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A B S T R A C T   

Failure under cyclic loading in the presence of manufacturing defects is a substantial risk for additively manu-
factured (AM) metal components. This study aims to clarify the correlation between process-related defects 
(internal pores and surface roughness) and fatigue performance of AM 316 L stainless steel. X-ray computed 
tomography (XCT) has been employed to characterize process-related defects’ features and their synergistic 
interaction to define the effective defect size parameter ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ , leading to identifying potential sites for fatigue 
crack initiation before testing. Then, the defects’ growth is monitored using XCT imaging under cyclic loading to 
provide further insight into the fatigue damage process of AM stainless steels. A novel characterization frame-
work is developed for monitoring the fatigue crack initiation and propagation based on measuring the variation 
in specimen surface topography in the axial and circumferential directions. Moreover, a fracture-mechanics 
based analytical framework is developed for the fatigue life prediction of AM components while the progres-
sion of the aspect ratio of semi-elliptical surface crack during its growth is considered. It is found that a sig-
nificant fraction of the fatigue life is consumed for crack initiation and the damage progression dominantly 
occurs at the predicted maximum equivalent defect size, which is detected before fatigue testing. Therefore, the 
critical equivalent defect size can be considered as an initial short crack in the critical defect-based fatigue crack 
growth model for AM components. The proposed single crack growth model, by applying an appropriate 
characterization approach to detect the initial semi-elliptic surface short crack based on defects’ features and 
their interaction, demonstrates promise to be suited as an engineering approach for fatigue life prediction of AM 
components. This model shows a good correlation between XCT imaging and the predicted crack initiation and 
propagation phases for the tested AM 316 L stainless steel samples.   

1. Introduction 

Metal additive manufacturing (AM) is a fast-growing technology 
appealing to different industrial sectors [1–3], with a keen interest in 
exploiting the advantages of metal AM components. However, several 
challenges must be solved before metal AM processes can be fully 
employed in industrial applications for manufacturing load-carrying 
components, especially under cyclic loading in fracture-critical appli-
cations. The metal AM process includes complicated multi-physics 
phenomena, making the fabricated components prone to residual 
stresses and manufacturing defects, e.g., pores and high surface rough-
ness [4–8]. Post-heat-treatment and imposing a controlled cooling by 

pre-heating the platform can mitigate or sensibly reduce detrimental 
residual stresses [9,10]. There is currently significant interest in un-
derstanding the influence of process-induced defects and heterogeneous 
microstructure on the structural integrity of metal additive manufac-
tured (AM) parts, especially in fatigue-critical load-carrying applica-
tions. Therefore, there is an urgent need for research on the correlation 
between process-related defects (internal pores and surface roughness) 
and the fatigue damage mechanisms of metal AM materials under cyclic 
loading. The fatigue damage process (the crack initiation, fatigue crack 
growth, and final fracture) of metal AM components is a field of inves-
tigation still in its infancy. AM is employed to fabricate components 
made from various engineering alloys such as Al, Ti, Ni, Mg alloys, and 
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steels [11]. Among these, steels have involved about one-third of the 
metal AM publications in literature [12]. This paper has studied the AM 
stainless steel 316 L due to its high mechanical strength, corrosion 
resistance, excellent formability, and weldability, which are crucial in 
different industries such as automotive, energy, marine, and biomedical. 

XCT, as a powerful non-destructive measurement technique, offers 
the excellent capability to assess heterogeneous materials’ microstruc-
ture [13,14] three-dimensionally. In most of the previous work, XCT has 
been employed to characterize the internal defects, e.g., the population, 
morphology, and dimensions of porosities, as well as the lack of fusion 
defects of AM components [15–20]. One main benefit of XCT is the 
capability to resolve the temporal domain, which is particularly useful 
for measuring deformed components in-situ or ex-situ. In both cases, the 
inclusion of the temporal domain is named as 4DXCT and provides a 
powerful tool for identifying the material response and damage pro-
gression to different loading conditions. Tammas-Williams et al. [21] 
employed the 4DXCT to study crack growth from internal defects of AM 
Ti alloys for the first. Recently, Qian et al. [22] have used the XCT to 
visualize the fatigue crack front of an AM AlSi10Mg alloy. They per-
formed the XCT in two stages: before fatigue testing and after 300000 
cycles when large cracks were expected to have developed. In these 
studies, the specimen surfaces were machined flat, and thus the influ-
ence of surface topography was excluded, and only the growth of cracks 
from internal pores or near surface pores was investigated. However, 
surface polishing/machining is not always possible for AM components 
with complex geometry. Even with surface machining, some 
near-surface defects connect to the surface, and thus it is not feasible to 
eliminate the surface roughness effects. Most of the previous in-
vestigations demonstrated that the influence of surface roughness is 
most important for the as-built specimens [23–26]. Therefore, it is 
crucial to employ powerful methods and analysis approaches to detect 
and characterize fatigue crack growth from surface defects. 

Recently, the authors have introduced a new method to characterize 
the surface irregularities of metal AM specimens using XCT measure-
ments [27]. This approach overcame the limitations of previous 
methods, based on stylus surface profilometry results [28], 3D optical 
profilometry results [29], and XCT results [30–33]. These limitations in 
the stylus or 3D optical profilometry included overlooking the thin and 
deep defects which are out of reach in these measuring methods and the 
inability to measure the surface topography of curved shapes and in-
ternal surfaces of complex AM parts, for example, struts in lattices [34]. 
Although the XCT technique overcame these inabilities and could 
identify critical features of the surface defects of the metal AM compo-
nents, e.g., crack-like notches, there was still a gap in the determination 
algorithm to characterize the surface defects of complex metal AM parts 
systematically. An example is the notch-based surface roughness eval-
uation method presented by Plessis and Beretta [35] for XCT imaging of 
specimens with curved shapes. In this approach, a smooth cylinder ge-
ometry element was fitted to the exterior surface of the tested sample 
before fatigue testing and crack formation to create a duplicate volume 
of this cylinder. The original surface was compared to the best-fit cyl-
inder volume. Then, the maximum deviation between the rough surface 
and the fitted cylinder was considered as a “nominal-actual comparison” 
parameter to define the notches. However, their approach presented 
local information about the surface defects, mainly focusing on the 
“killer notches”; this method still has two limitations. First, the con-
nectivity between surface notches depends on the depth of the notches, 
and therefore a depth criterion for defining the notches as defects de-
pends on the surface condition and is a manual step that the user detects. 
Second, this approach is primarily employed to visualize and interpret 
notch geometry relative to crack location. However, they have reported 
that some killer notches may not be detected using this approach. 

