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A B S T R A C T   

This work investigates the effect of manufacturing defects induced by thread rolling on the high- 
cycle fatigue life of M30 class 10.9 stud bolts. High-cycle fatigue tests of two batches of nominally 
identical bolts show significant differences in fatigue performance between the batches. Scanning 
electron microscopy characterisation of defects in the form of rolling-induced microcracks in the 
thread root reveals a clear correlation between the defect size and the fatigue life of the inves-
tigated bolts. It is demonstrated that initial cracks present in the stud threads have a considerable 
effect on the slope of S–N curves. Numerical fatigue analysis shows good agreement with the 
experimental data. Electron backscatter diffraction is used to establish a characteristic length of 
microstructurally short defects in the tempered martensite microstructure. The obtained results 
shed light on the definition of critical manufacturing defect sizes in bolts as an essential parameter 
for quality control in manufacturing process.   

1. Introduction 

Bolted friction grip connections are widely employed in wind turbines, with large bolts being used in the tower flange connections, 
blade root connections and certain nacelle component connections [1]. These bolts are usually made from a high-strength medium- 
carbon steel (class 10.9) and are typically subjected to very high cyclic loading regimes in the order of 106 to 1010 cycles. Proprietary 
maintenance reports indicate that fatigue failures of bolts are among the most frequent causes of catastrophic failures of wind turbines, 
such as tower collapse or blade detachment. For approximately 6000 operational turbines in Denmark, around 100 safety related 
failure incidents were registered during the period 2010–2015, whereof more than one third were classified as total wind turbine 
failures [2]. Approximately a quarter of the registered wind turbine failures in Denmark were estimated to be associated with bolted 
joints [3]. This suggests that the predicted fatigue lifetime of large bolts in wind turbines is frequently overestimated, which may in 
some instances be related to insufficient bolt manufacturing quality control. 

Class 10.9 bolts are through-hardened using standard heat treatments involving austenitisation, quenching and subsequent 
tempering, resulting in a tempered martensite microstructure. Bolt threads are produced by rolling, which can be performed either 
before or after heat treatment. When threads are formed after heat treatment, residual compressive stresses are introduced in the 
deformed microstructure of thread roots, which can significantly increase the fatigue resistance [4]. Conversely, if heat treatment is 
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performed after threading, restoration processes taking place in the deformed microstructure negate any residual stresses previously 
introduced by the rolling process. Typically, threads are rolled before heat treatment unless the costumer specifies otherwise, since the 
cost of rolling after heat treatment increases by 20–40 % due to increased labour, rolling tool wear and the necessity of cold rolling the 
under-head fillet [4]. 

The rolling process entails significant local plastic deformation of the material, which results in generation of manufacturing 
defects in the form of microcracks. Some of such microcracks are located at the thread roots and are known to be fatigue crack 
initiation sites. Although the microcracks are an inherent consequence of the manufacturing process and thus cannot be fully pre-
vented, it is desirable to reduce both their frequency and the characteristic defect size in order to achieve satisfactory fatigue per-
formance [5]. This begs the question of which defect size must be considered critical in high strength steel bolts as a prerequisite for 

Nomenclature 

A Intercept of S–N curve 
a Crack length 
ai Initial crack length 
ac Critical crack length 
C Material parameter in NASGRO equation 
Cth Empirical constant 
D Nominal diameter of bolt 
m Inverse slope of S–N curve 
n Material parameter in NASGRO equation 
p Material parameter in NASGRO equation 
q Material parameter in NASGRO equation 
E Modulus of elasticity 
k one-sided tolerance limit factor 
KI Stress intensity factor of mode I 
KIC Fracture toughness 
KII Stress intensity factor of mode II 
Kmax Maximum stress intensity factor 
Keq Equivalent stress intensity factor 
M Mixed mode parameter 
N Number of cycles 
Ne 2 × 106 cycles 
Nf Number of cycles to failure 
R Loading ratio 
r Radial distance from crack tip 
ry Plastic zone size 
Se Fatigue limit 
S′

e Fatigue limits at Sm 

Smax Maximum load 
Smin Minimum load 
Sy Yield stress 
Sut Ultimate tensile strength 
s Standard deviation 
Yeq Equivalent dimensionless stress intensity factor 
YI Dimensionless stress intensity factor of mode I 
YII Dimensionless stress intensity factor of mode II 
β Crack initial inclination angle 
θ Crack growth angle under monotonic loading 
θfat Crack growth angle under fatigue loading 
γ Crack opening function 
ΔKth Threshold stress intensity factor range 
ΔKth,0 Threshold stress intensity factor range at R = 0 
Δσ Stress range 
μ the mean fatigue life at Δσ 
σapp Applied stress 
σF Flow stress 
σzz Stress near crack tip  
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any bolt thread quality control procedure. 
The fact that the class 10.9 bolts are not particularly damage tolerant fasteners becomes apparent when considering the well-known 

knock-down effect of hot dip galvanisation on fatigue life. The effect of microcracks induced during hot-dip galvanisation has been 
previously investigated in bolts [6,7] where it was found that cracks with lengths < 100 µm present in thread roots could have a 
significant impact on the fatigue strength. In fracture mechanics, such cracks are categorised as short, and a distinction is made be-
tween microstructurally short cracks and physically short cracks [8]. From this it can be inferred that investigations of the effect of 
microcracks in high strength steel bolts should include microstructural aspects of crack nucleation as well as considerations of the 
initiation stage of crack growth, where the bolt spends most of its fatigue life. 

