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A B S T R A C T

In the present study, variability in high-cycle fatigue lives has been studied in AISI 52100 high-strength steel 
containing TiN inclusions at two heat treatment states. It is found that the spatial orientations of TiN inclusions in 
the samples are randomly distributed, and have no significant effect on their cracking behavior under cyclic 
stress. All the examined samples revealed that the fracture planes of TiN inclusion are approximately vertical to 
the loading axis. Accordingly, a fatigue life prediction model is proposed by taking into account the cracking 
behaviors of TiN inclusions, ultimately reducing the prediction error of fatigue lives to within 2.5 times of the 
experimental values. The model demonstrates that the size and shape of TiN inclusions significantly affect fatigue 
lives of the samples. Specifically, TiN inclusions in samples with longer fatigue life either has a small area 
perpendicular to the loading direction or is thin parallel to the loading direction. Overall, the comprehensive 
results regarding the effect of TiN inclusions on fatigue life highlight the strategies to minimize uncertainty in 
fatigue life predictions for high-strength steels.

1. Introduction

High-strength steel plays a pivotal role as a structural material due to 
its exceptional mechanical properties and its ability to withstand high 
loads [1]. Among the various attributes of high-strength steel, its fatigue 
properties are particularly crucial, as they govern the resistance of ma
terial to failure under repeated or cyclic loading conditions [2,3]. To 
ensure the safe and reliable service of structural components made of 
high-strength steel, the prediction and evaluation of its high-cycle fa
tigue (HCF) performance are of utmost necessity [4]. However, a 
notable challenge in the design of structures using high-strength steel is 
the inherent variability in its fatigue life, which necessitates the incor
poration of significant safety margins to account for this uncertainty. 
Consequently, this leads to decreased energy efficiency and increased 
material consumption. Therefore, enhancing the prediction precision of 
HCF lives for high-strength steel has the great potential to optimize 
material usage and maximize the efficiency of structural designs.

In high-strength steels, the dispersion of fatigue lives is significantly 
influenced by the presence of inclusions, as demonstrated by numerous 
studies [5–8]. Due to cost constraints and typical steel manufacturing 
processes, the occurrence of inclusions is frequently unavoidable. 

Hence, quantifying the impact of these inclusions on fatigue life is of 
paramount importance. Various models have been developed to address 
this, including fatigue damage models [9–12] and predictive models for 
fatigue strength [13–15] and fatigue life [16–19]. However, given the 
characteristics of HCF, an error of 20 % in fatigue strength can lead to a 
life prediction error exceeding 500 %. Consequently, predicting fatigue 
life is considerably more challenging than predicting fatigue strength. 
Furthermore, the type of inclusions plays an important role in fatigue 
performance, and models that distinguish inclusion types often have 
higher accuracy in predicting fatigue life [6,7].

Consequently, researchers have conducted extensive studies on the 
impact of various inclusions on fatigue properties, such as Al2O3 
[20,21], TiN [5,6,8,22,23] and MnS [7,24–26]. Among them, the 
hardness of MnS inclusions is relatively low, and they will deform during 
the rolling process, posing lesser threat to the fatigue performance of the 
materials, as evidenced by the statistical results of Spriestersbach et al. 
[27]. With regard to Al2O3 and TiN inclusions, Wang et al. [6,7] have 
shown that Al2O3 particles tend to be more rounded, whereas TiN par
ticles exhibit a more angular shape. In terms of the stress concentration 
around inclusions, TiN is considered more detrimental to fatigue prop
erties than Al2O3. Therefore, this study primarily focuses on the effect of 
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TiN inclusions on fatigue lives in high-strength steel.
The cracking mechanism of samples containing TiN inclusions is 

