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 A B S T R A C T

The fatigue performance of laser powder bed fusion components is critically governed by process-induced 
defects, whose distribution and morphology are strongly influenced by contouring strategies. In particular, the 
near-surface region affected by contouring exhibits a distinct defect population in terms of defect size and 
density. Several studies have shown that surface removal can expose these defects at the surface.

This study investigates the role of contour-induced defects in the fatigue behaviour of additively manu-
factured components. A contour-informed probabilistic methodology is proposed, integrating X-ray computed 
tomography for defect characterisation, a virtual machining procedure to simulate material removal, and a 
fracture mechanics framework to evaluate defect criticality through stress intensity factors. Extreme value 
statistics are employed to derive equivalent surface defect distributions representative of fatigue-controlling 
defects.

The proposed workflow shows good agreement with experimental observations for Ti6Al4V and AlSi10Mg 
specimens, accurately capturing both fatigue life and failure locations. The approach simplifies probabilistic 
modelling for components and is subsequently applied successfully to a complex engine bracket.
1. Introduction

The widespread adoption of additively manufactured (AMed) com-
ponents in critical engineering applications remains constrained by 
the difficulty of achieving reliable fatigue life predictions [1,2]. This 
is mainly because of the presence of process-induced defects, which 
significantly affect fatigue performance [1,3,4]. Unlike conventionally 
manufactured materials, AMed materials exhibit high variability in 
defect populations [5,6], including volumetric defects, such as lack-
of-fusion defects, gas pores, and keyhole defects, as well as surface 
roughness [3,7], all of which act as preferential crack-initiation sites.

For AMed components, structural fatigue assessment can be car-
ried out using different approaches. Fracture mechanics methods are 
widely employed, in which defects are treated as equivalent cracks [8–
10]. Commonly used approaches include the El-Haddad model [8,9] 
combined with Murakami’s 

√

area parameter [11,12], as well as R-
curve based methodologies [13,14] and fatigue crack growth (FCG) 
algorithms [15–17]. The inherent variability of defect populations has 
driven the development of probabilistic frameworks, including ex-
treme value statistics, weakest-link formulations, and Monte Carlo-
based simulations [18–21]. In parallel, data-driven approaches based 
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on machine learning have recently been explored to predict fatigue life 
from microstructural descriptors, defect morphology, and surface con-
dition [22–24]. However, the effectiveness of these approaches depends 
strongly on the accurate representation of defect populations, whose 
formation is governed by the local thermal history during processing, 
and influenced by variations in energy input, scan strategy, and melt 
pool stability [25–27].

In particular, contouring strategies play a key role in defining 
the near-surface defect population and its interaction with the free 
surface. To ensure a smooth surface finish and achieve dimensional 
accuracy as close as possible to the nominal geometry in net-shape 
components, contouring strategies are commonly employed in laser 
powder bed fusion (PBF-LB) processes [28–30]. These strategies typ-
ically consist of one or more laser passes along the perimeter of the 
hatched region for each layer. However, they introduce significant 
variations in melt pool behaviour and thermal history within the con-
toured volume [31]. Consequently, the mechanical and microstructural 
characteristics evolve from the contour to the hatch region in the 
as-built condition [32]. These differences include: (i) variations in 
grain refinement and microstructural morphology [30,33,34]; (ii) the 
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Nomenclature

Acronyms

AM additive manufacturing
BM block maxima
EVS extreme value statistics
FCG fatigue crack growth
FE finite element
LEVD largest extreme value distribution
NDE non-destructive evaluation
PBF-LB powder bed fusion – laser beam
POT peak-over-threshold
SEM scanning electron microscopy
SIF stress intensity factor
VM virtual machining
XCT X-ray computed tomography 
Symbols

𝑎 crack size/semi-axis of defect
𝑏 semi-axis of defect (normal to surface)
𝑐 semi-axis of defect (loading direction)
𝑑 distance from defect centroid to surface
𝑑𝑧,𝑐 average inter-defect spacing - circumferential
𝑑𝑧,𝑙 average inter-defect spacing - longitudinal
𝛿 scale parameter of the LEVD
𝛥𝜎 stress range
𝛥𝑧 minimum spacing between neighbouring defects
𝑓 fraction of internal-contour defects
𝐹 , 𝑌 shape factor
ℎ edge distance of the defect
𝐾 stress intensity factor
𝜆 location parameter of the LEVD
𝜌𝑣 volumetric defect density
𝜌𝑙,𝑐 linear defect density - circumferential
𝜌𝑙,𝑙 linear defect density - longitudinal
𝑅 stress ratio
𝜎 applied stress
𝑆0 reference area for block maxima sampling
𝑆𝑐 component surface area
𝑇 return period
√