Fig. 1 illustrates stages of fatigue crack propagation [9] with a distinction between different types of cracks. A crack is classified as 
microstructurally short when its size is in the order of the grain size. For such a crack, both the crack and its plastic zone are entirely 
embedded within a few grains. Consequently, crack propagation is strongly influenced by the local microstructure and exhibits stages 
of deceleration and acceleration or even crack arrest. There are relatively few publications describing the interaction of micro-
structurally short fatigue cracks with the tempered martensite microstructure of high strength steel bolts. Therefore, the fundamental 
fatigue mechanisms for such a microstructure are not yet fully understood. For the initiation stage of fatigue cracks, pairs of extrusions 
and intrusions occur on the surface, with the intrusions resulting in crack initiation. According to Ref. [10], the distance between 
principal parallel extrusions (equivalent to the distance between intrusions) in tempered martensite corresponds to packet sizes and 
block widths. Furthermore, an Electron BackScatter Diffraction (EBSD) study indicated that the crack propagation was effectively 
impeded by high angle block boundaries [11]. 

A crack is designated as physically short if its size is in the order of the plastic zone size ahead of its tip (Fig. 1). Therefore, the Linear 
Elastic Fracture Mechanics (LEFM) concept [8] based on the K-factor (stress intensity factor) is not considered accurate, and elas-
tic–plastic concepts have to be used instead. Furthermore, a crack is classified as long when the crack closure effect caused by plasticity 
stabilizes and when the LEFM concept is applicable. Except for the low cycle fatigue regime occurring at stress levels close to the yield 
stress, long crack growth can be characterised by the da/dN − ΔK curve and fatigue crack growth threshold (ΔKth). The long crack 
stage is terminated by the bolt failure. 

The fatigue life of a bolt depends on many factors [12–20], which include material, thread pitch, bolt size, level of preload applied 
to the bolt, as well as manufacturing and coating processes, and existing defects. For example, Shahani and Shakeri [14] found that the 
fatigue limit of bolts decreased with increasing mean stress caused by the preload. Furthermore, as the mean stress increased above a 
certain value, the fatigue limit increased due to plasticity effects. Noda et al. [15] showed that the fatigue life could be extended by 
applying a suitable difference in pitch size of bolts and nuts. Eder et al. [7] found that the fatigue life of hot-dip galvanised samples was 
noticeably shorter than the life of uncoated and black oxidised samples. The short life of the hot-dip galvanised samples was attributed 
to the presence of multiple cracks formed in the zinc coating, which could facilitate cracking in the steel substrate [7]. Similar con-
clusions were reached after inspecting galvanised bolts from a collapsed wind turbine [16]. Comparing different phosphate coatings, 
Acria et al. [17] found that the bolts with a micro-zinc phosphate coating had longer fatigue life than those with a manganese 
phosphate coating. Ifergane et al. [18] showed that the fatigue life of bolts manufactured by a machining process was lower than that 
manufactured by the rolling process since machined threads usually exhibited poor surface roughness. Although different aspects of 
bolts have been extensively investigated in the fatigue-related literature, no specific attention has been paid to the influence of 

Fig. 1. Schematic illustration of stages of fatigue crack propagation (adapted from [9]).  
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manufacturing defects on the bolt fatigue life. 
This work investigates the root cause for the difference in fatigue performance between two batches of nominally identical stud 

bolts analysed using uniaxial constant amplitude fatigue tests. Microstructural analysis is conducted in this work to characterise the 
size and frequency of microcrack defects in the thread root of the samples. A correlation is then established between the defect size and 
the experimentally measured fatigue life. Numerical fracture analysis is subsequently carried out to predict the fatigue life of the bolts. 
A numerical model is also used to investigate changes in the orientation of inclined cracks during their propagation. The validity of the 
LEFM concept for the defects observed in these bolts is examined for the performed fracture mechanics analysis. 

2. Methodology 

2.1. Material data and fatigue test setup 

Nominally identical bolts were taken from two batches of M30 × 3.5 class 10.9 double end stud bolts, where the ends were roll- 
threaded in a heat-treated condition. Both batches (denoted as batch A and batch B in this work) were produced by one manufacturer 
and had similar chemical compositions (see Table 1). Tensile test data (see Table 2) obtained on at least 2 specimens demonstrate that 
bolts in batch B have a somewhat higher strength than bolts in batch A. The modulus of elasticity (E) and Poisson’s ratio given in 
Table 2 were taken from the literature for a steel with a similar chemical composition [7]. For both batches, the difference in Vickers 
hardness measured at 120 µm and 2.1 mm beneath the surface was less than 30 HV0.3, which indicates that the studs were not affected 
by carburization or decarburization [21] caused by the heat treatment. Note that hardness in this test was measured in the unthreaded 
zone to avoid bias due to plastic deformation during thread rolling after the heat treatment. 

The stud bolts had a total length of 570 mm and were zinc flake coated, see Fig. 2a. The bolts were tested in a purpose-built fixture 
that resembled a typical wind turbine connection. No lubrication was applied to the bolts as they were tension tightened. The threaded 
part of the bolts was engaged in a threaded bushing connected to a 500 kN uniaxial servo-hydraulic testing machine. The test setup was 
inspected by an accredited certification body. The preload equal to 52 % of the yield stress was applied to the bolts prior to fatigue 
loading. The bolts were tested under pure uniaxial constant amplitude loading at different stress ranges within the high-cycle fatigue 
regime at a frequency of 4–5 Hz. In total, 27 bolts were tested, where batch-A and batch-B series consisted of 19 and 8 bolts, 
respectively. During the tests it became apparent that batch-A bolts performed significantly better that batch-B bolts. In order to 
provide the same confidence interval for both batches in the S–N diagram, stress ranges for batch B were chosen to be lower than those 
for batch A. Since the aplied stress ranges and the corresponding number of cycles to failure are proprietary, the test and simulation 
results in Section 3.1 and Section 3.4 are presented with no axis scale shown. 

2.2. Characterisation of thread root defects 

For characterisation of thread root defects, studs broken during fatigue testing were sectioned using a water cooled diamond saw 
(Fig. 2b). Fractographs of the failed studs were obtained from the pair of mating fracture surfaces by light optical microscopy. The off- 
cut denoted as ‘unloaded part’ in Fig. 2b was not engaged in the testing fixture and, therefore, did not experience any loading during 
the fatigue test. 