generally accepted as follows: cracks initiate from TiN inclusions and 
then propagate into the matrix, leading to the final fracture 
[5,6,8,22,23]. In this context, the influence of TiN on the scatter in fa
tigue lives needs to be considered from two aspects: the cracking process 
within TiN itself (stage I) and the cracking process within the sur
rounding matrix (stage II). In stage I, factors such as the three- 
dimensional size, spatial orientation and fracture plane angle of TiN 
may all play different roles, yet few studies have considered this process 
[21,28]. In terms of statistical analysis, Wang et al. [21] introduced a 
stress relaxation coefficient to modify the stress intensity factor for 
cracked inclusions, aiming to improve the accuracy of life prediction. In 
terms of physical model that accounts for the inclusion cracking mech
anism, currently, it is only found in the study by Chang et al. [28], but it 
remains a theoretical model without experimental validation. Therefore, 
it is imperative to conduct theoretical modeling and experimental 
verification of stage I. Additionally, the study about the spatial orien
tation of TiN in the fracture surface of sample under fatigue has not been 
reported to date, suggesting a need for the development of a charac
terization technique. Since TiN has a cubic unit cell with crystallo
graphic orientations that resemble its external shape, electron 
backscattered diffraction (EBSD) technology can be used to characterize 
its orientation and thus determine its spatial orientation [29–31]. 
Furthermore, the issue of the fracture plane angle of TiN has also not 
been addressed to date. Prasad et al. [32] described a method employing 
tilt fractography technique to measure the fracture plane angle, which 
can be adapted to characterize the fracture plane of TiN inclusion.

In stage II, the primary factor influencing fatigue life is the size of TiN 
inclusions. Existing fatigue life prediction models, including the classical 
Murakami model [15,18], typically take into account the influence of 
inclusion size. The validity of the Murakami model has been demon
strated by numerous studies [33–37]. The essence of the Murakami 
model is that a small defect having cracks is equivalent to a crack having 
a shape identical to the projected shape of the small defect plus cracks. 
This aligns well with the cracking behavior observed in TiN in stage II, 
making it a particularly suitable tool for predicting fatigue life in ma
terials containing TiN inclusions in stage II. However, a critical limita
tion persists: existing models, including the Murakami model, implicitly 
assume defects behave as pre-existing cracks without explicitly ac
counting for the nucleation processes intrinsic to TiN fracture. For TiN- 
specific cracking mechanisms, this oversimplification introduces pre
dictive inaccuracies. Enhanced models must therefore integrate the 
unique fracture process of TiN to achieve more precise fatigue life 
predictions.

In this study, the effect of TiN inclusion on fatigue life, focusing on 
the three-dimensional size, spatial orientation and fracture plane angle 
of TiN, is revealed. The orientation of TiN inclusions is characterized 
using the EBSD. The fracture plane angle of TiN inclusion in HCF tested 
samples are characterized using tilt fractography technique. Besides, a 
fatigue life evaluation model considering cracking behavior of TiN in
clusion is established. The objective of this study is to emphasize how to 
reduce the uncertainty in fatigue life prediction of the high-strength 
steels containing TiN inclusion.

2. Experimental methods

2.1. Material

AISI 52100 steel was employed in this study. The measured 

elemental compositions of the steel are listed in Table 1. The contents of 
all elements except for O and N were measured by inductively coupled 
plasma atomic emission spectrometer, and the contents of oxygen and 
nitrogen were analyzed by the oxygen–nitrogen-hydrogen analyzer. The 
rods with diameter of 13 mm and length of 105 mm were cut from the 
ingots by the wire electrical discharge machine. They were then auste
nitized at 850 ◦C for 30 min followed by oil quenching. They were 
tempered at 160 ◦C and 240 ◦C for 2 h and denoted as T160 and T240, 
respectively. To extract TiN inclusions and maintain their original 3D 
morphology, a non-aqueous electrolyte was employed, the details of 
which can be found in ref. [38].

2.2. Mechanical testing

The HCF tests were carried out on the GPS-100 fatigue testing ma
chine at the stress ratio R = 0.1 (ratio between minimum stress to 
maximum stress), with a frequency of about 120 Hz based on the stan
dard ASTM E466-21. The shape and size of fatigue sample is displayed in 
Fig. 1. The surface of fatigue sample was polished to achieve a mirror- 
smooth surface. The fatigue fracture morphology was observed using 
SEM (Quanta 600 and Zeiss SIGMA 500). The chemical composition of 
the inclusions at the fatigue crack origin was verified by the energy- 
dispersive X-ray spectroscopy (EDS) in SEM. The statistical analysis of 
fatigue data is based on the ISO 12107:2012(E) standard.