It should be noted that the surface profiles for each section have some 
peaks and valleys, and the deviation from the center (mean) axis should 
be considered a criterion for notch detection. Nafar Dastgerdi et al. [27] 
recently introduced a determination algorithm applied to XCT 

measurements to mathematically calculate the center axis and deter-
mine the valleys’ notches and depth. Thus, the surface defects of metal 
AM components could be characterized systematically with the mini-
mum possible error in image processing. Furthermore, holistic infor-
mation on the surface topologies of AM components was provided using 
quantitative parameters (e.g., Ra (arithmetic mean roughness) and Rz 
(the five largest peak-to-peak average roughness)), which could be 
measured for each surface profile around the sample. In the current 
study, the surface roughness characterization methodology has been 
further developed and implemented to measure the surface profiles in 
the temporal domain during fatigue loading, enabling us to 1) detect 
fatigue crack initiation and 2) monitor fatigue crack propagation. 

Since fatigue cracks initiate from defects, it is crucial to develop 
analytical approaches to predict fatigue failure for critical practices of 
metal AM components under cyclic loadings. Fracture mechanics-based 
methods for defect-based fatigue life prediction of AM components have 
been of great interest, as discussed extensively in Ref. [36]. Most pre-
vious studies have only considered the internal defect size for 
defect-based modeling and prediction of fatigue strength of metal AM 
parts [6,22,37–39]. Sanaei and Fatemi [40] have defined an equivalent 
defect parameter for estimating the initial defect size of metal AM 
components composed of the maximum prospective internal defect size 
and the maximum prospective equivalent surface defect size using 
Murakami’s equivalent defect size [41]. However, the interaction effect 
of internal and surface defects has yet to be considered. They also have 
assumed an initial semi-elliptical surface defect with a constant aspect 
ratio for the crack during its growth resulting in a constant geometry 
factor up to failure. The current study presents a novel analytical 
framework for defect-based fatigue life prediction of metal AM compo-
nents, while the above-mentioned limitations of the previous studies 
have been considered. A single crack propagation model based on the 
critical equivalent defect size ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ has been introduced to predict the 
fatigue crack propagation life. In defect-based fatigue life prediction, the 
defects are considered as existing small cracks. Thus, it is crucial to 
calculate the initial effective defect size correctly. In this study, the 
critical equivalent defect size considers the internal and surface defects 
and their interactions using the newly introduced 3D defect determi-
nation algorithm [27]. Moreover, the proposed critical defect-based 
fatigue crack growth model takes into account the progress of the 
crack’s aspect ratio during its growth. The introduced defect and dam-
age characterization framework and fatigue life prediction framework 
have been applied to AM stainless steel 316 L for validation purposes. 
XCT imaging of tested samples under cyclic loading combined with 
defect analysis indicates the possibility and tendency of interaction and 
merging of internal and surface defects during cyclic loading. Further-
more, comparisons have been carried out between the predicted 
maximum equivalent defect size and the observed fatigue cracks using 
the ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√
max parameter. Finally, the comparison of predicted and 

experimental fatigue life is given, with recommendations for the prac-
tical application of the developed framework for the fatigue life pre-
diction of AM components. 

2. Material and methods 

2.1. Material and specimen fabrication 

This study employed direct metal laser sintering as a powder bed 
fusion method to produce the stainless steel 316 L samples. The test 
samples were fabricated using the EOS GmbH (M290) system on the 
same platform in a single build. The powder was spherical and 
approximately 37 µm in diameter on average. The hourglass-shaped 
round samples were manufactured vertically with the tensile axis and 
manufacturing direction parallel to the z-direction; see Fig. 1a-b. No 
post-process machining was carried out, and all specimens were fabri-
cated to the net shape. Samples were made with a laser power of 250 W 
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and a scanning speed of 1083 mm/s. The hatch distance was 90 µm and 
the manufacturing layer thickness was 40 µm. The volumetric energy 
density was computed to be 64.12 J/mm3 according to equation Ea =

P
νht 

(Ea,P,ν,h,and t are energy density per unit volume (J/mm3), beam power 
(W), beam velocity (mm/s), hatch spacing or line offset (mm), and layer 
thickness (mm)). The platform was pre-heated and kept at a constant 
80 ◦C during the manufacturing process. Heat treatment was not carried 
out for the samples. Residual stresses are always present in as-built parts. 
However, in this study, the scanning chessboard island size was small, 
the platform was pre-heated, and the samples were not deformed after 
printing, and thus, it can be assumed the residual stress is minor ac-
cording to the previous experimental investigations; [42–44]. 

The microhardness and density of the fabricated material were 220 
HV (kgf/mm2) and 7.965 g/cm3 which are consistent with previous 
results for AM stainless steel 316 L [45,46], although the manufacturing 
parameters are different. 

2.2. Interrupted fatigue test and XCT imaging 

The ex-situ XCT (4DXCT) was carried out to scan the defects (internal 
and surface) under fatigue loading to detect defects’ growth and inter-
action, i.e., fatigue crack initiation and propagation. The XCT scanning 
was carried out using General Electric (GE) Phoenix v|tome|x s machine 
with 5 µm pixel size. The X-ray tube acceleration voltage and power 
were set to 170 kV and 5.1 W, respectively. To absorb low-energy X- 
rays, a 0.5 mm copper filter was employed. The distance between layers 
for each scan was 5μm. Scans were done with a single longitudinal po-
sition and a 360◦ rotation, circular trajectory. Scanning was carried out 
with 1 s exposure time and by averaging two or three exposures per 
angular position. The region of interest for XCT imaging was the middle 
10 mm of the specimen in the z-direction. This region is highlighted by 
the red rectangle in Fig. 1. 

