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This study aimed to identify the microstructural factors governing the torsional fatigue strength of bainitic steels.
Torsional fatigue tests were performed on two bainitic steels with banded microstructures comprised of soft and
hard layers. The soft layers were coarse-grained with low Vickers hardness (HV), while the hard layers were fine-
grained with high HV. Both materials possessed similar average HV values but differing band morphologies: a
coarse band (CB) with HV = 329 and a fine band (FB) with HV = 314. Interestingly, the FB exhibited a 30 %
higher fatigue strength than the CB. Through microscopic observations and finite element analysis, it was
established that different fatigue strengths could be attributed to the particular width and array of the bands. The
reticular band array in the FB steel raises crack initiation resistance due to the constraint of cyclic plastic
deformation. In addition, the narrower spacing of hard layers can impede crack propagation when the extension
mode transitions from shear mode to Mode I. In contrast, the columnar array and wider spacing of the bands in
the CB steel are likely to provide weaker resistance to crack initiation and propagation, resulting in an inferior

fatigue strength.

1. Introduction

In response to stringent COy emission regulations and a growing
emphasis on energy conservation, the marine industry has experienced a
surge in demand for large engines capable of higher output and effi-
ciency [1]. This has led to the need for engines with greater torque,
thereby imposing increased torsional loads on power transmission
shafts. Bainitic steels are emerging as promising candidates for the next
generation of shaft materials, owing to their advantageous properties
such as favorable strength-to-weight ratio and fracture toughness [2-4].
The high strength and toughness of these materials are mainly attributed
to the elevated dislocation density in bainitic ferrite and the compact
crystallographic boundaries in blocks and packets of bainitic ferrite [5].

To date, extensive research has been primarily focused on exploring
the relationship between microstructures and mechanical properties,
with the aim of developing advanced bainitic steels that offer enhanced
strength [6-9]. However, in order for the full potential of bainitic steels
to be realized in industrial applications (such as power transmission
shaft systems where components commonly undergo cyclic loading), a

deeper understanding of their fatigue behavior is indeed essential. While
several research groups have studied the fatigue response of bainitic
steels with diverse morphologies in the low-cycle fatigue regime
[10-14], the behavior of fatigue cracks in the high-cycle regime, espe-
cially near the fatigue limit, is still not fully understood.

It is generally believed that the fatigue limit of metallic materials
should be treated as a small-crack problem [15]. Through a series of
experiments involving various ferrous alloys (including some aluminum
and copper alloys), Murakami et al. [15] demonstrated that the fatigue
limit is not the critical condition where no crack initiates, but the
threshold condition at which Mode I small cracks cease propagation.
Based on the experimental findings, they proposed a fracture mechanics-
based, /area parameter model [16]. In this model, Vickers hardness
(HV) is incorporated as a microstructural factor to account for the
growth resistance of small cracks on the fatigue limit. Many researchers
have attempted to validate the efficacy of this model while quantita-
tively assessing the fatigue strength of materials exhibiting Mode I,
small-crack growth behavior at the fatigue limit [17-19].

On the other hand, there is a dearth of research with regard to the
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behavior of small cracks under repeated shear loading, such as cyclic
torsion. In shear-mode crack-growth, the impacts of crack-face in-
teractions, e.g., friction, abrasion and/or mechanical locking of asper-
ities, are known to be crucial [20-22]. For example, Okazaki et al. [23]
established that the shear-mode threshold of a bearing steel (SAE52100)
was diminished with an increase in static crack-opening stress (i.e., with
reduced crack-face interference). More recently, Tanaka et al. [24]
conducted three types of fatigue tests (push—pull, pure torsion and tor-
sion superposed with static tensile stress) to explore the influence of
crack-opening/-closing stresses on the shear-mode threshold of Ni-based
superalloy 718. In contrast to the finding by Okazaki et al., the shear-
mode threshold of the alloy was rarely affected by static, crack-
opening/-closing stresses. These results were ascribed to the relatively
straight/short morphologies of arrested cracks, leading to the lesser
influence of mechanical locking and frictional resistance of crack-faces.
In addition to the mechanical factors, several researchers have empha-
sized that the propagation and arrest behaviors of small, shear-mode
fatigue cracks are significantly influenced by microstructural features,
such as crystallographic orientation or secondary-phase particles near
the crack-tip [25,26]. Given the complex microstructure of bainitic steel
and in view of its potential application in various shaft systems, it is vital
to identify the microstructural factors that affect the propagation
behavior of small, shear-mode fatigue cracks in the material under
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cyclic-shear loading conditions.