For characterisation of the surface defects located in the thread root, unloaded parts of the studs were sectioned at 3–5 threads from 
the stud end (see Fig. 2b). The unloaded parts were then quartered and hot mounted in resin, followed by grinding, polishing and 
etching with nital. Micrographs were taken from several locations in these parts. Scanning Electron Microscopy (SEM) images were 
obtained at an accelerating voltage of 15 kV using a Hitachi 3000 tabletop microscope in the backscattered electron mode. In addition, 
secondary electron images were obtained using a Zeiss Supra 35 Field Emission Gun (FEG) microscope. The defect characterisation 
focused on the thread roots only. Due to the large number of observed surface defects, only those exceeding 10 µm in length were 
considered in this work. The defect size was defined as the furthest distance the defect stretches over (from the surface to the tip), 
which does not necessarily correlate with the depth and length of the defects as they are frequently inclined at shallow angles. 
Variation of hardness in the thread root was measured using a DuraScan testing machine, applying a load of 50 g and a dwell time of 10 
s. 

2.3. EBSD experiment 

To enable comparison of the critical defect size with the size of microstructural features in tempered martensite, the microstructure 
in the centre of one as-received 10.9 stud bolt was analysed using EBSD. The longitudinal section of the stud was mechanically polished 
and then investigated in a Zeiss Sigma 300 FEGSEM equipped with a C-Nano EBSD detector from Oxford Instruments. EBSD patterns 
were produced at an accelerating voltage of 15 kV and a working distance of 8.5 mm. An area of ~ 5000 µm2 was mapped with a step 

Table 1 
Chemical composition (wt%) of investigated bolts.  

Batch C Si Mn S P Ni Cr Mo B Cu 

A  0.35  0.16  0.81  0.008  0.008  0.08  1.04  0.06  –  0.11 
B  0.325  0.21  0.83  0.006  0.12  –  1.14  –  0.0034  0.19  
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size of 60 nm. 95 % of all EBSD patterns were successfully indexed by the AZtec software. The obtained EBSD data were then processed 
using the ARPGE software [22] to reconstruct prior austenite grain boundaries based on the Greninger–Troiano orientation rela-
tionship [23]. The Channel 5 software was utilized to determine block widths, which were measured using the linear intercept method 
by drawing straight lines perpendicular to block boundaries in the collected orientation map. Sub-block boundaries with low angle 
misorientations [24] were not taken into account when measuring the boundary spacing. Almost 1000 boundary spacings were 
analysed to obtain block width data. The average packet size was determined by measuring the area of ~ 200 packets identified based 
on visual assessment. 

2.4. Parameters for establishing design curves 

Design curves are described by a linear relationship (Eq. (1)) between the number of cycles to failure (Nf ) and the range of applied 
stress (Δσ) in log–log plots. 

Nf = A(Δσ)− m (1)  

where m and A are the inverse slope and intercept of the S–N curve in the log–log plot. The value of m in Eq. (1) can be obtained by the 
linear regression method. It is worth mentioning that for calculating m from linear regression, logN was plotted versus logσ, i.e. the 
number of cycles to failure should be treated as a dependent variable [25]. The standard deviation of exponent m can be determined 
from Eq. (2): 

Stdv =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1
∑n

i=1
(mm − mi)

2

√

(2)  

where mm and mi are calculated as 

mm =
1
n

∑n

i=1
mi (3)  

mi =
logA − logNi

logΔσi
(4) 

A design curve with a survival probability of 97.7 % can be calculated from the statistical formula using the following equation 

Table 2 
Tensile test data for investigated bolts.  

Batch 0.2 % Proof stress 
(MPa) 

Tensile strength 
(MPa) 

Elongation (%) E (GPa) Poisson’s ratio 

A 975 ± 16 1076 ± 24 15.6 ± 0.6 210  0.3 
B 1055 ± 59 1122 ± 24 15.3 ± 0.4 210  0.3  

Fig. 2. Experimental setup for fatigue testing: (a) as-received M30 × 570 mm stud; (b) threaded end of the stud with two specimens used for 
studying fracture surfaces and one unloaded part which was not engaged in the fixture and was not exposed to fatigue loading, i.e. this part 
represents the as-received condition; (c) stud bolt in the testing machine. 
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[26]: 

logN −
97.7% = μ − ks (5)  

where μ is an estimation of the mean fatigue life at stress range Δσ. k is known as one-sided tolerance limit factor calculated based on 
the survival probability and number of tested specimens [27]. For survival probabilities of 97.7 %, the values of k are 2.65 and 3.23 for 
batch A and batch B, respectively. s is the estimated standard deviation of the fatigue life in logarithmic scale at stress Δσ calculated 
according to the Eq. (6) [26]: 

s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1
∑n

i=1
(logNi − logN)

2

√

(6)  

where n is the number of tested specimens and logN is the mean logarithm of the fatigue life. 

2.5. Numerical analysis of fatigue crack growth 

Fracture analysis comprised two tasks, namely (i) prediction of the fatigue life and (ii) investigation of inclined initial cracks. The 
numerical analysis was performed using the commercial Finite Element (FE) software package Abaqus [28]. An axisymmetric 
approach was adopted to model an entire M30 bolt connection comprising a flange, a washer, a stud bolt and a hexnut (Fig. 3). 

The axisymmetric approach closely resembled batch-B bolts, in which quasi-radial crack growth was observed (see Section 3.2). 
During simulations it was assumed that the bolt material was macroscopically homogeneous, i.e. with no variation in mechanical 
properties. Contact conditions were assigned to the nut-to-bolt interface with Mohr-Coulomb type shear friction. The friction coef-
ficient of the contact surfaces was assumed to be 0.2 [29]. It should be noted that under real conditions in bolted connections, lubricant 
(e.g. MoS2) is normally susceptible to oxidization when subjected to moisture. Therefore, the coefficient of friction between the stud 
thread and nut thread changes from an initially low value to a high value. In order to investigate the aforementioned effect, the in-
fluence of variation of friction coefficient (ranging from 0 to 1) on the stress intensity factor (SIF) was also studied. 