𝑎𝑟𝑒𝑎 defect size from projected area
√

𝑎𝑟𝑒𝑎𝑒𝑞 equivalent defect size
√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓 square root of the area enclosing the defect and 
the free surface 

presence of residual stresses extending several hundred microns below 
the surface [34,35]; and (iii) the formation of a population of process-
induced defects, predominantly keyhole porosity [36], with a wide 
range of morphologies, sizes, and spatial distributions. These defects 
are characterised by higher density and larger sizes within a confined 
subsurface layer in contoured regions [34,37–39].

Post-processing operations are often required to improve fatigue 
performance [40] and ensure tight dimensional tolerances for assembly 
by reducing surface roughness and removing near-surface defects [41]. 
Among these operations, both surface treatment and material-removal 
processes play a key role in determining fatigue properties. The ben-
eficial effect of shot peening on fatigue performance has been widely 
reported [42–44], primarily because of the formation of near-surface 
2 
regions characterised by compressive residual stresses induced by lo-
calised plastic deformation. In contrast, surface material removal in-
troduces an additional critical variable: the depth of material removed. 
This depth can significantly influence fatigue behaviour by either elim-
inating detrimental defects or exposing them at the surface [45]. This 
effect is particularly relevant in the presence of near-surface defect 
populations, such as those associated with contouring strategies.

The complete removal of subsurface defects, especially those con-
centrated in the contour region, typically requires substantial material 
removal [46,47]. For complex geometries, machining is generally re-
stricted to selected critical areas because of accessibility constraints 
and manufacturing costs [48], while internal or intricate features may 
remain unprocessed. Electropolishing has demonstrated significant po-
tential in reducing surface roughness in PBF-LB alloys [49]; however, 
achieving uniform material removal across all regions remains chal-
lenging and requires further optimisation. Similarly, chemical-based 
polishing techniques [50,51] may be limited by fluid accessibility and 
transport constraints, particularly in complex or lattice structures [52]. 
As a result, certain regions may remain in the net-shape condition or 
undergo only limited material removal. Specifically, the thickness of 
the removed outer layer determines whether internal subsurface defects 
are completely eliminated or instead exposed at the surface [39,53]. 
This effect is particularly pronounced in contoured regions, where 
defects are typically larger and more densely distributed, thereby in-
creasing their role in fatigue crack initiation.

Despite extensive research on defect-based fatigue modelling, the 
role of contour-induced defects and their impact after surface material 
removal are not yet adequately captured by existing approaches. In par-
ticular, most probabilistic frameworks [54–57] rely on a uniform volu-
metric defect population and a distribution of surface features, without 
explicitly accounting for the distinct near-surface defect population 
generated by contouring or its interaction with post-processing opera-
tions such as material removal. As a result, the contribution of contour-
induced defects to fatigue failure may be inaccurately represented, 
especially in component-scale applications.

To overcome these limitations, a contour-informed X-ray computed 
tomography (XCT)-based workflow is proposed to derive a prospec-
tive equivalent defect distribution. The approach integrates XCT for 
volumetric defect characterisation [58,59] with a virtual machining 
(VM) procedure, enabling the simulation of material removal, and the 
reconstruction of the population of contour defects interacting with 
the surface. Defects are then analysed within a fracture mechanics 
framework [8–10] to determine their stress intensity factors (SIFs). 
Extreme value statistics (EVS) are subsequently employed to derive 
surface-equivalent defect distributions representative of fatigue-critical 
defects.

The methodology was developed by analysing two case studies in-
volving Ti6Al4V [38] and AlSi10Mg specimens [39], in which contour-
induced defects became critical after surface removal. The analysis 
showed that the equivalent defect distribution could be readily applied 
to fatigue life estimation in simple geometries. The method also pro-
vides a significant simplification for the analysis of a complex jet engine 
bracket manufactured with the same process of AlSi10Mg specimens.. 
The results demonstrate that the proposed workflow can accurately re-
produce experimental observations and identify the regions governing 
fatigue failure.