To the best of the authors’ knowledge, there are no existing studies
examining the impact of microstructure on the small fatigue-crack
behavior of bainitic steels under cyclic torsional loading near the fa-
tigue limit regime. Therefore, we investigated torsional fatigue strengths
of two types of bainitic steels with dissimilar microstructural morphol-
ogies, but comparable HV. The test results revealed a difference of
approximately 30 % in the torsional fatigue strength in a high-cycle
regime. Through quantitative examination via electron microscope,
hardness measurement and finite element analysis (FEA), it was
concluded that such a variance can be credited to disparities in the
spacing and arrays of the banded microstructures.

2. Materials and methods
2.1. Materials

The experimental materials consisted of two types of bainitic steels
under consideration for marine propulsion shaft applications. Both
materials shared the chemical composition of 0.4C-1Cr-0.5Mo (wt.%).
Fig. 1 exhibits the optical microscope images obtained using Nital and
Picral etchings, revealing banded microstructures in each material. Both
materials feature alternating fine-grained and coarse-grained areas

K2

- 2 -«
{fSpecimentaxis
G ’

T

Fig. 1. Optical microscope images of the microstructures in two bainitic steels obtained by (a) ~ (f) Nital etching; (g)(h) Picral etching. CB material = (a)(c)(e)(g); FB

material = (b)(d)(f)(h).
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elongated in the axial direction. It should be noted that the images in
Fig. 1(c) and (d), in which the band boundaries are denoted by dotted
yellow lines, correspond to those in Fig. 1(a) and (b), respectively. After
comparing these microstructures, a distinct difference was observed in
the widths of the band structures. Hereafter, materials with wider bands
(cf. Fig. 1(a),(c),(e) and (g)) are referred to as coarse-band (CB) mate-
rials, whereas those with narrower bands (cf. Fig. 1(b),(d),(f) and (h))
are termed fine-band (FB) materials. The average spacing of band
structures was 455 pm for CB materials and 175 pm for FB materials. In
addition to the band spacing, the array of the band structure varies ac-
cording to the material, i.e., CB materials displayed a columnar band
structure, whereas reticular band structures were found in FB materials
(cf. Fig. 1(c) and (d)). The singularity of these microstructures is
accredited to distinct cooling rates, i.e., the FB material was obtained by
a faster cooling rate than the CB material. Table 1 presents the me-
chanical properties of the materials, including HV, 0.2 % proof stress
(00.2), tensile strength (og) and reduction in area (¢). The hardness
values were derived from 50-points along a straight line with a spacing
of 100 pm, measured with a load of 0.98 N and a holding time of 10 s
(indentation dimensions: approximately 20 ~ 25 pm). Both CB and FB
materials registered similar average HV values.

The characteristics of the banded microstructures identified in Fig. 1
were further analyzed by Electron Backscatter Diffraction (EBSD) and
Energy Dispersive X-ray Spectroscopy (EDX) techniques, using a JEOL
JSM-7001F scanning electron microscope (SEM) with an acceleration
voltage of 20 kV (a beam step-size of 0.2 ~ 0.4 pm) and 15 kV,
respectively. Furthermore, to clarify the difference in microscopic
hardness between the fine-grained and coarse-grained regions of these
materials, HV distribution was measured on the circumferential and
axial cross-sections of both the CB and FB materials. After the mea-
surements, the areas surrounding the indentations were subjected to
Nital etching to investigate the relationship between hardness and
microstructure.

2.2. Finite element analysis

The HV measurements revealed an apparent deviation in HV values
between fine-grained regions and coarse-grained regions (cf. Section
3.1). This indicates that the materials investigated in this study
possessed soft and hard layers, similar to a dual-phase material. More-
over, CB and FB materials have dissimilar band arrays, i.e., columnar
band and reticular band structures, respectively. In order to determine
the influence of the banded microstructure array on the stress and plastic
strain state under torsional loading, elasto-plastic FEA was performed
using the Abaqus CAE 2021, as will be examined later in Section 4.3.

