the bainitic microstruc- 

ure are different from those of the martensitic microstructure due 

o their different carbon distribution [64] . These could affect the 
153 
ode of crack initiation. Besides, there might be some other pos- 

ible reasons for the competition between IICI and NIICI, which 

ill be studied in the future. In this study, we mainly focus on the 

icro-mechanism of NIICI of bainitic steel, which could help us to 

nderstand the competition mechanism between IICI and NIICI of 

ainitic steels in the future. 

As indicated above, the NIICI is an important and distinct fa- 

igue crack initiation mode of bainitic steels and is associated with 

he microstructural features and the localized cyclic plastic defor- 

ation in microstructure. While from the characterization of the 

orphology of ICA and local microstructural evolution underneath 

CA, it is suggested that there are several micro-mechanisms for 

he NIICI failure of bainitic steels, as discussed below. 

.1. Transgranular-cracking-assisted NIICI 

The first one is the transgranular-cracking-assisted NIICI. Com- 

ared with nanometer-sized film-like RA, the micrometer-sized 

locky RA and submicron-sized film-like RA generally have a lower 

trength because of lower carbon content and larger grain size 

65] . Under cyclic loading, the critical resolved shear stress is first 

eached on a slip system with a high Schmid factor in the soft RA 

rains. Then the slip system is activated, resulting in the genera- 

ion of slip bands and localized plastic deformation in RA grains. 

n this case, the neighboring bainitic ferrite laths have to carry ad- 

itional stresses to maintain the force equilibrium. The superpo- 

ition of anisotropy stresses with these leads to a situation such 
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Fig. 12. Microstructural characterization of fatigue crack initiation characteristic area of U-BAT specimen failed at σ a = 680 MPa with N f = 4.88 × 10 6 cycles. (a) TEM 

image showing the overall microstructures underneath ICA; (b) TKD result showing inverse pole figure and boundary maps, the insets show slip system trace figure and 

the numbers are value of maximum Schmid factor of each slip system; (c-1): enlarged STEM image showing the fine grains and voids along micro-facet; (c-2): selected 

area diffraction rings of fine grains; (c-3): HRTEM image showing the newly formed martensite; (d-1) enlarged STEM image showing the region without fine grain along 

micro-facet; (d-2): selected area diffraction patterns of bainitic ferrite and RA; (e) enlarged STEM image and selected area diffraction rings of fine grains; (f) TEM image 

showing the fine grains along PAG boundary; (g-1) enlarged TEM image showing the formation of fine grains; (g-2): HRTEM image showing the slip band in bainitic ferrite; 

(h) enlarged TEM and HRTEM images showing the multiple slip bands in RA grains. LD: loading direction, TA: transition area, RA: retained austenite, BF: bainitic ferrite, M: 

martensite. 
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hat the critical stress in the neighboring bainitic ferrite laths is 

eached, resulting in localized plastic deformation in bainitic fer- 

ite laths [38] . The cyclic softening and hardening of RA affect the 

tress/strain partitioning between RA and bainitic ferrite laths and 

onsequently the accumulation of plastic deformation in bainitic 

errite laths [42] . As indicated in Fig. 10 (g) and (h), the RA trans-

ormed to martensite ( γ -1 grain) or generated stacking faults ( γ -2 

rain). The newly formed martensite laths and stacking faults are 

rranged along the maximum shear stress plane, which are driven 

y the localized shear strain. Consequently, the plastic deforma- 

ion takes place in the bainitic ferrite laths between the two RA 

rains ( γ -1 and γ -2), resulting in the fragmentation of bainitic 

errite ( Fig. 10 (f)). The ferrite phase endures less plastic deforma- 

ion before crack initiation compared to the more ductile austen- 

te phase. Hence, the localized shear strain in austenite does not 

irectly lead to crack initiation; instead, first there is the forma- 

ion of micro-crack in the ferrite phase [38] . This is confirmed in 

ig. 10 (f) that shows that the void is formed in the bainitic ferrite 

ath near RA. With the increase in number of cycles, the plastic de- 

ormation continues to be accumulated in bainitic ferrite lath, re- 

ulting in the fragmentation of bainitic ferrite lath and finally the 

ormation of new fine grains. As indicated in Fig. 12 (c), the fine 

rains are formed surrounding the voids. It is suggested that the 

ormation of fine grains reduces the local threshold ( �K th, local ) for 

rack propagation and promotes the coalescence of voids [16] . We 

an see that the scenario of transgranular-cracking- assisted NI- 

CI is associated with the generation of slip bands in the soft RA 

esulting in the plastic deformation of neighboring bainitic ferrite 

aths. 