The 4DXCT was performed for two samples at stress amplitudes of 
170 and 190 MPa using load-controlled uniaxial fatigue testing with a 
load ratio R = 0.1 and a loading frequency of 10 Hz. Due to the uncer-
tainty expected in fatigue, the fatigue pre-tests with three repetitions 
were carried out before 4DXCT fatigue tests to find an estimate for the 
average fatigue life of the ordinary XCT samples. Based on the pre-test 
information the fatigue test interruptions for 4DXCT characterization 

were chosen. Table 1 shows the total fatigue life for the pretests and the 
ordinary XCT samples. Both samples 1-XCT and 2-XCT were scanned 
before any fatigue loading was applied. Then, sample 1-XCT was scan-
ned after around 60% of the initial estimate for the fatigue life,0.6 ×

Nf ,mean, at 78,000 cycles. After that, the XCT scans were carried out 
every 10,000 cycles, with five scans performed in total during the fa-
tigue test. The initial results demonstrated that fatigue crack initiation 
occurred in 65% of the total life. Thus, for the sample 2-XCT, the fatigue 
test interruptions and XCT scanning occurred at 62,000 cycles 
(≈ 0.65 × Nf ,mean) and 72,000 cycles. To monitor the damage process 
stages more accurately, the next interruption occurred at 76,000 cycles, 
and then the sample was scanned at 87,000 cycles. Due to scattering in 
fatigue testing, the lifetime exceeded the predicted mean fatigue life, 
with the following scans performed at 95 000 cycles and at 104,003 
cycles when the final failure occurred. 

2.3. 3D internal defect and surface roughness characterization 

The XCT imaging data were analyzed using ThermoFisher PerGeos 
2020.2 software to measure internal defects’ volume and position. This 
software used the watershed algorithm for generating data on internal 
defects volume and position [47]. The internal defects’ distribution 
throughout the specimen along the axis and around it at different radial 
angles has been investigated. Defects on the surface, usually referred to 
as surface roughness, are the other type of defects that should be char-
acterized as a rough surface is intrinsic to AM due to the build process’s 
layer-by-layer nature. For this purpose, the new surface defect deter-
mination algorithm was employed [27]. In this approach, binarization 
transformed a gray-level image into a binary image. Then, internal 

Fig. 1. (a) Geometry and dimensions of the manufactured vertical fatigue specimen. (b) Example of the fabricated specimen. XCT region of interest is marked with a 
red rectangle. All dimensions are in mm. 

Table 1 
Fatigue life of pre-tests and actual XCT samples at a constant stress 
amplitude.  

Sample 1, σ = 170MPa Sample 2, σ = 190MPa 

Nf ,sample1−1 = 122877 Nf ,sample2−1 = 96955 
Nf ,sample1−2 = 145320 Nf ,sample2−2 = 99650 
Nf ,sample1−3 = 125763 Nf ,sample2−3 = 89548 
Nf ,mean = 131320 Nf ,mean = 95384 
Nf ,sample1−XCT = 131932 Nf ,sample2−XCT = 104003  
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defects (pores) were excluded, the edge of the sample was specified, and 
(X,Y) coordinate pairs on edge were extracted at specific angles around 
the sample axis. These coordinate pairs were used to generate the 
sample’s axial surface profiles at different radial angles. After deter-
mining the (X,Y) coordinate pairs on the edge, the internal defects vol-
ume and position data were employed to specify the internal defect’s 
distance from the surface using the K-nearest neighbors algorithm [48]. 
The internal defects’ projected area in the plane transverse to the build 
direction, their distance from the surface, and the depth of valleys on 
this plane in the radial direction were chosen as the most important 
metrics in the current study. They must be characterized to define the 
effective defect size parameter, considering process-related defects’ 
features and their synergistic interaction. 

2.4. Fatigue damage detection 

Fatigue crack typically initiates from the sample surface, and defects 
on the surface are the potential sites for crack initiation, especially in 
metal AM components. This study proposes a novel characterization 
framework for detecting fatigue crack initiation and monitoring the 

fatigue damage process based on measuring the temporal variation of 
specimen surface topography in the axial (Z) and radial (θ) directions. 
The detailed process of the proposed approach is depicted in Fig. 2a-c. 
To accurately determine the initial defects’ size and to detect the fatigue 
crack growth, post-processing of XCT data is required. As shown in 
Fig. 2a, four image processing steps were carried out for ‘as measured’ 
XCT images for every axial cross-section to determine the boundary 
profile of the specimen. In Step 1, the ‘as measured’ XCT image contrast 
is enhanced by changing the dynamic range of measured 8-bit grayscale 
values for visual representation, providing a clear outer profile for the 
sample. The exponential intensity transform is used to enhance the de-
tails of the bright regions using the gamma expansion operator [49]. In 
Step 2, images are binarized using a grayscale threshold level of 39, and 
then all holes in the sample interior have been filled to only focus on the 
surface-connected defects, representing the current stage of the defected 
area and crack propagation. This step is carried out using the 
open-source program ImageJ (Fiji plugin version) [50]. In Step 3, the 
edge of the binary image is extracted as (X,Y) coordinate pairs, with the 
edge defined as the outermost ‘white’ points in the binary data. Because 
the fatigue cracks grow perpendicular to the loading direction, the 

Fig. 2. Schematic of the introduced approach for fatigue damage detection, (a) post image-processing of XCT images to extract boundary profiles, (b) critical defect 
identification and fatigue damage detection, and (c) visualization of sample’s fatigue crack propagation. 
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coordinate pairs are used to generate the sample’s axial surface profiles 
at each specific radial angle. The axial profiles show the initiation and 
growth of fatigue cracks as high local gradients, as depicted in Fig 2b1. 
Finally, the magnitude of deviation for the peaks and valleys of the 
surface profile from the mean contour of the sample at different angles 
around the sample is considered as the criterion for surface-connected 
defects and fatigue crack detection; see Fig. 2b2. To consider the con-
toured shape of the specimen, the Euclidean distance between the co-
ordinate pairs and the quadratic polynomial fit is used (blue line in 
Fig. 2b1). The magnitude of deviation for peaks and valleys in the ver-
tical magnification direction from the mean axis, named surface height, 
is then used to calculate surface roughness, e.g., Ra and Rz. By comparing 
the magnitudes of these deviations for different XCT scans, fatigue crack 
propagation under cyclic loading is detected and can be explicitly 
quantified; see Fig. 2c. In this study, an in-house code is developed using 
the new proposed characterization approach following the variation of 
surface profiles to quantitatively investigate the fatigue damage process. 
Using the proposed approach, the Ra and Rz values for different surface 
profiles around the sample can be calculated. The average value of Ra for 
this specimen is 12.6 μm, consistent with other results for AM stainless 
steel 316 L [51–53], although the manufacturing parameters and 
measuring approach differ. 