Two-dimensional models with varying band arrays were generated,
as illustrated in Fig. 2. In the figure, light gray and dark gray corre-
spondingly represent the soft and hard layers. For the reticular band
configuration, aspect ratios, AR = a/W, of 2.5, 5 and 10 were chosen for
FEA. In most analysis cases with a dimension of B = 25 W, the model
consisted of 63,001 nodes and 62,500 elements, with the exception of
the AR = 10 case which necessitated 251,001 nodes and 250,000 ele-
ments due to the larger dimensions of the model (B = 50 W). The 4-node,
plane stress element (CPS4R) was employed for all simulations. Remote
shear stress was set at 453 MPa to ensure that the maximum resultant
plastic strain remained below 0.3 %, a reasonable value near the fatigue
limit regimes. To prohibit the discontinuous deformation, a rigid body
constraint was applied at the top and bottom of the model, as indicated
by the solid blue lines in Fig. 2.

Table 1

Mechanical properties of experimental materials.
Material HV 60.2 [MPa] op [MPa] ¢ [%]
CB 329 895 1064 56.0
FB 314 869 1033 70.6
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For material properties, Young’s modulus (E = 206 GPa) and Pois-
son’s ratio (v = 0.3) were utilized in the elastic deformation regime. The
true stress—strain curve for FEA was derived based on the mechanical
properties obtained from tensile testing. It should be noted that,
considering the ~ 20 % difference in HV between two layers, the yield
strengths of the soft and hard layers were determined to be 782 MPa and
978 MPa, respectively. Fig. 3 plots the relationship between true stress
and true strain as used in the FEA.

2.3. Torsional fatigue tests

Cylindrical specimens with diameters of 5 mm and gauge section
lengths of 25 mm were fabricated for the torsional fatigue tests, ensuring
the alignment of the specimen axes with the direction of the shaft axes.
All specimen surfaces were polished with emery papers, followed by
buffing with a diamond paste. The shape and dimensions of the speci-
mens are illustrated in Fig. 4. Torsional fatigue tests were then con-
ducted with a resonance fatigue-testing machine, operated at a stress
ratio, R, of — 1 and a test frequency, f, of 45 ~ 50 Hz. In this study, the
torsional fatigue limit was defined by the shear-stress amplitude, z,, at
which a specimen did not fail after loading at 107 cycles, even though
the limited number of tests could not precisely determine the fatigue
limit in accordance with the relevant standards. All tests were carried
out in ambient air at room temperature and, periodically, were halted to
examine the propagation of fatigue cracks, using the plastic replica
method. Following the fatigue tests, the microstructures surrounding the
surface cracks were analyzed using EBSD, in order to elucidate the
relationship between crack initiation/propagation behavior and the
microstructures. The observation conditions were maintained consistent
with those described in Section 2.1.

3. Results
3.1. Microscopic observations

The initial microstructures of the CB and FB materials obtained
through EBSD are showcased in Fig. 5. Inverse pole figure (IPF) maps are
presented in Fig. 5(a),(d),(g) and (j), with grain boundary (GB) maps
displayed in Fig. 5(b),(e),(h) and (k). In this context, a GB was estab-
lished as being the boundary between regions misoriented by more than
15°. As was the case in Fig. 1, Fig. 5 also confirms the presence of a
banded microstructure consisting of coarse-grained and fine-grained
regions. It is noted that Fig. 5(g) ~ (i) and Fig. 5(3) ~ (1) correspond
to coarse-grained and fine-grained regions in CB material, respectively.
Furthermore, as illustrated in Fig. 5(c),(f),(i) and (1), no significant
disparity in GB misorientation angle distribution was detected in either
the CB or FB materials and either coarse-grained or fine-grained regions.

Fig. 6 features the elemental mapping obtained via EDX for the CB
and FB materials. Due to the detection limits of the equipment, the
carbon distribution could not be ascertained during analysis of all the
samples. Conversely, it was clearly observed that Cr and Mn were
distributed in a banded manner within specific zones of all materials.
The width of these bands in the FB material ranged from 100 to 300 pm,
closely corresponding to the width of the banded structures observed in
Fig. 1. Therefore, it can be inferred that the micro-segregation of these
alloying elements is strongly related to the formation of banded struc-
tures in both CB and FB materials.