2. Experimental database

2.1. Ti6Al4V specimens

The first dataset analysed consisted of Ti6Al4V fatigue specimens 
obtained from a previously experimental investigation [38]. The sam-
ples were manufactured by PBF-LB using a Renishaw AM500Q system. 
The adopted scanning strategy comprised two contour scans, offset by 
50 μm from each other, with the outer contour shifted by 100 μm from 
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the nominal geometry. The contour scan was completed before bulk 
hatching in spot melting mode, resulting in a contour region affected 
by process-induced defects. After fabrication, all specimens were stress-
relieved at 650 ◦C for 2 h followed by furnace cooling to remove 
residual stresses induced by the printing process.

Fatigue tests were performed under two different surface conditions: 
(i) net-shape and (ii) Hirtisation®, an electrochemical milling process 
before testing. The Hirtisation® process removed material to an average 
radial depth of approximately 66 μm, reducing the maximum roughness 
peak height by 57% through the elimination of the deep and sharp 
valleys typical of the as-built condition, and resulting in an areal 
roughness of 𝑆𝑎 = 6.8 μm and 𝑆𝑣 = 49.1 μm. All tests were conducted 
under fully reversed loading, 𝑅=-1, using a servo-hydraulic testing 
system.

Fractographic analyses were performed by scanning electron mi-
croscopy (SEM) to identify crack initiation mechanisms. In the net-
shape condition, fatigue cracks predominantly initiated from surface 
irregularities associated with the as-built roughness. Although contour-
induced defects were present beneath the surface (Fig.  1(a) and (b)), 
they did not govern failure, as sharper surface features generated a 
higher local crack-driving force.

In contrast, the Hirtisation® specimens exhibited a different initia-
tion behaviour. In most specimens, the substantial reduction in surface 
roughness shifted crack initiation from superficial irregularities to near-
surface contour defects located in the subsurface region or exposed at 
the free surface. As shown in Fig.  1(a) and (b), these contour-induced 
defects acted as the primary crack initiation sites. This effect occurred 
because the chemically removed layer was thinner than the depth of 
the contour-induced defects.

2.2. AlSi10Mg specimens and bracket component

The second dataset comprised AlSi10Mg fatigue specimens anal-
ysed in the present study originated from an experimental campaign 
reported previously [39]. The samples were manufactured by PBF-LB 
using a custom parameter set optimised to reduce surface roughness 
through a tailored contouring strategy. Although this approach en-
hanced surface quality, it promoted the formation of contour-induced 
keyhole porosity in the near-surface region.

Specimens were printed in pairs and supported by a central column, 
which was subsequently removed by machining, with approximately 
100 μm of the surface layer removed (Fig.  1(d)), resulting in one ma-
chined side. After fabrication, stress-relief heat treatment was applied at 
200 ◦C for 2 h. In addition, shot peening with stainless-steel beads was 
performed on the external surfaces. The net-shape shot-peened surfaces 
exhibited an areal roughness of 𝑆𝑎 = 6.9 μm and 𝑆𝑣 = 41.1 μm. High-
cycle fatigue tests were conducted under constant-amplitude loading, 
with a nominal load ratio of 𝑅 = 0.1, using a servo-hydraulic testing 
system.

SEM fractography revealed that fatigue failures were primarily con-
trolled by contour-induced defects located at or in close proximity to 
the free surface on the machined side. In particular, machining ex-
posed pre-existing contour porosity, effectively converting near-surface 
defects into surface-breaking flaws that acted as the primary crack 
initiation sites (Fig.  1(c) and (d)). The limited amount of material 
removed during machining, approximately 100 μm, was insufficient 
to remove the contour-affected region. Instead of being eliminated, 
these defects were geometrically intersected by the machined sur-
face, promoting premature crack initiation. These findings indicate 
that, despite process optimisation aimed at reducing surface roughness, 
fatigue performance remained controlled by contour-induced defects 
exposed by post-processing operations that did not fully remove the 
contour-affected layer.

The same material and processing conditions were adopted for 
the bracket geometry considered in this work, which was based on 
a topology-optimised jet engine component (M. Kurniawan, GE Jet 
3 
Engine Bracket Version 1.2 [60]). The bracket was manufactured via 
PBF-LB in AlSi10Mg using analogous contouring strategies and post-
processing steps, including stress-relief heat treatment and shot peen-
ing. The lug regions were subsequently machined, while the main body 
was retained in the net-shape condition and shot peened [61].

The finite element (FE) results [62], shown in Fig.  2(a), highlight 
stress concentrations in the lug region of the component. This is con-
sistent with the experimentally observed failure location shown in 
Fig.  2(b), where crack initiation occurred in a machined area, further 
supporting the critical role of surface-exposed defects [39].