In the model, the bolt was loaded with a concentrated force applied via a master node connected to the lower cross-section of the 
stud using a kinematic (rigid) coupling constraint. A cyclic force range was applied that corresponded to the nominal stress range based 
on the cross-section area of the unthreaded part (see Fig. 2b). Fracture analysis was based on LEFM assuming small-scale yielding. A 
discrete crack was introduced at the half turn position of the first engaged thread on the loaded side (Fig. 3). Hard contact and 
frictionless interface contact conditions were assigned to the crack faces. SIF values were obtained from J-integral using the interaction 
integral method and collapsed elements with a singular shape function assigned to the elements at the crack tip. The model was 
discretised into 55,063 8-node quadratic axisymmetric quadrilateral elements with reduced integration (CAX8R). A modified Newton- 
Raphson solver was adopted within the Abaqus type general static step. 

The NASGRO equation originally proposed by Forman and Mettu [30] was used to obtain the crack growth rate, herein reproduced 
as 

da
dN

= g(a) = C
[(

1 − γ
1 − R

)

ΔK
]n
(

1 − ΔKth
ΔKI

)p

(
1 − Kmax

KIC

)q (7)  

where C, n, p and q are material-dependent constants and R = Kmin/Kmax is the loading ratio. ΔKth and KIC are threshold SIF range and 
fracture toughness, respectively. The crack opening function γ proposed by Newman [31] takes into account crack closure and can be 
expressed for loading ratios R ≥ 0 as Eq. (8): 

Fig. 3. Typical finite element mesh for the axisymmetric model.  

I. Shakeri et al.                                                                                                                                                                                                         



Engineering Failure Analysis 141 (2022) 106630

7

γ =
KI,op

KI,max
= max

(
R,A0 + A1R + A2R2 + A3R3) (8)  

with the coefficients defined as follows: 

A0 =
(
0.82 − 0.34α + 0.05α2)

[

cos
(

π
2

σmax

σF

)]1/α

(9)  

A1 = (0.415 − 0.071α) σmax

σF
(10)  

A2 = 1 − A0 − A1 − A3 (11)  

A3 = 2A0 +A1 − 1 (12)  

where σF is the flow stress which is σF =
(
Sy +Sut

)/
2. The factor α varies between 1 for plane stress state and 3 for plane strain state. 

The threshold stress intensity factor range is obtained as 

ΔKI,th =

ΔKth,0

̅̅̅̅̅̅̅̅
a

a+a0

√

[
1− γ

(1− A0)(1− R)

]1+RCth
(13)  

where ΔKth,0 describes the threshold value of fatigue crack propagation determined at R = 0 and a0 takes into account the influence of 
crack length on the threshold value in the short crack growth regime. This corresponds to an intrinsic crack length set to a constant 
value of 0.0381 mm [32]. The parameter Cth is an empirical constant. 

The fatigue lifetime was computed by numerical integration of the growth rate (Eq. (7)) using the trapezoidal rule for uniform 
spacing as follows: 

N =

∫ ac

ai

1
g(a)

da ≈
ac− ai

2m
∑m

i=1

(
1

g(ai+1)
−

1
g(ai)

)

(14) 

The critical crack length (ac) was obtained by satisfying the condition Kmax = KIC upon which the analysis was stopped. The initial 
crack length was chosen to be ai = 0.1 mm. Table 3 lists crack parameters used for fatigue life estimation [7,20]. 

Defect characterisation (see Section 3.2) reveals that the microcrack orientation varies. This motivates analysis of the tendency of 
initially inclined cracks to change their growth direction. For the investigation of the equivalent SIF Keq and the crack growth angle θfat 

of the inclined cracks, the Maximum Tangential Stress (MTS) criterion was used [33] which can be written as 

Keq = KI f (θ) + KII g(θ) (15)  

where 

f (θ) =
1
4

(

3cos
θ
2
+ cos

3θ
2

)

(16)  

g(θ) =
1
4

(

3sin
θ
2
+ sin

3θ
2

)

(17)  

and θ the crack propagation direction measured from the initial crack plane. According to the MTS criterion, the initial crack prop-
agation direction for an infinitesimal extension of crack is defined as 

θ = 2tan− 1

⎛

⎝ KI

4KII
±

1
4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

KI

KII

)2

+ 8

√ ⎞

⎠ (18) 

The crack growth angle under mixed mode proportional cyclic loading [34] was computed as 

θfat =
θminKmin

eq + θmaxKmax
eq

Kmin
eq + Kmax

eq
(19) 

Table 3 
Crack growth parameters used for fatigue life estimation.  

KIC (MPa 
̅̅̅̅̅̅̅̅
mm

√
) C Cth ΔKth,0 (MPa 

̅̅̅̅̅̅̅̅
mm

√
) n p q α  

9486.8 1.231 × 10-12  1.2  316.2  2.8  0.5  0.5  2.5  
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where min and max superscripts correspond to the minimum and maximum load levels, respectively. 
Eq. (15) can be rewritten in terms of the dimensionless SIFs as 

Yeq = YI f (θ) + YII g(θ) (20)  

where Yeq is the dimensionless equivalent SIF and YI and YII are mode I and mode II SIFs, respectively, defined as 

YI =
KI

σapp
̅̅̅̅̅
πa

√ (21)  

YII =
KII

σapp
̅̅̅̅̅
πa

√ (22)  

where a is the crack length and σapp is the applied stress. 

3. Results and discussion 

3.1. Fatigue test data 

During fatigue tests the loaded bolts either failed in the threaded zone or did not fail after the maximum number of test cycles. As is 
evident from both the offset and the different slopes of the S–N curves (Fig. 4), the fatigue performance of batch-B bolts is significantly 
worse than that of batch-A bolts. Considering that the bolts in batch B had a higher tensile strength than the bolts in batch A (see 
Table 2), it is clear that the poorer fatigue performance of batch-B bolts cannot be explained by the differences in tensile strength. To 
understand the reason for the different fatigue performance, thread roots in unloaded parts of three bolts from each batch (A1, A2, A3 
and B1, B2, B3 in Fig. 4) were inspected using SEM. The results of these SEM examinations are presented in the following section. 