In general, bainite exhibits a hierarchical structure of packets,
blocks, and laths within the prior austenite GBs, similar to that of lath
martensite [27]. However, upon examination via EBSD, such fine hier-
archical structures were not perceived in the coarse-grained regions of
the CB and FB materials, whereas they were distinctly present in the
fine-grained regions (cf. Fig. 5(g),(h),(i) and (k)). It is also accepted that
the addition of alloying elements such as Cr, Nb, Mo and B enhances the
hardenability of steel, thus ensuring the transformation to bainite/
martensite during the quenching process which in turn refines the
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Fig. 2. Representation of FEA models with different band morphologies: (a) columnar band; (b) reticular band.
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Fig. 4. Shape and dimensions of torsional fatigue test specimens (mm).

microstructure [28,29]. For example, Ali et al. [30] examined the impact
of varying Cr content (1 wt% ~ 4 wt%) on the microstructure and me-
chanical properties of hot-rolled, low-carbon (0.04 wt%) steel plates.
Their findings revealed that higher Cr concentrations boosted harden-
ability, thereby not only promoting the formation of bainite, but also
significantly refining the microstructure. Therefore, in this study, it is
believed that the segregation of alloying elements such as Cr and Mn
resulted in uneven hardenability within the materials, ultimately lead-
ing to a banded structure characterized by a mixture of coarse-grained
and fine-grained regions.

3.2. Vickers hardness distribution

The results of hardness distribution measurements are detailed in
Fig. 7, together with those of microstructural observations by optical
microscope on areas surrounding the indentations after Nital etching.
The circumferential and axial sections of CB and FB materials are
depicted in Fig. 7(a) ~ (d). In each image, the average HV values are
indicated by straight lines. Additionally, figure insets display the in-
dentations representing the minimum and maximum HV values from
among 50 measurement points, correspondingly labeled as Al to D1 and
A2 to D2.

When comparing the microstructures surrounding indentations with
the maximum and minimum HV values in Fig. 7(a) ~ (d), the lowest HV
was consistently measured in the coarse-grained regions, whereas the
highest HV was recorded in the fine-grained regions, across all cross-
sectional positions in both materials. Moreover, it was observed that
regions with high and low HV values were alternately distributed in all
materials. The average periodicities for the alternation in the circum-
ferential and axial sections were approximately 400 pm and 650 pm for
the CB material, 200 pm and 280 pm for the FB material, respectively.
These values closely correspond to the band-spacing between coarse-
grained and fine-grained regions mentioned in Section 2.1. Therefore,
it is confirmed that the spacing between coarse-grained and fine-grained
regions is approximately 2 to 3 times wider in CB material than in FB
material.

3.3. Fatigue test results

The S-N data obtained by the torsional fatigue tests is displayed in
Fig. 8. The results for the CB material are represented by solid orange
circles, while those for the FB material are depicted by solid blue di-
amonds. The torsional fatigue limits for CB and FB materials are 230
MPa and 310 MPa, respectively. It is interesting to note that, despite
having equivalent HV values, these materials exhibit a difference of
approximately 30 % in fatigue limit. The proportional relationship be-
tween fatigue limit and HV, commonly observed during the ten-
sion-compression fatigue testing of steels [31], was not valid in this
case.

As mentioned in the introductory section, it is commonly known that
the fatigue limit is determined by the threshold condition of small fa-
tigue cracks. A similar phenomenon was also discovered in the present
study, i.e., multiple, arrested small cracks were detected at the fatigue
limit of the FB material, although no arrested cracks were found in the
CB material. Optical microscope images of the arrested cracks discerned
in the FB specimen tested at the fatigue limit (z, = 310 MPa) are dis-
played in Fig. 9(a) ~ (d), while Fig. 9(e) and (f) correspondingly portray
an IPF map and a GB map of the crack. It should be noted that cracks in
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Fig. 5. Initial microstructures of bainitic steels: IPF map, GB map and GB misorientation angle distribution for (a) ~ (c): CB; (d) ~ (f): FB; (g) ~ (i): coarse-grained

region in CB; (j) ~ (1): fine-grained region in CB.

the FB material initiated in the coarse-grained regions. Moreover, the
cracks mainly propagated along paths parallel to the {110} planes, one
of the slip planes of BCC metal, as indicated by the straight blue lines in
Fig. 9(f).

A higher magnification of the IPF maps and SEM images associated
with the arrested crack in FB (cf. Fig. 9(a)) is presented in Fig. 10. Fig. 10
(a) ~ (c) corresponds to the regions near the crack-initiation site, while
the areas near the branched crack-tip are displayed in Fig. 10(d) ~ (f).
The featured grains are labeled, with each {110} plane trace highlighted
by different colors. Considering that crystallographic, small fatigue-
cracking was prominent near the threshold condition in this material,
the influence of GB misorientation should play a critical role in the fa-
tigue crack-growth/-arrest mechanism. According to Zhai et al. [32],
two geometric parameters of crack-planes between neighboring grains,
ie., the twist angle and the tilt angle, should be considered when
interpreting the crystallographic cracking behavior. The calculated twist