2.3. XCT

XCT was employed to characterise the defect population in the 
Ti6Al4V net-shape specimens, the AlSi10Mg specimens, and the engine 
bracket.

For the Ti6Al4V material, XCT scans were performed on six speci-
mens in the present study. High-resolution acquisitions of the central 
gauge region were conducted using a Nanotom 180NF system (GE 
Phoenix) with a voxel size of 5 μm. The main acquisition parameters 
were an acceleration voltage of 100 kV, a current of 50 μA, 1500 
projections, and an exposure time of 800 ms.

XCT datasets for the AlSi10Mg specimens and the bracket were 
taken from the studies reported in [39,63], respectively. For the bracket,
the scan was performed at a voltage of 200 kV and a current of 150 μA, 
using 1800 projections and an integration time of 4000 ms. For the 
specimens, a voltage of 150 kV and a current of 150 μA were used, 
with an integration time of 600 ms and 1500 projections.

Reconstructed volumes were analysed using the porosity/inclusion 
analysis module of VGStudio Max version 3.4.2. Defect segmentation 
was performed using the EasyPore algorithm with a relative thresh-
old of approximately 60% for Ti6Al4V and approximately 44% for 
AlSi10Mg, without applying image filtering. A minimum defect volume 
of 27 voxels was imposed to eliminate noise-related artefacts.

Several geometrical descriptors were extracted from the segmented 
volumes, including defect volume, projected area, bounding-box di-
mensions, and centroid coordinates. Given its relevance to fatigue-
critical applications, the Murakami √𝑎𝑟𝑒𝑎 parameter [11,12], evalu-
ated on the plane perpendicular to the loading direction, was adopted 
as the representative defect size.

Furthermore, each defect was approximated by an equivalent ellip-
soid with the same projected area as the actual defect. The semi-axes 
𝑎, 𝑏, and 𝑐 (𝑎 ≥ 𝑏 ≥ 𝑐) were determined as follows: 
⎧

⎪
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⎨
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(1)

where the equivalent ellipsoid preserves the projected area of the defect 
while providing a simplified geometrical representation suitable for 
subsequent analyses.

3. Analysis of contour-induced defects

3.1. Spatial distribution and classification

XCT analyses of the fatigue specimens and the bracket revealed 
significant spatial variations in defect density throughout the volume 
(Figs.  3 and 4). The colour scale represents the equivalent defect diam-
eter. For each material, the largest detected defect is shown enlarged 
in Fig.  3.

In particular, a well-defined near-surface layer characterised by 
elevated defect density was identified in the contouring region of the 



D. Perghem et al.

Fig. 1. Fatigue database: (a) Ti6Al4V specimens, showing surface-roughness-induced crack initiation in the net-shape condition and contour-induced critical 
defects in the Hirtisation® condition; (b) schematic of the Ti6Al4V specimen geometry with a chemically milled surface [38]; (c) AlSi10Mg specimens, showing 
contour-induced critical defects exposed on the machined surface and on the shot-peened net-shape surfaces; (d) schematic of the AlSi10Mg specimen geometry, 
indicating the machined surface, the shot-peened net-shape surfaces, and the failure location [39].

Fig. 2. (a) FE von Mises stress distribution of the bracket under the applied loading condition [62]. (b) Fracture surface of the component showing crack initiation 
at the lug, in a machined area [39].
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Fig. 3. XCT analysis of defect populations in Ti6Al4V (a,c) and AlSi10Mg (b,d): reconstructed volumes and defect size versus edge distance with corresponding 
relative frequency distributions.
net-shape surfaces (Fig.  3(a) and (b)), corresponding to the interface 
between the contour scans and bulk hatching.

The edge-distance analysis of the fatigue specimens shown in
Fig.  3(c) and (d) quantitatively confirms this trend. A considerable 
increase in defect frequency is observed within a confined subsurface 
layer, whereas defects in the hatch region are more uniformly and 
sparsely distributed, resulting in a significantly lower density. For the 
Ti6Al4V specimens, the contouring region exhibits a defect density of 
approximately 24.7 defects/mm3, compared with approximately 1.03 
defects/mm3 in the hatch region.

To distinguish contour-induced defects from internal volumetric 
defects, an edge-distance threshold was introduced. For Ti6Al4V, the 
contour–hatch transition depth was estimated to be approximately 
300 μm below the free surface, whereas for AlSi10Mg the correspond-
ing transition depth was set to 370 μm, consistent with the contour 
thickness measured from XCT reconstructions.