3. Critical defect-based fatigue crack growth model 

Fatigue life is generally allocated into three stages; nucleation, short 
crack growth (less than 1 mm), and long crack growth (larger than 
1 mm). Together the first two stages are called macro crack initiation, 
and when it is employed for defect-based life prediction, nucleation life 
is assumed to be zero, and short crack growth is predominant. For AM 
metals, the short crack growth behavior is more critical than the long 
crack growth behavior when using defect-based life prediction methods 
[41]. Thus, it is crucial first to determine the initial short crack size 
correctly and second to employ an appropriate crack growth model 
considering both short and long crack growth regimes. Generally, the 
Hartman-Schijve variant [54] of the NASGRO equation has the potential 
to capture the entire crack growth process, especially when defects are 
small and the initial stress intensity range values are close to the 
threshold regime. 

In the case of metal AM components, crack initiation typically hap-
pens at the most critical defect, depending on the stress state at that 
location [40]. Thus, the proposed fatigue crack model only considers the 
largest critical effective defect size ( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ ) as initial crack size. In the 
current study, this critical defect is detected from the XCT data of the 
intact sample, and it is considered as an initial short crack. The inter-
action effect between internal and surface defects is also considered to 
account for the detrimental effect of porosity in AM components. 
Therefore, we introduce the incorporation of internal defects and sur-
face roughness as an effective initial crack size. As defined by Murakami 
[55], if the space between two adjacent defects (internal and surface) is 
smaller than the size of the smaller defect, the effective defect size must 
be assessed by summing the sizes of two defects plus the space between 
two defects. Thus, we have determined the effective defect size as [27]: 

̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff
√

=
̅̅̅̅̅̅̅̅̅̅̅̅
areaD

√
+

̅̅̅̅̅̅̅̅̅̅̅̅
areaR

√
+ dR−D =

̅̅̅̅̅̅̅̅̅̅̅̅
areaD

√
+ Rv + dR−D. (1)  

where ̅̅̅̅̅̅̅̅̅̅̅̅areaD
√ , ̅̅̅̅̅̅̅̅̅̅̅̅areaR

√ are the prospective internal and equivalent sur-
face roughness defect sizes, respectively. Parameter dR−D is the shortest 
distance between two adjacent defects. The deepest valley of the surface 
profile Rv, is an appropriate parameter to be used as the calculated 
equivalent surface roughness defect size ̅̅̅̅̅̅̅̅̅̅̅̅areaR

√ , [27,41,56,57]. This 
method determines the critical defects using XCT data of the intact 
sample while the synergistic effects of internal and surface defects on the 
fatigue performance of metal AM parts have been considered. Fig. 3 
shows schematically the process of the introduced approach. First, the 
roughness of all surface profile is checked around the sample and the 
10–15 critical surface profiles with the biggest Rz values are selected. 
Then, these critical surface profiles are separately checked to find the 
deepest valleys (Rv). At the corresponding location of the deepest valley 
in each profile (Zv), the presence of the internal defect, its projected area 
( ̅̅̅̅̅̅̅̅̅̅̅̅areaD
√ ), and its distance from the edge or deep valley (dR−D) are 

determined to investigate the synergistic effect of the internal and sur-
face defect for considering in the calculation of the critical equivalent 
defect size, see Eq. (1). To check whether the most critical value occurs 
at the predicted location of the deepest valley, ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ is calculated at Zv 

in different radial angles for other existing surface and internal defects 
and the polar distributions of ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ is inspected, see Step 4 in Fig. 3. 
This final checking is used for all critical valleys. Thus, it is possible to 

Fig. 3. Schematic of the proposed approach to calculate ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff
√ (effective initial crack size).  
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anticipate from which defects identified the failure would originate 
before the fatigue loading. 

After determining the most critical effective defect as an initial short 
crack size, it can be compared to the threshold small crack size, ̅̅̅̅̅̅̅̅̅̅̅̅areath

√ , 
that represents the transition crack size above which the usual crack 
growth rate (da

dN) versus stress intensity range (ΔK) relationship can be 
applied. Then, it can be determined whether the initial crack size is 
physically small and if the stress intensity factor is larger than the 
threshold value. The relationship between the threshold stress intensity 
factor, material Vickers hardness and threshold small crack size has been 
determined by Murakami [55]: 

ΔKth = 3.3 × 10−3(HV + 120)(
̅̅̅̅̅̅̅̅̅̅̅̅
areath

√
)

1
3. (2)  

where HV (kgf/mm2) is Vickers hardness, and ΔKth is the threshold 
stress intensity factor [57]. 

The calculation process for the critical defect-based fatigue crack 
growth model in the current study comprises as follows:  

(1) Defining the initial crack size using a =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√
max for crack 

depth size and identification of the other dimension of semi- 
elliptical crack geometry, 2c, based on surface roughness char-
acterization as depicted in Fig. 4a-b. 

When dR−Dis smaller than the size of the smaller defect ( ̅̅̅̅̅̅̅̅̅̅̅̅areaD
√ or 

Rv), then the initial crack depth size is: 

a =
̅̅̅̅̅̅̅̅̅̅̅̅
areaD

√
+ Rv + dR−D (3a) 

Otherwise, the deepest valley of the critical surface profile is 
considered: 

a = Rv (3b) 

Then, the center of the initial semi-elliptic crack is located on the 
sample’s surface at the corresponding critical location around the 
sample as determined using the introduced approach in Fig. 3, e.g., θ =
97o for sample XCT-2. The circumscribed ellipse requires to satisfy the 
following conditions: the major axis lies at a tangent to the surface, and 
by definition, the minor axis is shorter than the major axis. This condi-
tion leads to determining the other dimension of the semi-elliptical 
crack, c. It should be noted that the interaction of the surface defects 
close to each other is also considered in defining the initial semi- 
elliptical crack geometry. Thus, the initial worst-case crack geometry 
is determined by considering the interaction of close defects in both 

dimensions, as shown in Fig. 4b.  