Besides this scenario, there is another scenario of transgranular- 

racking-assisted NIICI when the generation of slip bands takes 

lace first in the coarse bainitic ferrite lath. The strength of the 

ainitic ferrite lath decreases with the increase of lath thickness 

65] . Furthermore, the inter-lath film-like RA with nanometer-size 

oes not easily experience plastic deformation. In this situation, 

he dislocations on a slip system with high a Schmid factor in 

oarse bainitic ferrite lath would glide first, driven by the maxi- 

um shear stress. When that slip plane is parallel to the longi- 

udinal axis of the bainitic ferrite lath, it is aligned to the plane 

f maximum shear stress, and the dislocations glide easily result- 

ng in the generation of slip bands within the bainitic ferrite lath. 

ased on the persistent slip band structure model proposed by 

anaka and Mura [66] , the plastic deformation is localized into a 

mall volume within slip bands. With the increase in the number 

f cycles, the dislocation density within slip bands increases re- 

ulting in the formation of dislocation walls in slip bands. Subse- 

uently, the micro-crack is nucleated from dislocation walls in slip 

ands because of the collapse of walls, as described by Zhai et al. 

67] . The mode of crack initiation is referred to as “shear crack- 

ng mode” or “damage accumulation mode”, where the crack nu- 

leation and coalescence are controlled by cyclic shear stress [68] . 

s shown in Fig. 11 , the small cracks are formed along with the

110} α slip plane with nearly highest Schmid factor in bainitic fer- 

ite lath and propagated along the longitudinal axis of the lath. 

n addition, the plastic deformation is mainly limited within slip 

ands and is very small outside of the slip bands [ 4 9 , 6 8 ]. In this

ase, the fine grains will not form along the micro-cracks, as indi- 

ated in Figs. 11 , 12 (b) and 12(d). Schematic illustrations of the two

cenarios of transgranular-cracking-assisted NIICI are presented in 

ig. 13 (a) and (b), respectively. It is found that the different de- 

ormation/fracture behaviors of the bainitic ferrite laths are mainly 

aused by the different sizes of bainitic ferrite lath and inter-lath 

A. The local strength generally decreases with the increase of 

he sizes of bainitic ferrite and RA [65] , which determines the se- 

uence of local plastic deformation of each phase and the conse- 

uent stress/strain partitioning. 
155 
.2. Intergranular-cracking-assisted NIICI 

The second one is the intergranular-cracking-assisted NIICI. 

ere, the intergranular-cracking means the crack initiation along 

he PAG boundaries. As discussed above, the slip bands are gen- 

rated along with a system with a high Schmid factor in prefer- 

ntially oriented grains ( e.g. , either soft RA or coarse bainitic fer- 

ite lath). As indicated in Fig. 12 (g-2) and (h-2), the slip bands in

oth α and γ phases are observed. The slip bands impinge into 

he PAG boundaries if there are not any strong barriers to disloca- 

ion glide. The consequences of the interaction between slip bands 

nd PAG boundaries depend on the microstructural characteristics 

f adjacent PAG. If there are blocky M/A islands located at the PAG 

oundaries, the intergranular crack initiation occurs through cleav- 

ge cracking because of the brittle characteristic of high-carbon 

artensite, as shown in Fig. 7 (b). This has been discussed in our 

ecent study [ 29 , 43 ]. 

In another case when there is a ductile phase (such as bainitic 

errite) located at the PAG boundaries, more cycles are required to 

ccumulate more plastic deformation before crack initiation. The 

ne grains may be formed through local continuous dynamic re- 

rystallization (cDRX) as a result of the repeated interaction of slip 

ands and PAG boundaries on a localized volume, as indicated in 

ig. 12 (f) and (g). However, recent work on the fatigue performance 

f the additive manufacturing (AM) 304L austenitic stainless steels 

eveals that the local recrystallization behavior has a detrimental 

ffect on crack initiation, because of a strong strain mismatch be- 

ween the coarse grains and fine grains [69] . In addition, the step 

f PAG boundary is also formed on the impingement of slip bands 

 Fig. 12 (h-1)). Once the intergranular crack initiation takes place 

ecause of the stress concentration at the step of PAG boundary 

62] , the fine grains facilitate the advancement of small cracks be- 

ause of the decrease of local threshold value ( �K th, local ) of fine 

rains region [16] . In this case, the fine grains layer is observed 

t least on one side of the fracture surface along PAG bound- 

ries. Schematic illustrations of the two scenarios of intergranular- 

racking-assisted NIICI are shown in Fig. 13 (c) and (d), respectively. 

It may be noted that the NIICI failure is attributed to the com- 

ination of the above mechanisms rather than a single one. For in- 

tance in Fig. 8 , a part of the micro-facet is occupied by M/A show-

ng cleavage facet, whereas the other part exhibited fragmented 

icrostructure ( i.e. , grain refinement). Furthermore, we can see in 

ig. 12 (a) and (b) the discontinuous distribution of fine grains lay- 

rs along the micro-facet. The different features of fracture surface 

orrespond to the various scenarios of mechanisms taking place in 

IICI event. It is suggested that the combination of these scenarios 

nd the order in which these scenarios are triggered depend on 

he microstructures and the development of localized plastic de- 

ormation, as indicated in Fig. 13 . 