A further relevant observation concerns the defect size distribution 
reported in Fig.  3(c) and (d). For both specimens, the larger defects are 
predominantly located within the contour-dominated layer, indicating 
that this region hosts not only a higher defect density but also larger de-
fects. Defect morphology ranges from highly irregular shapes to nearly 
spherical pores, suggesting a process-related origin associated with 
the contour–hatch transition. Potential mechanisms include insufficient 
overlap between adjacent scan tracks or local variations in laser energy 
input, which may promote defect formation [64,65].

As summarised in Table  1, the longitudinal, that is, load-direction, 
and circumferential, that is, perpendicular to the load-direction, defect 
distributions are described using a set of key parameters. The linear 
density (𝜌𝑙,𝑙 and 𝜌𝑙,𝑐) represents the number of defects per unit length 
and the average inter-defect spacing (𝑑𝑧,𝑙 and 𝑑𝑧,𝑐) provides an intuitive 
measure of the mean distance between defects.

The results highlight a clear difference between the Al and Ti spec-
imens in terms of both density and spacing. The Al specimen exhibits 
a longitudinal linear defect density of 8.29 defects/mm, corresponding 
to a mean distance of 120 μm, whereas the Ti specimen shows a lower 
5 
Table 1
Defect distribution parameters for Al and Ti specimens in hatch and contour 
regions, including volumetric density and longitudinal/circumferential charac-
teristics.
 Material Region 𝜌𝑣 Longitudinal Circumferential

 (def./mm3) 𝜌𝑙,𝑙 𝑑𝑧,𝑙 𝜌𝑙,𝑐 𝑑𝑧,𝑐  
 (def./mm−1) (mm) (def./mm−1) (mm) 
 Al Hatch 0.95 – – – –  
 Contour 28.9 8.29 0.12 2.51 0.24  
 Ti Hatch 1.03 – – – –  
 Contour 24.7 1.36 0.74 0.85 1.46  

density of 1.36 defects/mm and a larger mean distance of 740 μm. 
Consistently, 𝑑𝑧,𝑙 is significantly smaller in the Al specimen, indicating 
a more closely spaced defect distribution along the loading direction, 
which may promote interaction between stress fields.

The bracket component (Fig.  4) exhibits a spatial defect distribution 
consistent with that observed in the Al fatigue specimens (Fig.  3(b) 
and (d)). The reconstructed volume reveals an heterogeneous spatial 
distribution of defects, with a pronounced concentration in regions 
corresponding to net-shape surfaces. The magnified views, regions A 
and C in Fig.  4, further highlight the preferential accumulation of larger 
defects within the contour-affected layer adjacent to the free surface. In 
contrast, the machined surfaces of the component lug, region B in Fig. 
4, were subjected to material removal exceeding 1 mm. This machining 
depth completely eliminated the contour-affected layer, resulting in the 
absence of contour-induced surface defects in these regions.

As in fatigue specimens, this spatial distribution in the net-shape 
surfaces confirms the presence of a contour-dominated subsurface re-
gion characterised by both increased defect density and larger defect 
size. In contrast, defects within the bulk hatch region appear more 
sparsely distributed and generally smaller. The consistency between 
specimen and component-scale observations indicates that the con-
touring strategy systematically generates a distinct near-surface defect 
population, independent of geometrical complexity.
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Fig. 4. XCT reconstruction of the bracket component. Magnified regions (A–C) highlight defect localisation in net-shape and machined areas.
This spatial localisation demonstrates that contour-induced defects 
constitute a distinct defect population characterised by specific spa-
tial and dimensional attributes. These findings provide the physical 
basis for the subsequent modelling strategy, in which contour-induced 
defects are treated separately from internal volumetric defects.

3.2. Effect of surface removal on SIF

In AMed components, fatigue performance is largely controlled by 
process-induced defects, which act as crack initiation sites [1,3,4]. 
Their assessment is commonly framed within fracture mechanics, based 
on the assumption that defects can be treated as equivalent cracks, 
enabling the use of crack propagation and threshold models [8–10].

Within this context, the driving-force metric of fracture mechanics, 
the Mode I SIF (𝐾), provides a quantitative descriptor of defect severity. 
Each defect is modelled as an individual crack-like feature, and its SIF is 
evaluated using analytical solutions for embedded and elliptical surface 
cracks (Fig.  5). In general, the SIF can be expressed by Eq. (2): 
𝐾 = 𝐹 ⋅ 𝜎 ⋅

√

𝜋 ⋅ 𝑎 (2)

where 𝐹  is the shape factor, 𝜎 is the applied stress, and 𝑎 is the 
crack size. Defects are idealised as equivalent ellipsoids characterised 
by semi-axes 𝑎, 𝑏, and 𝑐, as described in Section 2.3. In the adopted 
reference system, the semi-axes 𝑎 and 𝑏 lie in the plane normal to the 
loading direction, with 𝑎 parallel to the specimen surface and 𝑏 oriented 
along the surface normal.