(2) The stress intensity factor ΔK is specified for each representative 
growth point in semi-elliptical crack front using the equations by 
Newman and Raju [58] employed to the circular cross-section: 

ΔKI = λΔσ
̅̅̅̅̅
πa
Q

√

f (ϕ)

Q = 1 + 1.464
(a

c

)1.65
, λ =

[
1.13 − 0.09

(a
c

)][
1 + 0.1(1 − sinϕ)

2]
f (ϕ)

=

[

sin2ϕ +
(a

c

)2
cos2ϕ

]1/4

(4)  

where Δσ is the stress range. 
Using this approach, the stress intensity factor of the crack front can 

be obtained continuously while considering the changes to the crack 
aspect ratio during fatigue loading. 

(3). The representative growth points are moved perpendicular to 
the semi-elliptic crack front pertain to the Hartman-Schijve variant of 
NASGRO law [40,59]: 

da
dN

= D

⎡

⎢
⎢
⎣

ΔK − ΔKthr
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ΔK

(1−R)A

√

⎤

⎥
⎥
⎦

p

(5)  

where D and P are constants, A is the cyclic fracture toughness, and ΔKthr 
is the threshold stress intensity factor considering mean stress effect 
named the effective lower fatigue threshold [60]. R is the stress ratio. 

It has been demonstrated that the growth of the small cracks can be 
estimated from Hartman-Schijve long crack representation [60], i.e., Eq. 
(5), by setting the threshold term to a small value, typically of the order 
of 0.1 MPa

̅̅̅̅
m

√
. Thus, the small crack growth version of Eq. (5) conforms 

to the equation: 

da
dN

= D

⎡

⎢
⎢
⎣

ΔK − 0.1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ΔK

(1−R)A

√

⎤

⎥
⎥
⎦

p

(6) 

D, P are 1.49 × 10−10,1.99, and A is 69MPa
̅̅̅̅
m

√
[60]. 

(4). The obtained growth points are fitted to a semi-ellipse demon-
strating the new crack front. 

This procedure (Steps 2 through 4) is iterated until the maximum 

Fig. 4. (a) Schematic diagram of the geometrical parameters defining the surface semi-ellipse crack, and (b) schematic diagram of determining the initial worst-case 
crack geometry based on the interaction of close defects in both dimensions as applied for the sample XCT-2 for the XCT image at the critical location Zv = 6, 047mm. 
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stress intensity factor for the crack front (KI,max) attain the critical value 
(KIC) [60], determining the crack growth life of the specimen. Fig. 5a 
depicts the abovementioned steps for the evolution of the crack size in a 
flowchart. Fig. 5b shows the implementation of this process schemati-
cally. Arrows in this figure demonstrate the perpendicular movement of 
representative growth points on the semi-elliptic crack front under fa-
tigue loading using the Hartman-Schijve variant of NASGRO law. 

4. Results and discussion 

4.1. Defects characterization and damage process 

In this study, as a first step, distributions of internal defect charac-
teristics (volume, diameter, sphericity, and distance from the edge) have 
been compared at different stages of the fatigue testing. Fig. 6a-f shows 
the 3D rendering of internal pores and sum of the pores’ volume size 
distribution along the specimen axis for sample 2-XCT. Defects are not 
distributed uniformly along the sample’s height, and they are mainly 
distributed on the upper side along the build direction. Nafar Dastgerdi 
et al. [27] recently demonstrated that the build orientation and layer 
thickness influence the pores’ distribution and volume size, respectively. 
For the vertically fabricated sample, due to a faster solidification and 
relatively smaller total melt pool at the upper side, pores have concen-
trated on the upper side. The average pores density value, i.e., No. of 
pores/mm2, is 0.317 for the intact sample. It is worth mentioning that 
this value for the upper side is 0.578, and for the lower side of the 
sample, it is 0.079. In this figure, it can be seen that the pores’ volume 
varies during fatigue testing. By increasing the number of cycles up to 
72,000 cycles, the pores’ volume is increased, as it is also detectable 
qualitatively from the 3D rendering of pores in this figure. However, this 
trend is not continued to the next stage, as some of the pores with bigger 
volume sizes cannot be detected at 76,000 cycles, see an example fol-
lowed by the blue arrows in Fig. 6a-d. Fig. 6e and f again show 
increasing pore volume; however, some pores with bigger sizes disap-
pear from 87,000 cycles to 95 000 cycles. The physical justification of 
this phenomenon relates to the synergistic interaction of two defects in 
the close vicinity during fatigue loading. Some internal defects link up 
with surface defects during fatigue loading due to the material degra-
dation of the highly stressed region between close internal and surface 

defects to each other in the fatigue damage process. This interaction and 
then merging leads to a decrease in pore population, as seen in the 3D 
rendering of internal pore distribution. For example, in Fig. 6, the black 
rectangle shows the disappearance of the internal pores during fatigue 
loading compared to the corresponding red reference rectangle. 

Figs. 7a-e and f-i, respectively, depict the comparison of the sum of 
the volume of defects along the height of the sample around its axis 
between the intact sample and each fatigue loading stage and between 
the two successive fatigue loading stages. Fig. 7a shows the pores’ vol-
ume increasing around the sample axis. While this increase at some 
specific radial angle is stopped in the next stage, Fig. 7b, and in some 
cases, the sum of the pores volume decreases, as depicted with the blue 
arrows in these figures to be compared with the next step. This trend is 
repeated in the other steps as the pores’ volume increases from 76,000 
cycles to 87,000 cycles, highlighted, for example, with the green arrows, 
and then this increase is stopped at 95 000 cycles, as shown with the blue 
arrows. 

Fig. 8a shows the total volume of pores versus the number of cycles at 
different stages. It can be seen the total volume of internal pores in-
creases at the first step after 62,000 cycles. This increase continues to the 
next step at 72,000 cycles, although at a lower rate. Then, the total 
volume of internal pores decreases at 76000 cycles, and this value in-
creases at an almost similar low rate to the next step, 87,000 cycles. 
Finally, the pores’ total volume increases at 95 000 cycles at a high rate. 
These results raise an important question about the damage mechanism 
of the sample in the presence of internal and surface defects under cyclic 
loading. Another essential factor significantly affecting the fatigue per-
formance of metal AM samples is the distance of pores from the surface 
of the specimen. Thus, the variation of total pores volume versus the 
edge distance is investigated at these stages, as shown in the red rect-
angle in Fig. 8a. In these figures, zero represents the exterior surface, and 
the edge distance illustrates the radial distance from the external surface 
to the central axis of the sample. It can be seen with increasing the 
number of cycles from 62,000–87,000 cycles, that the volume of pores 
close to the edge is increased, and the possibility of interacting and 
merging the internal defect with the surface defect is enhanced. The 
extreme value probability distribution of pores’ edge distances is 
depicted in Fig. 8b to indicate the concentration of the pores close to the 
surface profiles at different stages compared to the intact state. 