3.2. Thread root defects 

Example images taken from a thread root in one of the batch-B studs are shown in Fig. 5a,b, and the Vickers hardness data measured 
at the same root are shown in Fig. 5c. The data, ranging from ~ 400HV0.05 to ~ 570HV0.05, indicate that the deformed layer with 
increased hardness is almost 500 µm deep and that gradients exist in the thread. Fig. 5b shows that the microstructure in the thread 
root is heavily deformed and contains defects in the form of folded surface irregularities, which will effectively act as microcracks. 

To provide statistical information about the defects, 12 to 18 thread roots were investigated in the unloaded parts of 3 studs taken 
from each batch. Defects were observed in each stud, although there was some variation in the number and size of the defects in the 
different studs. In particular, stud A3 contained fewer defects per investigated thread root than the other studs, where over 50 defects 
with a length of at least 10 µm were observed in each stud (Table 4). Size distributions of the observed defects are plotted in Fig. 6. It is 
seen that the largest defect size is ~ 45 µm in batch A, while some defects greater than 100 µm are present in batch B. For both batches, 
defects with a size of 10 to 20 µm are the most frequent ones (see Fig. 6). Comparing the results for studs A1 and B1 (tested at identical 
stress ranges) in Fig. 4, Table 4 and Fig. 6, it is seen that although the frequency of defects in stud B1 is less than that in stud A1, the 

Fig. 4. S–N plot from the uniaxial fatigue tests of two different batches of M30 stud bolts. Bolts A1, A2 and A3 representing batch A, and bolts B1, B2 
and B3 representing batch B were further inspected using SEM. As the data are confidential, scale values are not indicated in the plot. 
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fatigue life of stud B1 is much shorter than that of stud A1. This indicates that the maximum defect size is a more critical parameter for 
the fatigue life than the number of defects. 

SEM images of different defects present in the thread root of the unloaded parts are given in Fig. 7. Comparatively small defects 
typically appear as simple continuous (often curved) cracks (see Fig. 7a-c), while coarser defects appear as more complex branching 
cracks or crack networks (see Fig. 7d-f). For most defects, there is a clear correlation with the deformed microstructure (see Fig. 5c), 

Fig. 5. SEM images and Vickers hardness data obtained from the unloaded part of stud A3. (a) low magnification SEM image showing the area of 
interest at the thread root; (b) higher magnification SEM image showing small defects in the thread root; (c) HV0.05 data measured within first 0.5 
mm below the surface of the thread root. 

Table 4 
Numbers of defects identified in thread roots in unloaded parts of the studs.  

Stud Total number of identified defects Number of investigated thread roots Number of defects per thread root 

A1 88 12  7.3 
A2 68 12  5.7 
A3 14 16  0.9 
B1 58 12  4.8 
B2 60 18  3.3 
B3 78 18  4.3  

Fig. 6. Distribution of defect sizes (lengths) in different studs: (a) batch A and (b) batch B.  

I. Shakeri et al.                                                                                                                                                                                                         



Engineering Failure Analysis 141 (2022) 106630

10

which indicates the origin of the defects to be from the manufacturing process. 
Fig. 8 shows the fracture surface of the investigated studs after fatigue failure, where significant differences between the two 

batches are observed. Batch-B studs demonstrate large and clearly identifiable ratchet marks with distinct crescent moon shaped zones 
of fatigue crack growth (FCG) seen as generally lighter areas compared to zones of fast fracture (FF), see Fig. 8d-f. The most frequent 
and most extended ratchet marks are observed in studs B2 and B3 (Fig. 8e,f) tested at the smallest stress range. Stud A2 also shows a 
crescent moon shaped FCG zone similar to those in batch B and also contains many ratchet marks, although the marks are much smaller 
compared to those in batch-B studs. For studs A1 and A3 (Fig. 8a,c), there are only very few ratchet marks present on the fracture 
surface, and their FCG zones seem less extended than those observed for the other studs. 

3.3. EBSD data 

The EBSD data from the examined stud bolt reveal a fine tempered martensite structure, with characteristic elongated blocks seen 
in the orientation map in Fig. 9a. The blocks belong to different packets, which subdivide prior austenite grains (PAGs). As the size of 
PAGs defines the scale of structural features subdividing the original grains and hence affects the mechanical behaviour of tempered 
martensite, it is of interest to evaluate the average PAG size. In this work, PAGs were reconstructured based on the crystallography of 
martensitic transformation and using the ARPGE software [22]. The result of reconstruction is presented in Fig. 9a in the form of black 
lines showing reconstructed PAG boundaries. It appears that the PAGs are reconstructed reasonably well, with only minor artefacts 
seen in the form of spikes along several grain boundaries. Twin boundaries within the original grains are reconstructed less reliably by 
the software and are not included in Fig. 9a. In the investigated region, the average PAG size is 14 µm, as measured using the 
planimetric method [35]. The average packet size is measured to be 5.8 µm (with the vast majority of packets being less than 10 µm). 
This packet size is consistent with results reported for steels with similar microstructures [36–38]. The distribution of block widths 
measured in the orientation map is shown in Fig. 9b, where it is seen that that the majority of blocks are less than 0.6 µm wide and that 
there are also blocks which are several micrometers wide. The average block width in the entire data set is 640 nm. 

Based on the measured packet sizes, cracks smaller than 10 µm can be considered microstructurally short cracks. It should, 
however, be noted that since the stud bolts investigated in this work were thread rolled after heat treatment, the microstructure is 
expected to be more refined at the threaded surface. Therefore, the size of microstructurally short cracks at the surface is expected to be 
less than that in the stud body. 