Depending on their position relative to the free surface and their 
size, defects can be classified as internal or surface defects. Commonly 
adopted criteria classify surface defects when their distance from the 
free surface is below a given threshold, often expressed as a function of 
defect size parameters such as the semi-axis 𝑏, √𝑎𝑟𝑒𝑎, or √𝑎𝑟𝑒𝑎𝑒𝑓𝑓  [66–
68].

In this study, Murakami’s criterion [66] is adopted. The transition 
between internal and surface defects is defined in terms of the ratio be-
tween the defect semi-axis 𝑏 and the distance 𝑑 from the defect centroid 
to the free surface. Specifically, near-surface defects are classified as
internal when 𝑏∕𝑑 ≤ 0.8, and as surface defectsotherwise. A comparison 
with alternative criteria is provided in Section 4.1.

• Internal defects (𝑏∕𝑑 ≤ 0.8)
Defects satisfying this condition are treated as embedded cracks. 
If the defect is more elongated in the tangential direction with 
respect to the surface (𝑏∕𝑎 ≤ 1), the solution for an elliptical crack 
near a free surface (Fig.  5(a)) proposed by Isida and Noguchi [69] 
is adopted. In contrast, if the defect is more elongated in the radial 
direction (𝑏∕𝑎 > 1), the analytical solution for an elliptical crack 
in an infinite body (Fig.  5(b)) originally derived by Irwin [70] is 
used.
6 
• Surface defects (𝑏∕𝑑 > 0.8)
In this case, defects are treated as surface-breaking cracks, and the 
weight function method proposed by Wang and Lambert [71,72] 
is adopted for semi-elliptical surface cracks. If 𝑏∕𝑎 ≤ 1, an 
equivalent surface defect is defined with a depth equal to ℎ + 2𝑏
and a width determined by preserving the original aspect ratio of 
the defect (Fig.  5(c)). If 𝑏∕𝑎 > 1, the equivalent surface crack is 
defined with a depth equal to ℎ+2𝑏 and a width equal to 2𝑎 (Fig. 
5(d)). Here, ℎ denotes the edge distance of the defect.

Defects that directly intersect the free surface are treated as sur-
face cracks with their actual geometrical dimensions, and the weight-
function method proposed by Wang and Lambert [71,72] is adopted.

The VM procedure specifically accounts for post-processing opera-
tions involving material removal (e.g. machining for AlSi10Mg spec-
imens or chemical milling for Ti6Al4V specimens). The procedure 
numerically removes a prescribed thickness of material from the surface 
of the XCT dataset, thereby updating the defect-surface distance and 
may alter defect morphology when the removal process intersects 
pre-existing defects. As a result, initially internal-contour defects may 
assume different configurations (Fig.  6(a)):

• remain fully embedded within the material, that is, internal de-
fects;

• become partially intersected by the newly generated surface, that 
is, surface defects;

• transform into surface-breaking defects, that is, surface defects.

For each defect, the SIF is evaluated at point A, as shown in Fig. 
6(a), applying a stress of 1 MPa. When the SIF and the corresponding 
shape factor are evaluated for the net-shape condition (Fig.  6(b)), 
contour-induced defects are predominantly classified as internal. In 
this configuration, their crack-driving force remains lower than that 
associated with sharp surface irregularities, in agreement with the 
fractographic observations.

For the Ti6Al4V specimens, the VM procedure was applied by 
virtually removing a surface layer of 66 μm, corresponding to the 
material removal achieved experimentally by the Hirtisation® process 
(Fig.  6(c)). The defect morphology and the distance from the newly gen-
erated free surface were consequently updated, and the corresponding 
SIF was recalculated. The analysis reveals a significant increase in the 
shape factor for a substantial fraction of defects, consequently resulting 
in a considerable increase in the SIF, especially for initially subsurface 
contour-induced defects. Moreover, a non-negligible number of defects 
transition into the surface-defect regime.