2.3. Characterization of fracture behaviors of TiN inclusions

The spatial orientations of the fracture planes of TiN inclusions, from 
which the cracks nucleate, have been determined using an SEM (Zeiss 
SIGMA 500). Following the works of Sinha et al. [39] and Prasad et al. 
[32], tilt fractography technique was employed in SEM by tilting the 
samples at different angles. Two fractured TiN inclusions with near- 
rectangle and incomplete rectangle shapes, respectively, are illustrated 
in Fig. 2a–d. Taking the near rectangle shape TiN inclusion as an 
example, four recognizable features on the fracture were identified, and 
one of these were chosen as origin and marked as ‘O’ in the image with 
other three non-collinear points marked as A, B and C as shown in 
Fig. 2a. All these points can also be recognized in Fig. 2c after tilting the 
sample by 70◦. Following the method of Sinha et al. [39], the X, Y and Z 
coordinates of points A, B, and C in the SEM stage axes system were 
determined using (x, y) coordinates of the points A, B, and C, which were 
measured with respect to the origin ‘O’, at the tilt angles 0 and 70◦

(Fig. 2d and f). The calculation of Z coordinate is as follows: 

Z = y70◦/cos(20◦) − y0◦/tan(20◦) (1) 

where y70◦ and y0◦ refer to the y coordinates measured at the tilt angles 
0 and 70◦. Then following the approach of Prasad et al. [32], the spatial 
orientations of the fracture planes of TiN inclusions can be obtained 
using the X, Y and Z coordinates of points A, B and C. Using the 

Table 1 
Measured elemental compositions (in weight percentage) of the AISI 52100 steels.

C Cr Mn Si Mo P S Al Ti O N Fe

1.01 1.51 0.34 0.25 0.01 0.009 <0.003 0.010 0.006 0.0006 0.0078 Balance

Fig. 1. Shape and size of experimental specimens with dimensions in mm.
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coordinates (XA, YA, ZA), (XB, YB, ZB) and (XC, YC, ZC), the cosine of angle 
between its normal vector and the loading axis could be calculated: 

2.4. Characterization of orientation of TiN inclusions

Typically, TiN inclusions exhibit a rectangular shape and their three 
perpendicular surfaces are aligned parallel to the (0 0 1), (0 1 0) and (1 0 
0) crystallographic planes, respectively [29]. Consequently, the spatial 
orientations of the TiN inclusions can be represented by their crystal
lographic orientations, which were determined using an SEM (Zeiss 
SIGMA 500) equipped with EBSD detector (Oxford Symmetry S2), as 
schematically shown in Fig. 2e. TiN inclusions possess with rock salt 
type structure (space group Fm3m) with a lattice parameter of aTiN =

4.27 Å [40]. The EBSD patterns were acquired directly from the fracture 
of TiN inclusions without any polishing of the samples. A typical frac
tured TiN inclusion along with its spatial orientation were illustrated in 

Fig. 2f.

3. Results

3.1. Fatigue properties

The stress-life (SN) plots of the steels at T160 and T240 states are 
shown in Fig. 3a and b, respectively, and the applied load and number of 
loading cycles to failure are list in Tables 2 and 3, respectively. The 
Basquin law is employed to describe the relationship between the 
maximum stress and the fatigue life: 

σmax = σf
(
Nf
)b (3) 

where σf and b are material related constants. The data in Fig. 3a indi
cate that the steel exhibits variability in fatigue lives, where the 
maximum and minimum fatigue lives under the same stress amplitude 

Fig. 2. Characterization of TiN orientation and fracture plane after failure: Fractography of TiN at tilt angle of 0◦ of (a) rectangle shape and (b) incomplete rectangle 
shape; fractography of TiN at tilt angle of 70◦ of (c) rectangle shape and (d) incomplete rectangle shape; (e) Schematic illustration of EBSD detector. (f) SEM image of 
TiN on the fatigue crack initiation site with crystal cell embedded on the lower left.
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differ by up to about 20 times. In terms of the HCF behavior of high- 
strength steels [6,8,22], this level of variability is actually not consid
ered significant. However, for engineering applications, there remains a 
desire for more accurate prediction of the fatigue lives in high-strength 
steels.