Fig. 5. (a) The process of the evolution of the crack size using the proposed approach, and (b) Schematic diagram of the implementation of the crack growth model.  
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Fig. 9 shows an example of interacting and merging the pore close to 
the edge with surface defect during fatigue testing. This figure provides 
further evidence and explanation about the results presented in Fig. 6, 
showing changes in pore volumes and distributions with the increasing 
number of cycles. Fig. 10 also demonstrates the evidence of the inter-
action of the surface and internal defects under cyclic loading with some 
blunted areas connected to the surface from which fatigue cracks tend to 
initiate and then propagate, as featured in the top views of the fracture 
surface. Qian et al. [22] and Wu et al. [61,62] have also suggested a 
phenomenon of linking the internal defects with fatigue cracks initiated 
from the surface during crack. 

propagation. Surface and internal defects induce the local stress 
concentration. When the distance between the surface and internal de-
fects is very close, the interaction between the stress-concentrated areas 
close to the surface defects and pores leads to linking surface defects to 
the pores during fatigue testing. These findings confirm that the effective 
defect size must be assessed by summing the sizes of internal and surface 
defects plus the space between two defects, considering the interaction 
of defects as introduced in Eq. (1). 

The extreme value probability distribution of equivalent internal 
defects’ diameter and internal defects’ sphericity of the sample at 

different fatigue steps are depicted in Fig. 11a-b, respectively. Using the 
extreme value distribution, maximum values in a data set can be 
determined. Fig. 11a shows the equivalent pores’ diameter has increased 
during fatigue loading. Fig. 11b depicts the probability of pores with 
lower sphericity have increased under cyclic loading compared to the 
intact sample. This figure shows the probability of pores with lower 
sphericity in the lower bound of the data set varies at different fatigue 
stages. However, the probability distribution is mostly similar for higher 
sphericity. Sphericity represents the internal defects’ morphology. Low 
sphericity demonstrates irregularity in the defect shape. This finding 
indicates merging very close pores in the same vicinity into bigger ones 
with an irregular shape during fatigue testing, although with a small 
probability. These merged pores with lower sphericity probably work as 
deleterious defects, lessening the mechanical performance of the sam-
ple. It is worth mentioning the same analyses are carried out for sample 
1-XCT. Similar trends and results are found for sample 1-XCT. 

4.2. Critical equivalent defect size and damage detection 

Using the proposed characterization approach to determine ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff
√ , 

a prediction of fatigue crack initiation is performed for Sample 2-XCT in  

Fig. 6. 3D rendering of internal defects, and pores’ volume size distribution along the sample axis at different fatigue loading stages for sample 2-XCT.  
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Table 2 and Fig. 12. Table 2 demonstrates the value and location of the 
critical equivalent defects before testing, and Fig. 12 visualizes these 
locations for the intact sample and after 95 000 cycles using XCT images. 

The predicted locations for fatigue crack initiation are in good 
agreement with those detected using XCT imaging. The maximum fa-
tigue damage is observed at the predicted critical location (θ = 97o,Z =

6.047mm) with maximum equivalent defect size. Fig. 13 shows the 
damage/crack progression path at this location. This figure depicts the 
crack initiates from the surface and then propagates with a regular 
elliptical crack front. This figure also shows that the proposed post 
processing approach applied to the XCT data following the variation of 
surface profiles can precisely detect the fatigue damage/crack 

propagation quantitatively and qualitatively, as depicted in Fig. 13a-b. 
To highlight the potential of the new damage/crack detection 

approach for characterizing and 3D rendering of fatigue cracks, the 
sample’s front, surface, and top views after 95 000 cycles are shown in  
Fig. 14a-d. It is worth mentioning this figure is based on the results of the 
in-house generated code using the new proposed approach following the 
variation of surface profiles applied to the XCT imaging and not using 
the commercial software. This in-house generated code provides the 
further possibility to characterize and plausibly visualize the fatigue 
cracks leading to fracture at different locations on the surface, see 
Fig. 14b, and inside the sample, see Fig. 14d. 3D rendering and the 
sample’s front view in Fig. 14d demonstrate a comparatively flat crack 

Fig. 7. Comparison of the total volume of pores with respect to the height of the specimen around its axis, (a)-(e) between intact sample and other fatigue loading 
stages, and (f)-(i) between each two successive fatigue loading stages for sample 2-XCT. 

Fig. 8. (a) Variation of the pores total volume and pores’ edge distance distribution (b) probability of the pores edge distance at different fatigue steps for sample 
2-XCT. 
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growth path of the fatigue cracks at different locations. Being in 
agreement with the prediction, there are several locations for fatigue 
crack initiation around the specimen at different heights (see Table 2). 
The sample’s top view in Fig. 14c shows the detected fatigue cracks at 
different height intervals along the mid-length of the sample. The 
varying colors represent different height intervals with five intervals 
370 µm in length considered. It can be seen all fatigue cracks have an 
elliptic crack front, and most of the cracks, except the most critical one, 
have predominantly extended along the surface of the sample. 

This study provides novel insight into the initiation and propagation 
of fatigue cracks for as-built AM parts, considering the effects of internal 
and surface defects and their interaction. However, other investigations 
mainly machined the surface of studied samples to remove the surface 
defect and only focused on the evolution of fatigue damage due to the 
internal defects or pores [21,22]. In Ref. [22], they only performed XCT 
at two stages for the intact sample and after 300,000 cycles. This study 
for the first time provides a practical method to characterize fatigue 
crack initiation and propagation started from the surface defects at 
different stages of the fatigue testing. Based on 3D rendering of the 
cracks front from the XCT imaging, it can be observed that the crack 
formed at the most critical effective defect in θ = 97o, Z = 6.047mm is 

the dominant one, and the single crack growth model considering the 
evolution of the crack aspect ratio can be employed for fatigue life 
prediction. 