angles (a) and tilt angles (p), along with the maximum Schmid factors
(SFs) for each {110} slip plane, are provided in Table 2. The active slip
systems, i.e., the crack-planes adjacent to GBs, have been emphasized in
bold font. It must be pointed out that the precondition for crack-growth
across GBs was not only the presence of slip planes with high SFs, but
also those that demonstrate strong compatibility (low twist/tilt angles)
in adjacent grains. In fact, the (110), (101), (101) and (011) planes in
Grain 2 bore almost identical SF values, but the crack propagated along
the (110) plane which possessed an advantageous geometrical rela-
tionship with the (110) plane in Grain 1. On the other hand, all of the
twist angles in Grain 4 with respect to Grain 3 were significantly high,
with the exception of the (101) plane with a substantially low SF, a
plausible reason for crack-arrest in the vicinity of the GB between Grains
3 and 4. If the tilt angle was the most critical factor, the crack should
have propagated along the (011) plane in Grain 4 with the highest SF
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Fig. 6. Elemental mappings of C, Cr, Fe, Mn and Mo in (a) CB and (b) FB.

and the lowest tilt angle. These results suggest that the twist angle pri-
marily influences the fatigue crack-growth and —arrest mechanism in
this material, while the tilt angle plays a secondary role, echoing results
of previous experimental studies using bainitic steels [10,13].

Fig. 11 illustrates two fatigue cracks propagating over hundreds of
microns in FB material tested at 7, = 320 MPa, observed using an optical
microscope. Different growth behaviors were registered by the two
cracks. The crack in Fig. 11(a) propagated along the axial direction and
subsequently branched into Mode I. This implies that in the initial stage
of cracking, the fatigue crack propagated as a shear-mode crack in the
axial direction (the direction of the maximum shear stress), then
branched out in the direction of the principal stress. Conversely, the
crack in Fig. 11(b) continued to grow in shear mode before it stopped
propagating, an occurrence which will be discussed in a later section.

Fig. 12 illustrates the non-fatal crack that did not contribute to final
fracture in the broken CB specimen tested at 7, = 300 MPa. Just like the
arrested cracks in the FB material, this crack also initiated and grew
along a direction parallel to the {110} plane. The plastic replica obser-
vation of a crack propagating in CB material at 7, = 280 MPa is show-
cased in Fig. 13(a) ~ (d). The shear-mode cracks initiated along the axial
direction of the specimen and then grew in a few hundred microns. EBSD
examination later revealed that the crack originally initiated in the
coarse grain and propagated along a direction nearly parallel to the
{110} plane, as indicated by the solid blue line (cf. Fig. 13(e) and (f)).
Subsequently, it branched in an oblique direction at N ~ 3.7 x 10° cy-
cles, leading to the final fracture. The results infer that, once initiated,
the crack could not stop propagating in the CB material. This suggests
the presence of dominant mechanisms for various fatigue limits between
CB and FB materials, an issue that will be discussed in the following
section.

4. Discussion

The preceding results highlight the inferior fatigue-crack resistance
of CB materials when compared to that of FB materials, in spite of their
similar mechanical properties, as outlined in Table 1. In addition, both
materials exhibited a common characteristic in cracking behavior, i.e.,
fatigue cracks initiated within coarse grains and propagated along
crystallographic slip planes. In a previous study by the authors [33], it
was revealed that microstructural texture significantly affects the

fatigue threshold of Ni-based superalloy 718, in which crystallographic
crack propagation is predominant. However, both materials used in this
study showed random crystal orientations in each coarse- and fine-
grained region, as evidenced by the distribution of GB misorientation
angles in Fig. 5(c) and (f). Meanwhile, Zhang et al. [34] explored the
influence of a non-uniform microstructure resulting from alloying
elemental segregation on the rolling contact fatigue strength of bainitic
rail steel. Their findings revealed that fatigue crack propagation pre-
dominantly occurred along the segregation boundary. However, in
contrast, no correlation between segregation boundaries and crack
behavior was found in this study. Therefore, the inferior fatigue strength
of the CB material should be attributed to factors other than micro-
structural texture and micro-segregation. In the following sections, some
possible dominant factors will be further examined by focusing on (i)
grain size, (ii) band spacing and (iii) band array.