This predicted transition is consistent with the experimental evi-
dence: material removal processes expose pre-existing contour porosity, 
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Fig. 5. Schematic representation of the defect configurations and corresponding SIF solutions adopted.
Fig. 6. Application of the VM procedure to contour-induced defects. (a) Schematic representation of the possible defect configurations after material removal. 
(b) Shape factor as a function of distance from the surface in the net-shape condition. (c) Updated shape factor distribution after VM, showing the transition of 
a fraction of defects to the surface-defect regime.
increasing the population of surface-breaking defects and thereby shift-
ing the fatigue crack initiation mechanism from superficial roughness 
features to contour-induced defects.

3.3. Surface defect distribution modelling

Because fatigue failure is controlled by the largest anomalies [73,
74], a dedicated modelling approach is required to provide a statistical 
description of contour-induced defects, in which defects are treated 
as individual crack-like features [8–10] and characterised through the 
corresponding SIF.

The workflow adopted in this study is schematically illustrated in 
Fig.  7. In the net-shape specimens, the internal contour-defect popula-
tion is characterised by XCT and subsequent porosity analysis, provid-
ing quantitative information on defect size, morphology, and spatial 
distribution.

When material removal is involved, a VM procedure is employed to 
numerically reproduce chemical or mechanical material removal, en-
abling the identification of contour defects interacting with the surface.
7 
Because fatigue failure is governed by the most critical defects, a 
block maxima (BM) approach is adopted to implement an EVS [75]. 
The analysed surface is divided into non-overlapping areas, 𝑆𝑜, and, 
for each area, the maximum SIF of the underlying layer of the contour-
induced defects is extracted and classified as originating from either a 
surface defect or an internal-contour defect. This results in two distinct 
populations of extreme SIF values.

The extreme SIF values extracted for each 𝑆𝑜 are expressed in 
terms of an equivalent defect size by adopting Murakami’s boundary 
correction factor, 𝑌 = 0.65 [12], enabling a unified surface-based rep-
resentation of fatigue-contour defects. To this end, the equivalent defect 
size, √𝑎𝑟𝑒𝑎eq, associated with a given SIF is obtained by inverting 
Eq. (2), based on the Murakami parameter [11,12], as given in Eq. (3): 

√

𝑎𝑟𝑒𝑎eq =
1
𝜋
⋅
( 𝐾
𝑌 ⋅ 𝜎

)2
(3)

The two populations of √𝑎𝑟𝑒𝑎eq, corresponding to surface and 
internal-contour defects, are independently modelled using a largest 
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Fig. 7. Overview of the integrated statistical–fracture mechanics workflow for 
modelling the layer of contour-induced defects.

extreme value distribution (LEVD), whose cumulative distribution func-
tion is given by Eq. (4): 

𝐹 (
√

𝑎𝑟𝑒𝑎eq) = exp
⎡
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(4)

where 𝜆 and 𝛿 are the location and scale parameters, respectively.
The final defect distribution is obtained by adopting a competing-

risk model [76], which accounts for the contributions of surface and 
internal-contour defects to the fatigue-critical defect population. As-
suming statistical independence between the two populations, the re-
sulting cumulative distribution function is given by Eq. (5): 
𝐹𝑡𝑜𝑡(

√

𝑎𝑟𝑒𝑎eq) = 𝐹surface(
√

𝑎𝑟𝑒𝑎eq) ⋅ 𝐹internal-contour(
√

𝑎𝑟𝑒𝑎eq) (5)

If the surface of interest has an area 𝑆𝑐 , the corresponding return period 
is defined by Eq. (6): 

𝑇 =
𝑆𝑐
𝑆𝑜

(6)

and the cumulative distribution of the largest defect within 𝑆𝑐 is given 
in Eq. (7): 
𝐹𝑆𝑐

(
√

𝑎𝑟𝑒𝑎eq) = [𝐹𝑡𝑜𝑡(
√

𝑎𝑟𝑒𝑎eq)]
𝑇 (7)

3.3.1. Modelling for Ti6Al4V specimens
Fig.  8 shows the application of the proposed statistical workflow 

to the Ti6Al4V specimens using a reference area of 5 mm2 for BM 
sampling after applying the VM procedure to reproduce the experimen-
tal Hirtisation® condition (66 μm material removal). As shown in Fig. 
8(a), the maximum SIF values extracted from each control area 𝑆𝑜, 
represented by blue squares in the Gumbel probability plot exhibit a 
curvilinear trend, indicating the presence of two distinct defect pop-
ulations. For comparison, the SIF values extracted from the net-shape 
surface without virtual material removal are also reported in Fig.  8(a) 
8 
Table 2
Comparison between the defect size distribution obtained from SEM measure-
ments [38] and the predictions derived from VM for different reference areas 
used in BM sampling.
 Data source S0 (mm2)