4.3. Critical defect-based crack growth 

In general, it is demonstrated that an individual defect increases the 
local stress, leading to initiating a short fatigue crack under cyclic 
loading [63]. Crack propagation transpires when the short fatigue crack 
can overcome the material barriers in front of the critical defect. Thus, 
the stress intensity factor of the short crack on the crack front should be 
analyzed to check the critical values of the crack’s front in the depth 
direction, KIa, and the crack’s edge on the surface, KIc. The normalized 
stress intensity factor ratio, KIa/KIc, is defined here for further analysis.  
Fig. 15a shows a sensitivity to the defect’s initial defect size and aspect 
ratio on the stress intensity factor of the semi-elliptical crack at the 
contour of crack’s front related to three predicted defects. One of these 
defects is the most critical, crack III, and the other two are located close 
to the most critical one, crack I and II, as schematically depicted in 
Fig. 15b. It can be observed the variation of KI along the crack front 
contour is higher for crack, with a lower aspect ratio and larger initial 

Fig. 9. The merging internal defect with the surface defect for sample 2-XCT during fatigue testing.  
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crack depth size, as the most critical effective defect. KIa/KIc values for 
different cracks before fatigue testing and after 95 000 loading cycles 
have been depicted in this figure. Crack III has the highest value, bigger 
than 1 at both stages compared to cracks I and II. However, the 
normalized ratio is decreased at the stage of 95 000 loading cycles. It can 
be seen the stress intensity factor of cracks’ edge on the surface has 
increased after 95 000 loading cycles, especially for cracks I and II. Thus, 
these cracks tend to extend further on the surface. The superposition of 
the extent of the fatigue crack after 95 000 cycles onto the fractured 
surface has been depicted with a blue-tinted area. Based on this finding, 
it is expected with increasing the loading cycles from 95 000 cycles to 
the final fracture at 104,003 cycles, crack III still extends in depth (KIa

KIc 
=

1.085) and then merges with cracks I and II on the sample’s surface. 
These results also provide a further explanation for Fig. 14c at 95 000 

loading cycles, as most of the cracks except the most critical one have 
extended along the width of the semi-ellipse on the sample’s surface. 
Thus, there is a considerable sensitivity to the defect’s initial size and 
aspect ratio on the defect-based fatigue life prediction of AM parts using 
fracture mechanics-based approaches, as also reported in Refs. [41,64]. 
Fig. 15 c shows the predicted extent of the fatigue crack using the pro-
posed critical single crack growth model applied for each crack at 
different locations. It can be observed there is a good agreement be-
tween Fig. 15c and those presented results in Fig. 15 d, which are the 
superposition of the extent of the fatigue crack after 95,000 cycles (from 
XCT) onto the fracture surface with blue tints at three different predicted 
critical locations. In addition, the surface length and depth of 
semi-elliptical XCT imaging of each crack are also demonstrated in 
Fig. 15 d. 

Fig. 10. Top and front view of the damage locations on the fractured surface of the sample 2-XCT showing the interaction of the surface and internal defects featured 
with the dashed line regions. 

Fig. 11. Comparisons of the (a) equivalent internal defects’ diameter, and (b) internal defects’ sphericity of sample 2-XCT at different fatigue steps using extreme 
value probability plots. 
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Fig. 16a-c shows the front view of the lower part of the broken 
sample 2-XCT and higher magnification images of critical sites on the 
surface of the specimen in which damage was initiated. It can be seen 
there is one main crack propagated on the surface, which means the c 
dimension increased more than the a (crack depth) for a surface semi- 
elliptic crack during the crack growth, see Fig. 4. In the higher magni-
fication of the critical site in Fig. 16b, it can be seen there is a sharp 
notch-like on the surface. The propagation of the fatigue crack is 
magnified in Fig. 16b2. The higher magnification of the other location in 
Fig. 16c depicts the example of an internal defect close to the surface. A 
crack is initiated from this defect toward the surface. Figures 16b1 and 
16c1 show the unmelted powders on the surface, which increase the 
roughness of the surface. 

As reported in Table 2, there are several potential sites for fatigue 
damage initiation, albeit the most critical one with maximum effective 
defect size value dominantly controls the fatigue damage process. This 
crack is located in the lower part of the broken sample, where some 
critical effective defects as initial cracks are predicted. The defect’s 
initial size and aspect ratio result in higher stress intensity factor at the 
cracks’ edge on the surface. 

Fig. 17a-c schematically depicts the critical defect-based fatigue 
crack growth model described in Section 3. First, using the proposed 
approach in Fig. 3, the initial short crack size has been determined. 
Then, the crack propagation life is predicted using the single crack 
model, 51,300 cycles. Fig. 17a shows how the representative growth 
points progress perpendicularly to the semi-ellipse crack front 

corresponding to the Hartman-Schijve variant of NASGRO law and the 
introduced approach in Steps 2 and 3 in Section 3. Since the crack 
initiation life cannot be determined as assumed the nucleation life to be 
zero and the short crack growth is predominant for defect-based life 
analysis [40], the fatigue crack’s growth sequence is derived backward 
in time to validate the introduced fatigue crack growth model. By 
deriving backward from 104,003 cycles, the sample’s total fatigue life, 
to the 95 000 cycles and comparing Fig. 17b and c, it can be seen the 
predicted extent of the fatigue crack using the proposed critical single 
crack growth model and the XCT imaging are in good agreement. The 
increment of 500 loading cycles is considered for the crack growth in 
these two figures to reduce the number of iterations in the computation. 
In the blue area (corresponding to the crack front at 95 000 cycles), the 
smallest arc and the yellow area is the initial crack determined by the 
proposed defect’s characterization approach, resulting in finding the 
most critical effective defect with maximum size value. By deriving 
backward from the sample’s total fatigue life (104,003 cycles) and 
deducting the predicted crack propagation life (51,300 cycles), this 
point refers to 52,703 cycles of loading, as shown in Fig. 17c. Thus, the 
crack propagation life anticipated using the model accounts for around 
49% of the total fatigue lifetime, and the initiation stage accounts for 
51% of the total life. This result is in good correlation with our findings 
from the XCT measurements for sample 2-XCT that the initiation step 
was 60% of the total life. Thus, a considerable fraction of the fatigue life 
is consumed in the initiation of small cracks, as also reported in Ref. [21] 
that for AM-processed Ti alloy, the initiation stage made up a significant 
fraction of the total life, around 70%. The results indicate that the crack 
growth behavior of the single crack initiation case is well demonstrated 
using the introduced approach. 