4.1. Effect of grain size

As mentioned in the introduction, it is widely accepted that the fa-
tigue limit relies greatly on the size of the initial defect and crack. As
demonstrated in the previous section, cracks initiate within coarse
grains in both the CB and FB materials. Furthermore, for these cracks,
the GBs provided primary resistance to crack-growth. These results
suggest that the size of initiated cracks is dependent on the maximum
grain size in each material [17,35].

Since Murakami et al. [16] adopted extreme value statistics (EVS) to
estimate maximum inclusions for quantitatively evaluating the effects of
these inclusions on the fatigue limit, this statistical analysis has been
widely used in the quality control of metallic materials which inevitably
contain defects (e.g, high-strength steels, cast irons, additively-
manufactured materials, etc.) [36-39]. Recently, Kevinsanny et al.
[40] demonstrated the effectiveness of using the maximum grain size
(estimated using EVS) in the prediction of the lower bound of fatigue
limit for additively-manufactured, Ni-based superalloy 718. Similarly,
to examine the impact of the grain size on the fatigue limit, this study
attempted to apply the EVS method to the prediction of the maximum
grain sizes of CB and FB materials, potentially closely linked to crack-
initiation sizes.

The gauge sections of both CB and FB specimens were embedded in
phenolic resin, then polished with emery papers and later finished by
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Fig. 7. Line profiles of HV in (a)(b): CB; (c)(d): FB.

buffing. Using the EBSD technique, microstructural images were
collected after 20 separate inspections. The maximum grain size for each
predefined inspection area measuring 2.18 x 1072 mm? (the field of
view at 1000 x magnification) was identified with the aid of the grain
size measurement tool in OIM Analysis™ software. A GB was defined as
the boundary between regions with a misorientation greater than 15°.
The sampled data was then organized and displayed on a probability
plot for extreme value distribution. Sample images and the values for the
distribution of extremes for both materials are presented in Fig. 14. The
linear distribution of the maximum grain size was determined using the
least-squares method for both the CB and FB materials, respectively:

dmsx = 6.52y + 29.2 1

dmax = 7.66y + 31.1 (2)

where, dpax is the predicted maximum grain size and y is the reduced
variate. By entering the y value corresponding to the surface area of a
specimen’s gauge section into Egs. (1) and (2), the dpax values were
established to be 93 pm and 106 pm for CB and FB materials, respec-
tively. Contrary to expectations, no substantial variance in the
maximum grain sizes was observed between the two materials. There-
fore, these results imply that the maximum grain size may not be a
critical factor in the inferior fatigue strength of the CB material.

The reason for the similar maximum grain sizes in CB and FB ma-
terials can be explained as follows. Considering that fine hierarchical
bainitic structures like blocks and packets are not observed within the
coarse-grained regions of CB and FB materials, it is believed that the
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Fig. 8. S-N diagram of torsional fatigue testing of CB and FB materials.

grain sizes of these coarse-grained regions correspond to the prior
austenite grain sizes. Meanwhile, the average prior austenite grain sizes
of the CB and FB materials, as measured by the intercept method using
optical microscope images of Picral-etched microstructures (cf. Fig. 1(g)
and (h)), were 25 pm and 30 pm, respectively. Therefore, it was
confirmed that the similarity in the estimated maximum grain sizes of
both materials was due to their equivalent prior austenite grain sizes.

4.2. Effect of band spacing

It is generally accepted that inclusions, micro-defects or softer layers
act as initiation sites for fatigue fractures, while microstructural features
with higher strength provide resistance to the growth of small fatigue
cracks. For instance, Endo and Yanase [41] confirmed that at the
torsional fatigue limit of ferritic and pearlitic steels, cracks originating
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from the softer ferrite grains were arrested by the harder pearlite grains.
In this study, the coarse-grained regions registered a hardness value
approximately 100 HV units lower than that of the fine-grained regions,
as illustrated in Fig. 7. Therefore, cracks were more likely to initiate and
propagate in the coarser microstructure. However, it is interesting to
note that although the FB material displayed a minimum hardness value
about 30 HV units lower than that of the CB material, the fatigue limit of
the FB material was higher than that of the CB material. This implies that
the difference in fatigue limits cannot be solely attributed to the hard-
ness values in the coarse-grained regions.