In order to analyze why the fatigue life of the present steels is 
dispersed, the fatigue fracture is characterized. After the fracture 

surfaces of all the HCF specimens were examined, the typical macro
scopic fatigue fractures of samples at T160 and T240 states are shown in 
Fig. 3c and f, respectively. A typical radial pattern representing stable 
and unstable crack growth region can be observed on the fracture sur
faces of all the samples at lower magnification images (Fig. 3c and f). In 
the fatigue cracking source, a TiN inclusion was observed to break in 
half and the fracture surfaces of TiN inclusions exhibit characteristics of 

Fig. 3. S-N curve of the AISI 52100 steel at (a) T160 state and (b) T240 state. Typical fatigue fracture of AISI 52100 steel at (c-e) T160 state and (f-h) T240 state.

Table 2 
Measurement results of TiN inclusions in the samples at T160 state.

Sample No. Maximum stress (MPa) Cycles to failure N1 N2 area* (μm2) a (μm) b (μm) c (μm) Case θ (◦)

1# 1400 608,688 62,926 239,489 115 9.0 8.5 13.5 A 14.8
2# 1400 235,186 134,349 56,247 145 12.0 11.5 12.5 A 16.3
3# 1400 637,445 119,060 174,276 121 11.2 9.7 11.2 B 5.6
4# 1250 7,809,080 210,787 3,120,432 120 10.5 9.8 5.0 A 9.3
5# 1500 149,690 148,148 36,333 118 11.0 9.5 9.5 A 11.2
6# 1250 1,509,975 171,070 877,736 147 13.5 10.3 10.5 B 9.8
7# 1300 2,960,266 170,940 1,704,212 113 13.2 9.0 9.0 A 24.6
8# 1500 197,138 179,259 59,656 109 11.0 11.0 10.0 A 6.8
9# 1250 2,527,190 160,444 5,375,182 107 12.0 9.5 10.0 A 21.8
10# 1250 3,370,787 177,778 3,466,051 118 11.0 10.0 10.0 A 8.1
11# 1550 91,002 143,369 1031 183 13.9 12.0 12.0 B 27.4
12# 1500 363,214 148,148 282,292 85 8.0 8.0 8.0 A 18.1
13# 1250 23,627,498 113,778 16,421,906 92 10.6 8.0 10.0 A 10.0
14# 1600 270,641 138,889 34,291 92 10.2 9.0 9.0 A 25.0
15# 1550 117,890 70,251 168,083 81 8.5 7.0 10.0 A 5.4

* Area: the projected area of fractured TiN inclusion in the direction of the loading stress.
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cleavage fracture (Fig. 3d, e, g and h).

3.2. Shape and dimensions of TiN

The SEM fractographies of the initiation site and characteristics of 
fatigue cracking around TiN inclusions in terms of its crystallographic 
shape and spatial orientation are shown in Figs. 4 and 5 for the samples 
at T160 and T240 states, respectively. Furthermore, the relationships 
between the fracture planes of the TiN inclusions and the spatial 

orientation of the crystallographic shape of the TiN inclusions are 
illustrated in Figs. 6 and 7. It can be seen that the shape and size of the 
fractured TiN inclusions are related to the spatial orientation and the 
dimensions of TiN crystallographic shape. There are two cases that exist. 
For case A, which is the majority, two dimensions of the TiN inclusions 
can be determined by theirs fractures (such as Fig. 6b). Because the 
fracture plane of TiN inclusions does not intersect with the upper or 
lower surfaces of the TiN inclusions, the height of the TiN inclusions 
cannot be determined. For case B, the fracture plane of TiN inclusions 

Table 3 
Measurement results of TiN inclusions in the samples at T240 state.

Sample No. Maximum stress (MPa) Cycles to failure N1 N2 area* (μm2) a (μm) b (μm) c (μm) Case θ (◦)

1# 1300 5,779,499 1,569,859 721,598 60 7.5 7.5 3.5 A 4.4
2# 1400 1,252,656 203,175 2,865,816 91 10.2 8.0 10.0 A 17.2
3# 1500 264,351 222,551 367,255 114 13.2 6.5 7.5 B 28.3
4# 1500 554,652 283,952 682,564 98 10.3 9.3 9.5 A 17.5
5# 1600 296,523 123,457 193,235 103 10.0 8.0 12.0 A 6.4
6# 1600 499,132 277,778 269,150 95 9.2 9.0 9.0 A 4.8
7# 1600 182,695 277,778 27,328 166 13.0 11.0 11.0 B 13.7
8# 1500 938,168 249,504 1,165,826 86 9.5 7.8 8.5 A 3.6
9# 1150 24,635,867 477,128 16,190,495 131 13.0 10.0 9.0 A 0.7
10# 1400 1,227,033 286,508 1,533,461 106 11.5 9.5 10.0 A 14.6
11# 1300 4,066,909 308,547 2,238,835 130 10.5 9.5 10.0 A 13.9
12# 1700 124,120 261,438 16,191 148 11.0 8.8 8.8 B 8.3
13# 1700 101,645 211,765 27,548 130 11.0 10.8 12.0 A 25.1
14# 1700 228,932 261,438 63,586 106 8.0 6.5 6.5 A 19.7
15# 1400 1,646,656 353,714 436,876 144 12.0 9.5 9.0 A 5.0
16# 1300 6,401,889 271,598 3,571,337 116 9.2 8.2 9.2 A 11.3