3.4. Design curves 

Based on Eqs. (2) to (4) the standard deviations of exponent m are calculated to be 0.70 and 0.02 for batch A and batch B, 
respectively. The standard deviations s of the fatigue life on the logarithmic scale are 0.16 and 0.04 for batch A and batch B, 
respectively. 

Design curves with survival probabilities of 97.7 % and 50 % and experimental data are shown in Fig. 10. Comparing S–N curves for 
the two batches, it can be seen that the initial defects (microcracks) have a significant effect on the slope of the S–N curve, i.e. the 

Fig. 7. SEM images illustrating defects of different sizes present in unloaded parts of different studs: (a) A1; (b) A2; (c) A3; (d) B1; (e) B2 and (f) B3. 
Note that the scale bars are different in the different images. 
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inverse slope m obtained from the results for batch B with larger defects is reduced by 61 % as compared to that for batch A. 

3.5. Fatigue life prediction 

For the fatigue life prediction, the crack plane was most conservatively modelled to be perpendicular to the bolt longitudinal axis 
(Z-axis in Fig. 3). Moreover, it was assumed that the fatigue crack propagated along the R-axis (see Fig. 3) in the predefined plane, 
which was consistent with the observations of the fracture surface. Several cracks with different lengths were modelled and SIFs were 

Fig. 8. Optical micrographs showing fracture surfaces of the investigated studs: (a) A1; (b) A2; (c) A3; (d) B1; (e) B2 and (f) B3. Dashed lines 
approximately delineate zones of fatigue crack growth (FCG) and fast fracture (FF). Note that bolts A1 and B1 were tested at an intermediate stress 
range, while bolts A2 and A3 were tested at a larger stress range and bolts B2 and B3 were tested at a smaller stress range. 

Fig. 9. EBSD data obtained in the centre of one as-received stud: (a) map, where orientations in the body-centred-cubic matrix are shown using 
inverse pole figure coloring for the direction ND normal to the examined section, while tiny cementite particles present in the matrix are shown in 
gray. Grain boundaries of reconstructed PAGs are shown as black lines; (b) distribution of block widths measured in the EBSD data. Inset in (b) is a 
schematic illustration of the PAG structure containing packets and blocks. 
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extracted for them. Based on the curve fitting to the FE analysis results for these cracks, the dimensionless SIFs were obtained along the 
predefined crack path with the following expression: 
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where a is the crack length and D is the nominal bolt diameter. Fig. 11a shows the variation of dimensionless SIFs in terms of nor-
malised crack length. As can be seen from Fig. 11a, the values of YI are much higher than YII. For unifying the formulation of the mixed- 
mode (I + II) conditions, the mode mixity parameter [39] is introduced as 

M =
2
πtan− 1

⃒
⃒
⃒
⃒
KII

KI

⃒
⃒
⃒
⃒ (25)  

where M = 0 stands for pure mode I and M = 1 for pure mode II. It can be seen from Fig. 11b that the mode I is dominant for the crack 
along the R-axis. This means that the assumption of planar crack growth is reasonable since for a linear elastic material, the crack has a 
tendency to grow in a pure mode I direction, giving KII = 0 [40]. 

Fig. 10 shows the results of fatigue life prediction for different load levels. It can be seen that these results agree well with the 
experimental data for batch-B studs containing large defects (the maximum difference between the simulated and experimental results 
is 3.3 times greater than one-sided tolerance limit). Also, as mentioned in Section 2.5, the axisymmetric model resembles the crack 
growth pattern much better for batch B (Fig. 8). Furthermore, the slope of the S–N curve obtained from the numerical simulation (red 
line in Fig. 10) is intermediate between the slopes of the curves for batch A and batch B. The difference between the results of 

Fig. 10. Results of fatigue life prediction and design curves. As the data are confidential, scale values are not indicated in the plot.  

Fig. 11. Effects of normalized crack length on (a) dimensionless SIFs and (b) mode mixity.  
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predictions and experimental tests originates from the assumptions used in the numerical simulation, namely: (i) crack growth was 
assumed to be in the plane perpendicular to the bolt longitudinal axis; (ii) the crack growth was axisymmetric; (iii) crack growth 
parameters were taken from the literature [7,20]. As is evident from the hardness measurements (Fig. 5c), the thread root has a 
gradient microstructure with significant variations within ~ 0.5 mm below the surface. The material parameters taken from the 
literature do not take this variation into account. As observed in Fig. 7, most of the defects (microcracks) in the thread roots are in-
clined, which is expected to result in increased fatigue life compared to the fatigue performance in case of cracks along the R-axis 
(Section 3.6). Furthermore, compressive residual stresses induced by the rolling process are not taken into account in the numerical 
simulation. It has been shown that compressive residual stresses decrease the fatigue crack growth rate [41]. Therefore, the predicted 
fatigue life in the current study is shorter than that in the experimental results. 

The stress range value corresponding to ΔKth calculated based on the numerical analysis for the initial crack length ai = 0.1 mm is 
shown as a “cut-off” data point in Fig. 10. It implies that a 0.1 mm crack, subjected to loads below this cut-off point, does not grow. 

3.6. Effects of initial crack orientation and friction coefficient on SIFs 

Cracks with various initial inclination angles (β = 45◦, 60◦ and 80◦) and a constant length of 0.1 mm are shown in Fig. 12. It is seen 
that the von Mises stress around the crack tip decreases with increasing angle β. Furthermore, Fig. 13a shows that when the initial 
inclination angle increases to at least 45◦, the value of Yeq begins to decrease significantly, and consequently the fatigue life increases. 
In other words, a strongly inclined crack is less detrimental for fatigue performance than a crack with a smaller initial inclination angle. 
Fig. 13b indicates that there is a linear relationship between the mode mixity and β. It is also seen that mode I is dominant (M < 0.5) for 
all crack inclination angles. The pure mode I (M = 0) occurs for a crack with the inclination angle β = 7.4◦ , and the contribution of 
mode II increases with increasing β. Fig. 14a shows that also angle θfat (describing the crack growth direction) increases with increasing 
β for a single growth increment. Furthermore, as can be seen from Fig. 14b, the crack tends to deviate from the original inclination 
angle towards the R-axis. 