As described in Section 3.2, the spacing of the banded microstructure
in the CB material was approximately 2 — 3 times larger than that of the
FB material (cf. Fig. 7). Furthermore, coarse-grained regions serve as
initiation sites for crack formation, whereas fine-grained regions resist
crack propagation. Based on these macro/microscopic observations,
fatigue failure in the CB material is believed to occur through the
following process, as illustrated in Fig. 15(a). Firstly, cracks initiate
along {110} slip planes in coarse-grained regions with lower HV. These
cracks propagate in the axial or circumferential direction, where
maximum shear stress occurs, and then may partially branch into Mode
1. The transition from shear-mode to Mode I crack propagation could be
imputed to the mechanical states near the crack-tip. Erdogan and Sih
[42] demonstrated the correlation between Kjgmax and Kymax at the tip of
a Mode II crack in an infinite plane subjected to remote shear stress:

KIOrnax =1 ~15KIImax (3)

where, Kigmax and Kjmax are correspondingly the maximum Mode I and
Mode II stress intensity factors (SIF). Equation (3) indicates that, even
under solely remote shear stress (i.e., Mode I SIF, K = 0, macroscopi-
cally), the local normal-stress field develops in the vicinity of the crack-
tip so that the crack can propagate in Mode I. When the branched, Mode
I crack reaches fine-grained regions, it encounters significant resistance
to crack propagation due to higher HV [31]. However, the increased
driving force, resulting from the crack propagating over a long distance,
compels the crack to continue extending without being arrested, ulti-
mately leading to fracture. This process may be consistent with the
experimental observation that no arrested cracks were found in the CB
material.

In the FB material, as depicted in Fig. 15(b), the processes of crack
initiation and propagation in shear mode are believed to be similar to
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Fig. 9. Non-propagating cracks in FB tested at 7, = 310 MPa: (a) ~ (d) Optical micrographs; (e) IPF map; (f) GB map.
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Table 2
Results of calculated SF, a and f values along crack-paths.
Grain Slip SF a f  Grain Slip SF a B
planes planes
110 0.25 110 039 74 38
110 0.27 110 044 16 1
Grain 101 0.22 Grain 101 0.46 40 30
1 100 037 /7 2 g0t 044 3 58
011 0.37 011 0.39 73 85
011 0.47 011 0.46 35 69
110 0.19 110 0.43 47 70
110 0.20 110 0.30 59 73
Grain 101 0.49 Grain 101 0.14 95 63
3 101 o4 7 7 4 101 017 1 24
011 0.47 011 0.44 51 38
011 0.39 011 0.44 58 2

those in the CB material. However, since the spacing between the coarse-
and fine-grained regions in the FB material is narrower, a crack
branching into Mode I promptly reaches the fine-grained region with
higher HV. Given that the Mode I crack-driving force is relatively smaller
owing to the crack-growth over a shorter distance when compared to the
CB material, Mode I cracks in FB material are likely to halt when they
encounter the fine-grained region with higher crack-resistance. Simul-
taneously, the original shear-mode cracks experience a reduction in the
driving force for propagation due to stress-field shielding by crack-
branching. As a result, these cracks are unlikely to propagate further,
in either Mode I or shear mode. It can also be speculated that under
stress amplitudes exceeding the fatigue limit, the process repeats with (i)
crack-branching into Mode I, (ii) arrest of the branched cracks and (iii)
continued propagation in shear mode. This can account for the presence
of a macroscopically long crack along the axial direction, accompanied

Fig. 11. Crack-propagation behavior in FB tested at 7, = 320 MPa.

by many tiny branched cracks, as featured in Fig. 11(b).

Consequently, the distinct fatigue limits between CB and FB mate-
rials can be linked to the dissimilar band spacing between the coarse-
grained and fine-grained regions. In other words, the fatigue limit of
CB material, characterized by relatively wider, coarse-grained regions



S. Yoshimura et al.

208 :

Fig. 12. EBSD observation of a non-fatal crack in the CB material, tested at 7,
= 300 MPa: (a) IPF map; (b) GB map.

with lower hardness, is determined by the threshold condition for crack
initiation. On the other hand, the fatigue limit of FB material, which
features relatively narrower, coarse-grained regions, is ruled by the
threshold condition for crack propagation. Therefore, it should be
emphasized that the band-spacing can be a critical factor governing the
mechanism determining the fatigue limit in these materials.

4.3. Effect of band array

Although the spacing of banded microstructures is considered to be a
crucial factor, as discussed in the previous section, this does not fully
explain the experimental findings that some cracks in run-out FB spec-
imens stopped their propagation in shear-mode without branching into
Mode I. As mentioned in Section 2.1, microstructures show distinct band
arrays between CB and FB materials, i.e., columnar and reticular band
structures, respectively. Accordingly, this section investigates the
impact of band arrays on mechanical states within CB and FB materials

»
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when subjected to identical stress conditions.