* Area: the projected area of fractured TiN inclusion in the direction of the loading stress.

Fig. 4. SEM images of TiN on the fatigue crack initiation site of AISI 52100 steel at T160 state: (a) The schematization and (b-p) images of the fractures for specimens 
from 1# to 15#. The orientations of TiN inclusions obtained by the EBSD are embedded in the bottom left of each figure.
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intersects with three of its orthogonal surfaces, so that all three di
mensions of the TiN inclusions can be determined by its fracture mor
phologies, such as Fig. 6d. However, an assumption needs to be made 
that the area of the fracture plane should be as large as possible. This 
assumption is reasonable because larger fracture area of the TiN in
clusions is generally more likely to cause the ultimate failure of sample 
[8]. Therefore, at least two (length and width) of the dimensions of each 
TiN inclusion causing the fatigue failure can be obtained by analyzing 
the results in Figs. 6 and 7, and the results are listed in Tables 2 and 3 for 
the samples in T160 and T240 states, respectively.

To gain a clearer understanding on the real shape of TiN inclusions in 
the present steel, the extraction experiments were conducted using non- 
fatigued materials, and the results of the extracted TiN inclusions are 
shown in Fig. 8a. Accordingly, the length and width of the TiN inclusion 
are defined as a and b with the longer side artificially designated as a 
(Fig. 8a). It can be seen that the actual shape of TiN inclusions is indeed 
rectangular, which proves the rationality of the above method. 
Accordingly, the ratio of a to b is calculated and the fitted normal dis
tribution curve of a/b is displayed in Fig. 8b. The results show that 90 % 
of the a/b values are below 2. Based on the results above, the determi
nation of c (height of TiN) for case A should ensure that the ratio of c to b 
is in the range of 0.5–2.

3.3. Cracking behaviors of TiN inclusions

The inverse pole figure of the spatial orientations of TiN inclusions in 
all samples is displayed in Fig. 9a. Approximately 50 % of TiN particles 
exhibit a preferential spatial alignment near the sample’s Z-axis. Theo
retically, TiN precipitate formation during solidification is a stochastic 

process [29–31], implying a uniform distribution of the spatial orien
tation of TiN inclusions throughout the material. However, fracto
graphic analysis reveals a distinct non-random orientation of TiN 
particles. This anisotropic arrangement suggests that the spatial orien
tation of TiN significantly influences its cracking behavior. Furthermore, 
the characteristics of fracture planes of the TiN inclusions in terms of the 
angle between its normal vector and the loading axis, which is denoted 
as θ, are listed in Tables 2 and 3. All of the examined samples revealed 
that the fracture plane of TiN inclusions is nearly perpendicular to the 
loading axis. The fracture plane angle θ was found to be less than 20◦ in 
about 80 % of these samples. The maximum angle was found to be 28◦, 
which corresponds to the sample (3# in T240) shown in Figs. 5c and 7c. 
The relative orientation of the fracture planes with respect to the sample 
axis, as depicted in Fig. 9b using inverse pole figures, provides further 
insight into the fracture behavior of the material under cyclic loading 
conditions.

The fracture characteristics of the TiN inclusions in terms of their 
crystallographic planes can be determined by combining the spatial 
orientations of the fracture planes with the crystal shapes. The inverse 
pole figure of the cracked crystallographic plane of the TiN inclusions in 
all samples is displayed in Fig. 9c. It can be seen that the cracked crys
tallographic planes are also randomly oriented. This is because the 
spatial orientation of TiN inclusions is randomly distributed and the TiN 
inclusions tend to cracking along the plane perpendicular to the loading 
direction.