The effect of the coefficient of friction between the stud thread and nut thread is demonstrated in Fig. 15 for two crack lengths. It is 
seen that the friction coefficient does not affect YI significantly, while the values of YII increase considerably with increasing friction 
coefficient. As the size of the plastic zone increases, the plastic zone eventually engulfs the singularity zone, and there is no longer a 
region where the stress varies proportionally to 1/

̅̅
r

√
. In such cases, SIF does not characterise stresses near the crack tip. This implies 

that LEFM is not valid once the plastic zone size becomes too large relative to the key dimensions such as the crack size [8]. 

3.7. Validation of the LEFM concept for short cracks 

To investigate the validity of the LEFM assumptions employed in the numerical simulation, the size of the K-dominated (singu-
larity-dominated) zone and the size of the crack tip plastic zone should be compared. The stress near the crack tip in an infinite domain 
under pure mode I loading with a linear elastic material varies as 

σzz =
KI
̅̅̅̅̅̅̅
2πr

√ (26)  

where r is the radial coordinate from the crack tip in the polar coordinate system. A K-dominated zone is defined as the region where 
Eq. (26) approximates the near-crack tip stress fields, as shown in Fig. 16. 

Fig. 17 presents the ratio of the actual stress in the Z direction obtained from numerical simulation (Szz) to the singular stress given 
by Eq. (26) for different crack lengths. In the present investigation, it has been assumed that the line of σzz/

(
KI/

̅̅̅̅̅̅̅̅
2πr

√ )
= 1.03 is the 

limit of the K-dominated zone. This means that when approaching this limit, the singularity approximation results in a 3 % under-
estimation of σzz. It can be seen that for a crack length of a = 0.5 mm the stress in the Z direction is close to the singular limit at 
relatively large distances from the crack tip. 

A first-order estimate of plane strain plastic zone size (ry) [8] can be obtained from Eq. (27). 

ry =
1

6π

(
KI

Sy

)2

(27) 

For a = 0.1 mm, the limit of the K-zone is located on r/a ≈ 0.13 as shown in Fig. 17. By setting ry equal to 0.13a, an estimate of the 
KI value at which the K-zone is engulfed by crack tip plasticity is obtained as 

0.13a =
1

6π

(
KI

Sy

)2

→ KI = 0.88Sy
̅̅̅̅̅
πa

√
(28) 

Eq. (28) implies that when the stress exceeds approximately 88 % of the yield stress, the accuracy of KI as a crack tip characterising 
parameter in this particular geometry becomes uncertain. As the applied loads in the numerical simulations used for estimating fatigue 
life (Section 3.5) are less than the above limit with ai = 0.1 mm, the LEFM assumptions are valid in this case. 

Repeating the calculation for a = 0.05 mm indicates that KI < 266 MPa
̅̅̅̅̅̅̅̅
mm

√
. Therefore, the LEFM assumptions for this crack length 

are no longer valid when the fatigue life is estimated at the highest stress range applied in the experiments. 
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Fig. 12. Simulated cracks with different initial inclination angles β. (a) 45◦; (b) 60◦ and (c) 80◦. Colours correspond to von Mises stresses.  

Fig. 13. Effect of crack initial inclination angle on (a) dimensionless SIFs and (b) mode mixity.  

Fig. 14. Effect of crack inclination angle on crack growth direction: (a) crack growth angle θfat versus crack initial inclination angle β; (b) schematic 
view of crack growth direction for various crack inclination angles. 
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Fig. 15. Effect of friction coefficient between stud thread and nut thread on (a) YI and (b) YII .  

Fig. 16. Stress normal to the crack plane in Mode I.  

Fig. 17. Ratio of the actual stress on the crack plane to the singularity limit in an infinite plate with a through-thickness crack.  
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3.8. Minimum crack length calculated based on fatigue limit 

In this section, the minimum crack length, which leads to the finite fatigue life range, is determined. Considering Ne = 2 × 106 

cycles as infinite fatigue life, a fatigue limit Se = 30 MPa is obtained based on the experimental results for the batch-B bolts. Here it is 
assumed that the bolt is preloaded to 52 % of the yield stress and subjected to an axial load amplitude corresponding to the fatigue 
limit. For Kmax = KIC, the critical crack length is obtained to be ac = 5.6 mm. The initial crack length is then calculated based on Eq. (7) 
to be ai = 0.085 mm. This analysis indicates that for the above-mentioned loading conditions and in the presence of a crack larger than 
0.085 mm, the fatigue life is expected to be less than 2 × 106 cycles. As the initial crack size increases to ai = 0.5 mm and ai = 1 mm, the 
bolt fatigue life drastically deteriorates (Fig. 18). 

4. Conclusions 

In the present work, the effect of manufacturing defects created by the thread rolling process on the fatigue life of M30 class 10.9 
stud bolts used in wind turbines has been investigated using fatigue tests and numeral analysis. The following conclusions are drawn 
from this work:  

1. A large number of defects (microcracks) created during thread manufacturing process are observed in thread roots. Microcracks in 
batch-A studs are all smaller than 45 µm, while some microcracks in batch-B studs exceed 100 µm. This size difference affects the 
slope of the S–N curve, with the slope of the curve for batch B being significantly greater than the slope of the curve for batch A.  

2. The average width of martensite blocks in the undeformed stud determined from EBSD data is 640 nm, and the average size of 
martensite packets is 5.8 µm, with the vast majority of packets being less than 10 µm. Based on the packet size and fracture me-
chanics analysis conducted in this work, cracks less than 10 µm are considered microstructurally short, while cracks in the range of 
10–100 µm are considered physically short. For the bolts investigated in this work, defects greater than 100 µm are considered long 
defects.  