Meanwhile, we can also see that the fine grains layer is formed 

nder some scenarios of mechanisms rather than all scenarios, as 

ndicated in Fig. 13 . The formation of fine grains is attributed to 

he fragmentation of bainitic ferrite lath caused by localized plas- 

ic deformation. In our study, there is the repeated interaction be- 

ween PAG boundaries and slip bands leading to the formation 

f fine grains through local continuous dynamic recrystallization. 

he bainitic ferrite in bainite exhibits a hierarchical structure with 

acket, block and lath. The boundaries of bainitic ferrite packet and 

lock are high-angle grain boundaries [46] . Hence, it is implied 

hat the interaction of slip bands and the block/packet bound- 

ries also promotes the formation of fine grains. For instance, the 

ne grains are formed at the boundary between two blocks of 

ainitic ferrite, as indicated in Fig. 12 (b). Furthermore, the for- 

ation of fine grains is also found in TA area, which promotes 

he transition of small cracks into long cracks due to decrease of 

K th, local . 
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Fig. 13. Schematic illustration of scenarios of mechanisms of NIICI failure. (a) Transgranular-cracking-assisted NIICI with fine grains formation; (b) transgranular-cracking- 

assisted NIICI without fine grain formation; (c) intergranular-cracking-assisted NIICI without fine grain formation; and (d) intergranular-cracking-assisted NIICI with fine 

grains formation. RA: retained austenite, BF: bainitic ferrite, PAGB: prior austenite grain boundary, FG: fine grain. 
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Based on the mechanisms of NIICI failure, the RA has a deter- 

ining effect on triggering of different scenarios, which is associ- 

ted with the size, distribution and stability of RA, as indicated in 

ig. 13 (a) and (b). It was observed that the sub-micron-sized RA 

rains partially transform to martensite with a small size or gener- 

te stacking faults and twins under cyclic loading. The newly trans- 

ormed products of RA are generally aligned to the plane of max- 

mum shear stress. Hence, the newly formed interfaces (such as 

he interface of RA and newly formed martensite with small size, 

winning boundary) do not become crack nucleation sites, as in- 

icated in Fig. 11 (d). Meanwhile, the transformation of RA absorbs 

ome energy and the transformation products of RA could harden 

he RA [70] , which affects the development of localized plastic de- 

ormation and consequently crack initiation event. On the other 

and, our recent works revealed that the inter-lath film-like RA 

t the straight front of small crack tip transformed to martensite, 

hich arrested the growth of small crack and led to the change 

n the active slip systems [30] . In this study, we can see that the

anometer-sized inter-lath RA films that are close to the plane 

f maximum shear stress remained stable, such that the disloca- 

ion glide is limited within in bainitic ferrite lath, as shown in 

ig. 12 (d-1). 

. Conclusion 

We studied the HCF/VHCF behaviors of advanced carbide-free 

ainitic (CFB) steels with two different levels of the size of inclu- 

ion. The multiphase microstructure obtained by bainitic austem- 

ering (BAT) treatment is composed of bainitic ferrite, retained 

ustenite with different morphologies and martensite/austenite 

onstituent. There is a competitive effect of microstructure and in- 

lusion on the process of fatigue crack initiation during HCF/VHCF 
156 
ailure. The subsurface microstructural fatigue crack initiation, re- 

erred to as “non-inclusion induced crack initiation, NIICI”, is a 

eading failure mode for the CFB steels within HCF/VHCF regimes. 

he mechanisms of NIICI failure were discussed based on the de- 

ailed characterization of the fracture surface and the local mi- 

rostructural evolution. The main conclusions are as follows: 

1) The crack initiation characteristic area (ICA) of NIICI fracture 

surface is composed of a micro-facet that is close to the plane 

of maximum shear stress and a surrounding undulated tran- 

sition area (TA). The average values of stress intensity factor 

(SIF) range at the periphery of ICA is close to the threshold SIF 

for the propagation of long crack. There are discontinuous fine 

grains and micro-voids formed near the surface of micro-facet 

and TA. 

2) There are multiple micro-mechanisms responsible for the 

NIICI failure of bainitic steels, including two scenarios of 

transgranular- cracking- assisted NIICI and two scenarios of 

intergranular- cracking- assisted NIICI. The combination of 

these scenarios and the order in which these scenarios are trig- 

gered depend on the microstructures and the development of 

localized plastic deformation. 

3) The fine grains layer is formed under some scenarios of failure 

mechanisms rather than all the scenarios. The fine grains are 

formed through the fragmentation of bainitic ferrite lath caused 

by localized plastic deformation or via the local continuous dy- 

namic recrystallization because of repeated interaction between 

slip bands and prior austenite grain boundaries. The formation 

of fine grains facilitated the advancement of small cracks. 

4) The retained austenite (RA) has a determining effect on trig- 

gering different scenarios of mechanisms of NIICI failure, which 
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