Fig. 5. SEM images of TiN on the fatigue crack initiation site of AISI 52100 steel at T240 state: (a-p) images of the fractures for specimens from 1# to 16#. The 
orientations of TiN inclusions obtained by the EBSD are embedded in the bottom left of each figure.
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4. Discussion

4.1. Fatigue cracking mechanism

In HCF, the entire fatigue life consists of short crack initiation and 
propagation processes [2]. In the present study, the open question is 
how to divide the overall process of TiN inclusion induced fatigue failure 
into initiation and propagation stages. This question can be approached 
by examining the fatigue failure mechanisms caused by inclusions, 
specifically, the direct crack initiation in the matrix around the in
clusions [9,10,16,17,27], the inclusion-matrix interface debonding 
[21,41], and the inclusion cracking in the present study. Regarding the 
direct crack initiation near the inclusions, the distinction between crack 
initiation and propagation may not be highly sensitive, as the crack 
initiation life accounts for the majority in such cases [2]. For inclusions 
that undergo debonding or cracking during the fatigue process, the sit
uation may become somewhat complex. The debonding at the interface 
leading to crack formation and the subsequent propagation of the crack 
may not constitute a continuous process and should be considered 
separately. This is also applicable for cracking of TiN inclusions in this 
study, where the cracking of TiN inclusions and the subsequent crack 
formation in the matrix may not form a continuous sequence. Conse
quently, for the fatigue failure caused by the TiN inclusions, we cate
gorize the damage process into the first and second stages as 
schematically illustrated in Fig. 10. The most significant implication of 
this categorization is that the fatigue life of the first stage may no longer 

be significantly longer than that of the second stage.

4.2. Fatigue life prediction model

Chang et al. [28] have previously derived a two-stage model, in 
which dislocation accumulation leads to cracking of inclusions, ulti
mately resulting in fatigue fracture of the material. It is assumed that 
crack nucleation at a particle is the result of stress concentration at the 
particle–matrix interface described as piling-up of dislocations at the 
interface [28]. Chang et al. [28] identify two sequential steps: 1) frac
ture of the particle, and 2) propagation into the matrix, which is 
inherited in the present study. However, in the work of Chang et al. [28], 
the criterion for the crack of particle in stage I is when the bulk energy of 
the particle inclusions reaches a critical value. In this study, it is pro
posed that the bending stress on the surface of TiN inclusions, due to the 
piling-up of dislocations, should be used as a criterion for cracking when 
it reaches the required stress value σc. The bending stress σbend on TiN 
inclusions is calculated by: 

σbend =
σdisc2

3b2 ⩾σc, (4) 

where, σdis is the stress due to the piling-up of dislocations at the matrix- 
TiN interface. The definition of b and c can be seen in Fig. 10. The stress 
σdis is assumed to be proportional to the number of the piled-up dislo
cations, n [28]: 

σdis = k1n, (5) 

Fig. 6. Schematic illustrations of cleavage facet of TiN inclusion of AISI 52100 steel at T160 state: (a) Reference frame and (b-p) Fatigue samples from 1# to 15#.
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where k1 is a material constant. Furthermore, it is assumed that for a 
given increment of fatigue cycles, dN, the increment of dislocations in 
the slip band is given by [28]: 

dn = k2D(Δσ − k1n)dN, (6) 

where k2 is a constant and D is the length of the slip band (see Fig. 10). 
Eq. (4) simply states that dn is proportional to dN and the slip band 
length D [42]. Integrating Eq. (4) yields: 

n =
Δσ
k1

(
1 − exp− Nk1k2D). (7) 

Fig. 7. Schematic illustrations of cleavage facet of TiN inclusion of GCr15 steel at T240 state: (a-p) Fatigue samples from 1# to 16#.