The proposed critical defect-based fatigue crack growth model pre-
dicts the crack’s propagation life. Thus, the sample’s total fatigue life, 
Nf ,model, can be determined by considering the initiation life of the short 
crack,Ninitiation, as 60%− 65% of the total life and summing with the 
fatigue propagation life, Np,model. It should be noted that the crack 
initiation step in the percentage of the total life is sensitive to the studied 
domain, and thus 60%− 65% of the total life is only valid in the high 
cycle domain of 106 cycles. The comparison of the predicted and 
experimental fatigue lives of the tested specimens in this work is pre-
sented in Table 3. In this table, the weight selection for Ninitiation has been 
considered based on the experimental findings from the ex-situ fatigue 
teste for each sample. It can be observed there is a good agreement 
between the predicted and experimental values. 

Table 2 
The predicted critical equivalent defect size at the specific height of the sample 
related to the deepest valleys on critical surface profiles around the sample axis 
for sample 2-XCT.  
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√
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11  5.015 115.375 
41  5.536 106.478 
87  4.614 109.584 
97  6.047 129.246 (Maximum value) 
143  5.651 111.011 
165  4.939 113.587 
217  4.393 125.408 
269  5.301 108.841 
289  4.559 120.939 
296  4.423 80.791 
327  4.544 78.250 
333  4.544 65.282  

Fig. 12. Comparison of the exemplary of predicted fatigue origins before testing and detected fatigue damage origins after 95 000 cycles for sample 2-XCT. The 
images are for locations in different radial angles and heights along the sample axis from left to right. 
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4.4. Fracture surface analysis 

To better elucidate the failure mechanism, the fracture surface of the 
tested sample 2-XCT is examined by scanning electron microscopy 
(SEM), as depicted in Fig. 18. It can be seen fatigue origins have been 
located at many locations around the sample axis at different heights, as 
predicted in Table 1 before fatigue testing. The failure mode implies the 
initiation of multiple cracks. These multiple cracks coalesce during crack 
propagation, as confirmed by ledges [65] (marked by yellow signs in 
Fig. 18) on the fracture surface, speeding up fatigue failure. When two 
cracks are located slightly off the same plane and during their growth 
start to overlap, a fracture of the bridging ligament would happen, 
leading to ridges on the fracture surfaces, as confirmed by numbers of 
ledges on the fracture surface. Thus, the fracture surfaces merging to 
create the final crack are not all placed on a single plane. Based on the 
XCT acquired data and characterization of the multiple cracks around 
the sample at different heights, as depicted in Fig. 14 after 95 000 fa-
tigue cycles, it can be observed multiple fatigue cracks propagate in 
different planes. Thus, the coalescence, as evidenced on the fractured 
surface, occurs at the final 10% of the total fatigue life, between 95 000 
and 104,003 cycles. This finding also confirms the single crack model 
with an appropriate characterization approach to detect the critical 
initial defect size as a short crack can be a practical approach for fatigue 
life prediction of metal AM parts. However, it may result in a 
non-conservative assessment since it cannot precisely consider the real 
multiple crack propagation phenomena, as a discrepancy between ex-
periments and the model prediction results is reported in Table 3. 

Recently, Qian et al. [22] presented a multiple crack growth model for 
additively manufactured AlSi10Mg alloy based on the proposed 
approach in Refs. [66,67] with the assumption that all fatigue cracks 
merging to create the final fractured surface have been placed on the 
same plane. This multiple fatigue crack growth model predicts that the 
coalescence process of multiple cracks at the fractured surface occurs 
between 50% and 60% of the total fatigue life of the samples. As 
mentioned, they only scanned the sample at two stages, before fatigue 
testing, and after 300,000 fatigue cycles. Thus, it is challenging to clarify 
the role of multiple defects in crack initiation, their coalescence, and 
progress under fatigue loading. However, this study provides further 
insight into the fatigue damage process of AM stainless steels during 
fatigue testing using XCT imaging at different stages. Further study is 
still required to propose a synergistic multiple- fatigue crack growth 
model in predicting the total fatigue life based on actual phenomena, as 
planned for future work. 

5. Conclusion 

This paper employed XCT imaging during fatigue testing to provide 
further information on the fatigue behavior of AM stainless steel 316 L 
parts. Moreover, an analytical framework has been introduced for 
defect-based fatigue life prediction of AM metals using the equivalent 
defect size parameter, ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ , and the Hartman-Schijve variant of 
NASGRO equations were utilized to consider the progression of the 
crack aspect ratio during its growth. Significant contributions of this 
study can be summarized as follows: 

Fig. 13. Fatigue damage evolution in sample 2-XCT at different fatigue loading stages for the predicted critical location (θ = 97o, Z = 6.047mm), (a) qualitatively 
detected from XCT images, (b) quantitatively detected using the damage detection algorithm based on the post-processing of the XCT data. 
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• The proposed defect and damage detection algorithm using the post- 
processing of XCT data following the variation of surface profiles 
around the sample can precisely detect fatigue crack initiation and 
follow the fatigue crack propagation at different stages during fa-
tigue testing.  

• The ex-situ XCT during the fatigue test provides novel information on 
fatigue crack formation and the interaction between surface and 

internal defects. A considerable fraction of the fatigue life is 
consumed in initiating small cracks (more than 60% of fatigue life). 
In the later stages of the fatigue life, the possibility of interacting and 
merging the internal and surface defects increases.  

• It is proven that the proposed approach can predict the fatigue crack 
origin using the equivalent defect size parameter, ̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff

√ , based on 

Fig. 14. (a) Rendered front and (b) surface view of sample 2-XCT at N = 95 000 cycles, and (c) top and (d) front view of the sample at N = 0 and N = 95 000 cycles 
using the damage detection algorithm based on the post-processing of the XCT data for detecting the surface profiles and calculating the surface roughness. 

Fig. 15. (a) Variation of the stress intensity factor at the edge contour of the semi elliptical crack for three different initial predicted cracks’ size and aspect ratio at 
(b) different locations around the sample at different heights (schematic view) for intact sample (N = 0) and after 95 000 cycles. (c) The predicted extent of the 
fatigue crack using the proposed critical single crack growth model applied for each crack at different locations after 95 000 cycles. (d) Superposition of the extent of 
the fatigue crack after 95 000 cycles (from XCT) onto the fracture surface at three different predicted critical locations (crack I (θ = 41o,Z = 5.536mm), crack II (θ =

143o, Z = 5.651mm), crack III (θ = 97o, Z = 6.047mm)). 
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