3. The numerical analysis indicates that for a crack shorter than 100 µm in the thread root, the LEFM concept may be not valid at some 
load levels. Therefore, for such a crack elastic plastic fracture mechanics approaches (such as J-integral based growth models) are 
needed for future fracture mechanics analysis of bolts subjected to cyclic loading.  

4. It is shown that when the crack initial inclination angle increases to at least 45◦, the dimensionless equivalent SIF begins to decrease 
significantly, and consequently the fatigue life increases. This indicates that a strongly inclined crack is less detrimental than cracks 
at smaller inclination angles. Also, it is shown that inclined cracks tend to deviate from the initial inclination angle towards the 
plane normal to the bolt longitudinal axis.  

5. The friction coefficient does not affect mode I SIF significantly, while the value of mode II SIF increases considerably with 
increasing friction coefficient. 
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[34] G.A. Ruiz Muñoz, M.A. Eder, A conservative approach for mode I-II fatigue analysis under residual stresses: The RSIF proportionality conjecture, Fatigue Fract. 

Eng. Mater. Struct. 41 (11) (2018) 2350–2361, https://doi.org/10.1111/ffe.12843. 
[35] S.A. Saltykov, Stereometric Metallography. Metallurgy, Moscow, 1976. 
[36] S. Morito, H. Yoshida, T. Maki, X. Huang, Effect of block size on the strength of lath martensite in low carbon steels, Mater. Sci. Eng., A 438–440 (2006) 

237–240, https://doi.org/10.1016/j.msea.2005.12.048. 
[37] C. Zhang, Q. Wang, J. Ren, R. Li, M. Wang, F. Zhang, Z. Yan, Effect of microstructure on the strength of 25CrMo48V martensitic steel tempered at different 

temperature and time, Mater. Des. 36 (2012) 220–226, https://doi.org/10.1016/j.matdes.2011.11.026. 
[38] C. Zhang, Q. Wang, J. Ren, R. Li, M. Wang, F. Zhang, K. Sun, Effect of martensitic morphology on mechanical properties of an as-quenched and tempered 

25CrMo48V steel, Mater. Sci. Eng., A 534 (2012) 339–346, https://doi.org/10.1016/j.msea.2011.11.078. 

I. Shakeri et al.                                                                                                                                                                                                         

https://doi.org/10.3390/met10060732
http://refhub.elsevier.com/S1350-6307(22)00603-3/h0010
https://doi.org/10.1007/s11665-018-3399-2
https://doi.org/10.1007/978-3-030-04073-4_1
https://doi.org/10.1007/978-3-030-04073-4_1
https://doi.org/10.1016/j.ijfatigue.2017.09.006
https://doi.org/10.1016/j.ijfatigue.2017.09.006
https://doi.org/10.1016/j.ijfatigue.2019.02.050
https://doi.org/10.1016/j.ijfatigue.2019.02.050
https://doi.org/10.1016/S0142-1123(00)00004-9
https://doi.org/10.1016/S0142-1123(00)00004-9
https://doi.org/10.4028/www.scientific.net/KEM.345-346.299
https://doi.org/10.4028/www.scientific.net/KEM.345-346.299
https://doi.org/10.1007/s13296-015-9015-5
https://doi.org/10.1007/s13296-015-9015-5
https://doi.org/10.1016/j.matdes.2016.01.128
https://doi.org/10.3390/ma14061485
https://doi.org/10.1016/j.engfailanal.2019.104330
https://doi.org/10.1016/S1350-6307(00)00013-3
http://refhub.elsevier.com/S1350-6307(22)00603-3/h0095
https://doi.org/10.1107/S0021889807048777
https://doi.org/10.1016/0956-7151(90)90180-O
https://doi.org/10.1016/j.actamat.2006.07.009
https://doi.org/10.1111/ffe.13173
https://doi.org/10.1016/j.matdes.2009.02.022
https://doi.org/10.1007/BF00020751
https://doi.org/10.1007/978-3-319-32534-7
https://doi.org/10.1115/1.3656897
https://doi.org/10.1115/1.3656897
https://doi.org/10.1111/ffe.12843
https://doi.org/10.1016/j.msea.2005.12.048
https://doi.org/10.1016/j.matdes.2011.11.026
https://doi.org/10.1016/j.msea.2011.11.078


Engineering Failure Analysis 141 (2022) 106630

18

[39] C.F. Shih, Small-scale yielding analysis of mixed mode plane strain crack problem, ASTM STP 560 (1974) 187–210, https://doi.org/10.1520/STP33141S. 
[40] A.R. Shahani, I. Shakeri, C.D. Rans, Fatigue crack growth of Al 5083–H111 subjected to mixed–mode loading, J. Braz. Soc. Mech. Sci. Eng. 42 (2020) 442, 

https://doi.org/10.1007/s40430-020-02527-8. 
[41] I. Shakeri, A.R. Shahani, C.D. Rans, Fatigue crack growth of butt welded joints subjected to mixed mode loading and overloading, Eng. Fract. Mech. 241 (2021), 

107376, https://doi.org/10.1016/j.engfracmech.2020.107376. 

I. Shakeri et al.                                                                                                                                                                                                         

https://doi.org/10.1520/STP33141S
https://doi.org/10.1007/s40430-020-02527-8
https://doi.org/10.1016/j.engfracmech.2020.107376

	Effect of manufacturing defects on fatigue life of high strength steel bolts for wind turbines
	1 Introduction
	2 Methodology
	2.1 Material data and fatigue test setup
	2.2 Characterisation of thread root defects
	2.3 EBSD experiment
	2.4 Parameters for establishing design curves
	2.5 Numerical analysis of fatigue crack growth

	3 Results and discussion
	3.1 Fatigue test data
	3.2 Thread root defects
	3.3 EBSD data
	3.4 Design curves
	3.5 Fatigue life prediction
	3.6 Effects of initial crack orientation and friction coefficient on SIFs
	3.7 Validation of the LEFM concept for short cracks
	3.8 Minimum crack length calculated based on fatigue limit

	4 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