Fig. 8. (a) SEM microscopy of the extracted TiN inclusions maintaining their original 3D morphology and (b) Histograms and fitted normal distribution curve of 
aspect ratio a/b.
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Substituting Eq. (7) into Eq. (5) and then the results in to Eq. (4)
yields the critical condition for the stage I crack nucleation of the TiN 
inclusion: 

Δσc2
(
1 − exp− Nk1k2D

)

3b2 ⩾σc. (8) 

Taking the logarithm of Eq. (6) and rearranging, one finds the critical 
number of loading cycles as: 

N1 =
1

− k1k2D
ln

(

1 −
3b2σc

Δσc2

)

. (9) 

Expanding the logarithm term of Eq. (7) and keeping the first order 
term, one obtains: 

N1 =
3b2σc

k1k2DΔσc2. (10) 

Merging all constants in Eq. (8), there is: 

N1 =
Ab2

Δσc2 with A =
3σc

k1k2D
. (11) 

Eq. (9) is the expression giving the number of fatigue cycles N1 
required for the first stage for crack nucleation of the TiN inclusion.

The second stage of crack nucleation is the onset of crack advance 
from the cracked TiN inclusion into the ductile metallic matrix. The 
Murakami method is employed to model this stage [15]: 

ΔKTiN = YΔσ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π
̅̅̅̅̅̅̅̅̅
area

√
√

, (12) 

where Y is the factor related to the location of TiN inclusion, Δσ is the 
loading stress range and area is the projected area of fractured TiN in
clusion in the direction of the loading stress. The correlation between 
ΔKTiN and fatigue life is well established by [6,21,23]: 

ΔKTiN = ΔKf(N2)
m
, (13) 

where ΔKf and m are material related constants. Thus, the cycles, N2, at 
which cracking extends into the matrix is: 

N2 =

(
ΔKTiN

ΔKf

)1/m

. (14) 

Therefore, the total fatigue life can be predicted by: 

Nf =
Ab2

Δσc2 +

(
ΔKTiN

ΔKf

)1/m

. (15) 

As can be seen from the deduction above, the characteristics of TiN 
inclusions now include b, c, and area, which are listed in Tables 2 and 3
for all the samples. Among the parameters, the value of c was deter
mined under the constraints of the aspect ratio of TiN inclusion obtained 
from the non-fatigued material. The value of c is not unique; rather, it 
was selected among those that conformed to the aspect ratio distribution 
pattern, with the specific choice being the one that minimized the pre
diction error for fatigue life. Those material-related parameter values (A, 
ΔKf and m) in the present model were obtained through fitting processes 
aimed at minimizing the overall error.

The fitting results only by the Murakami method and by the present 
model for samples at T160 and T240 states are shown in Fig. 11, and the 
predicted fatigue life of two stages are listed in Tables 2 and 3, respec
tively. It can be observed that when only the Murakami method is 
employed, the predicted fatigue lives are within 5 times of the experi
mental fatigue lives. For the present model, the predicted fatigue lives 
are within 2.5 times of the experimental fatigue lives.

It is worth noting that the parameters (ΔKf and m) for Eqs. (10) and 
(11) are different because the fatigue life in stage I is considered. 
Furthermore, although the method used to determine the value of c for 
case A may limit the model’s novelty and practical applicability, it re
veals an insightful possibility based on the results: namely, that the fa
tigue life of TiN cracking can be more precisely characterized by 
segmenting it into two distinct stages, N1 and N2, thereby resulting in 
reduced prediction errors.

4.3. Effects of TiN inclusions on fatigue life

To better illustrate the effects of the size and shape of TiN inclusions 

Fig. 9. Inverse pole figures of TiN and facet of GCr15 steels at T160 and T240 states: inclusions orientations along the Z axis; (b) Cleavage facets along the Z axis and 
(c) Cleavage facets along the [001] axis of the inclusion.

Fig. 10. A dislocation piling-up model for fatigue crack nucleation at TiN inclusion. Stage I: Fracture of the TiN inclusion due to stress concentration caused by 
piling-up of dislocations at the TiN-matrix interface. Stage II: Fatigue crack propagation into the matrix ultimately leading to failure of sample.
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on the fatigue life, the relationship between the dimensions of TiN in
clusion and the fatigue life predicted by the present model is displayed in 
Fig. 12a–c. For the effect of size, by assuming a = b = c, the relationship 
between the fatigue life and the size of TiN inclusion can be obtained, as 
shown in Fig. 12a. It is obvious that the smaller the size is, the higher is 
the fatigue life. However, it is observed in Fig. 12a that when the in
clusion size is greater than a certain value, the fatigue life is unchanged. 
This is because that the prediction of fatigue life, as described by Eq. 
(15), is based on the calculation of fatigue life in two distinct stages. 
Specifically, when the inclusion dimensions are such that a = b = c, the 
fatigue life contribution from the first stage, denoted as N1, remains 
constant. However, as the inclusion size exceeds approximately 13 μm, 
the contribution from the second stage, N2, decreases rapidly. For 
instance, at an inclusion size of 13 μm, N2 is approximately 3000 cycles, 
whereas at 20 μm, N2 drops to only 15 cycles. This rapid decay creates an 
illusion of near constant fatigue life for larger inclusions in Fig. 12a, as 
the total fatigue life (N1 + N2) becomes dominated by the constant N1 
term. The underlying limitation arises from Eq. (14) establishing the 
correlation between ΔKTiN and fatigue life, which assumes constant 
material parameters ΔKf and m. Therefore, Eq. (14) should be only valid 
within the measured inclusion size range.