Fig. 16(a) shows the shear stress distribution obtained via FEA for
materials with diverse band arrays under remote shear stress, whereas
Fig. 16(b) presents the plastic shear strain distribution. In these figures,
soft and hard layers were correspondingly denoted as S and H. Among
reticular band models, only the results with an AR of 5 were represented
because the trend was equivalent for all AR values, as described in the
plots of Fig. 16. Interestingly, FEA results highlight major differences in
stress and strain distributions, depending on the band array, as well as
the AR.

Firstly, CB material with a columnar band array demonstrated a
more severe shear stress and plastic shear strain state within the soft
layers as compared to FB material with a reticular band array (cf. Fig. 16
(a) and (b)), despite generating a homogeneous distribution of shear
stress across the CB material. The higher stress and plastic strain con-
centrations within the soft regions are likely to significantly reduce the
fatigue limit of the CB material, even under equivalent applied stress
levels. On the other hand, the FB material with a reticular band array
displayed less severe mechanical states, perhaps attributable to the
microstructurally-induced plastic constraints by the hard layers imposed
on the soft layers, as reported by Chan and Lee [43]. In other words,
while plastic strains build up in the soft layers at the onset of yielding,
the hard layers remain elastic and induce a constraint on the soft layers
from easy plastic deformation. In addition, FEA results indicated that
varying ARs considerably affect the localization and magnitude of stress
and plastic strain within the reticular band materials, i.e., lower ARs
reduce stress and plastic strain within soft layers. This result is likely due
to the increased amount of surrounding hard layers which induce
microstructural constraints on the soft layers.

The preceding analyses underscore the critical role of microstruc-
tural configuration on the fatigue strength of the materials. Columnar
band morphologies impose major degradation on the fatigue resistance
due to intense plastic strain concentrations in soft layers. In contrast,
reticular band morphologies offer a better fatigue performance under
cyclic torsional loading conditions. This study emphasizes the necessity
for comprehensive material design strategies that take into account
specific morphological characteristics, so as to optimize fatigue strength
in engineering applications where cyclic torsional loading is prevalent.
Further work is needed to investigate the combined effects of grain size,
band spacing, and band array to better understand their collective
impact on fatigue strength. Additional experiments will also be

Fig. 13. Crack-propagation behavior and microstructure in the vicinity of the CB crack, tested at 7, = 280 MPa: (a) ~ (d) Optical micrographs; (e) IPF map; (f)

GB map.
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Fig. 16. FEA results: (a) shear stress; (b) plastic shear strain.

necessary to fully characterize the S-N data and precisely define the
fatigue limit. Our future research will adopt a more integrated approach,
likely involving advanced FEA techniques and a more extensive dataset,
to quantify the interaction between these factors and their influence on
fatigue resistance.

5. Conclusions

The present study investigated the dominant factors influencing the
fatigue limit of bainitic steels with potential applications in marine
diesel engine shafts. Torsional fatigue tests were conducted on two
bainitic steels with similar Vickers hardness (HV) but different band
morphologies: a coarse band (CB) material with a columnar band
structure and HV = 329, along with a fine band (FB) material with a
reticular band structure and HV = 314. Based on macro- and micro-
scopic observations as well as finite element analysis, the following
conclusions were established:

1. Despite the similar average HV values and comparable banded mi-
crostructures with coarse-grained and fine-grained regions, the FB
material exhibited a 30 % higher torsional fatigue limit than the CB
material.

2. In both the CB and FB materials, cracks primarily initiated in the
coarse-grained regions, registering hardness values approximately
100 units lower than in the fine-grained regions.

3. One of the primary factors influencing the variation in torsional fa-
tigue limits between the CB and FB materials was identified as the
width of the banded microstructure. The narrower bands in the FB
material provided higher resistance to branched, Mode I cracks; the
fatigue limit of the FB material was therefore governed by the
threshold condition for crack propagation. On the contrary, in the CB
material with the wider bands, the fatigue limit was determined by
the threshold condition for crack initiation, leading to a lower fatigue
limit.

4. Band array can be considered to be another critical factor. The band
structure in the CB material was rather columnar, whereas that of the
FB material was more reticular. Finite element analysis revealed
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that, compared to the reticular band, the columnar band array led to
a more severe stress and strain distribution within the soft layers.
This was due to fewer constraints on plastic deformation from the
surrounding hard layers.
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