For the effect of shape, a three-dimensional diagram is displayed in 
Fig. 12b, utilizing a color map to depict fatigue life. It can be observed 
that the fatigue lives in two zones are relatively high. To more clearly 
demonstrate the reasons for the high fatigue lives in these two zones, 
two examples are provided in Fig. 12c with their fatigue lives decom
posed into N1 and N2. For type A, N1 > N2, Eq. (9) dominates the pre
diction of fatigue life. For type B, however, N1 < N2, and Eq. (12) is the 
dominant expression. Accordingly, the schematic illustrations of TiN 
inclusions in types A and B with different fatigue lives are displayed in 
Fig. 12d. It can be safely concluded that TiN inclusions in samples with 

longer fatigue life either have a small area perpendicular to the loading 
direction or are thin in the direction parallel to the loading.

However, uncertainty still exists in the prediction of fatigue life by 
the present model, which may stem from several factors impacting fa
tigue life that the model fails to account for. Firstly, the microstructure 
of the material matrix, associated with dislocation accumulation 
behavior, exhibits randomness, yet the model describes this effect using 
constants. Secondly, the spatial orientation of TiN inclusions, which also 
influences the efficiency of piling-up of dislocations, has been neglected 
in the current model. Thirdly, TiN inclusions are not flawless crystal but 
contain defects that can lead to a reduction in the critical cracking stress. 
Fourthly, the shape of TiN inclusions is not a perfect rectangle, but 
rather has some imperfections; however, this point has a relatively small 
impact. Despite these limitations, our findings and model represent a 
valuable step forward in understanding and predicting the fatigue 
behavior of high-strength steels containing TiN inclusions, setting the 
stage for future refinements and enhancements.

5. Conclusions

In the present study, the fatigue properties of 52100 high-strength 
steels at two heat treatment states were investigated at room tempera
ture. The TiN inclusions on the fatigue fractures of all samples were 
examined carefully using SEM and EBSD. Based on the fatigue damage 
mechanism dominated by the TiN inclusions, a fatigue life prediction 
model considering the cracking of TiN inclusions was proposed. The 
following major conclusions can be drawn as below. 

1) Extraction experiments conducted on non-fatigued materials 
confirmed that the actual shape of TiN inclusions is rectangular. 

Fig. 11. Comparation between the results obtained by different models. The Murakami model: (a) T160 and (b) T240. Present model: (c) T160 and (d) T240.
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More than 90 % of the TiN inclusions have a length-to-width ratio 
below 2.

2) The spatial orientations of TiN inclusions in the samples are 
randomly distributed, and have no significant effect on their 
cracking behavior under cyclic stress. All of the examined samples 
revealed that the fracture plane of TiN inclusions is nearly vertical to 
the loading axis.

3) A fatigue life prediction model was proposed that takes into account 
the cracking behavior of TiN inclusions, ultimately reducing the 
prediction error of fatigue life from within 5 times to 2.5 times.

4) The size and shape of TiN inclusions significantly affect the fatigue 
lives of the samples. The TiN inclusion in the sample with longer 
fatigue life either has a small area perpendicular to the loading di
rection or is thin in the direction parallel to the loading.

5) There are still errors between the predicted fatigue lives by the 
present model and the experimental fatigue lives due to unaccounted 
factors such as the randomness of the microstructure, the neglect of 
the spatial orientations of the TiN inclusions, the crystalline defects 
in TiN inclusions, and imperfections in the shapes of TiN inclusions.
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