√

𝑎𝑟𝑒𝑎50% (μm)
√

𝑎𝑟𝑒𝑎97.5% (μm) 
 SEM – 71.9 124.8  
 VM 5 84 121.6  
 VM 10 88 131.7  
 VM 20 86.2 117.8  

represented by red circles. In this case, the data align along a straight 
line in the Gumbel probability plot, indicating that they belong to a 
single population of internal-contour defects. This observation supports 
the adoption of a competing-risk model based on the combination of 
two independent LEVDs to describe the VM data. Each population, 
namely internal-contour defects and surface defects, is independently 
described by an LEVD according to Eq. (4), and their combination 
yields the final equivalent defect size distribution representative of the 
Hirtisation® condition, as shown in Fig.  8(b).

The two populations exhibit markedly different characteristics. The 
internal-contour defect distribution shows a steeper slope, 𝛿 = 3.3 μm, 
indicating a lower statistical dispersion, whereas the surface-defect 
distribution extends towards larger equivalent defect sizes (𝛿 = 12.7 μm) 
and governs the upper tail of the distribution. The resulting combined 
distribution reflects the contribution of both populations and provides 
a physically consistent description of the fatigue-critical defects.

To enable direct comparison with experimental observations, the 
predicted distribution was extrapolated to the reference surface of the 
specimens, that is, 301.6 mm2, external surface area of the specimen 
gauge section, using Eq. (7). The comparison is shown in Fig.  8(c), 
where the combined distribution is compared with the defect size LEVD 
obtained from SEM measurements of fatigue-critical defects [38]. Good 
agreement is observed, demonstrating the capability of the proposed 
approach to predict both the slope and the values of the experimental 
distribution.

These observations are further supported by the quantitative com-
parison reported in Table  2, where the distributions derived for the 
virtual Hirtisation® condition are compared with the defect size dis-
tribution of critical defects obtained from SEM measurements. The 
predicted √𝑎𝑟𝑒𝑎50% obtained from VM, 84 to 88 μm, is approximately 
20% higher than the SEM-derived value of 71.9 μm, reflecting the 
fact that the statistical model describes the population of potential 
fatigue-controlling defects rather than the specific defect that triggered 
failure. More importantly, the upper-tail percentiles √𝑎𝑟𝑒𝑎97.5% show 
close agreement between the VM predictions, 117.8 to 131.7 μm, and 
the SEM measurements, 124.8 μm. This consistency in the extreme range 
confirms that the proposed extreme value workflow accurately cap-
tures the magnitude of the largest defects governing fatigue initiation. 
The estimated distribution parameters further show that the location 
parameter 𝜆 increases with the reference area, from 33.4 μm for the 
smallest reference area of 5 mm2 to approximately 56.8 μm for 20 mm2, 
while the scale parameter 𝛿 remains relatively stable, at 9.5–13.2 μm. 
This indicates a consistent description of the defect population across 
different sampling areas.

3.3.2. Modelling for AlSi10Mg specimens
Fig.  9 shows the implementation of the developed methodology for 

the AlSi10Mg specimens to derive defect size distributions for both the 
net-shape surfaces and the machined-side condition. The latter was ob-
tained after applying the VM procedure to reproduce the experimental 
machining condition (approximately 100 μm material removal). In Fig. 
9(a), the maximum SIF extracted for each 𝑆𝑜 = 4 mm2 is reported. The 
SIF values corresponding to the net-shape surface follow a linear trend, 
indicating that they belong to a single family of internal-contour de-
fects. In contrast, the SIF values obtained after material removal exhibit 
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Fig. 8. Statistical modelling of fatigue-critical defects for Ti6Al4V specimens. (a) Maximum SIF values extracted from each control area, under net-shape and VM 
conditions. (b) LEVDs fitted to the internal- and surface-defect populations identified after VM, together with the combined distribution. (c) Comparison between 
the predicted distribution, extrapolated to the specimen reference area, and the defect size distribution of fatigue-critical defects measured by SEM.
a curvilinear trend and significantly higher magnitudes, particularly in 
the upper tail of the distribution, corresponding to defects classified 
as surface defects. Fig.  9(b) and Table  3 report the distributions and 
the corresponding values for surface defects in the net-shape surfaces 
and for the machined side, extrapolated using Eq. (7) to the specimen 
reference area of 522 mm2, which corresponds to the region subjected 
to stresses higher than 90% of the maximum stress. These results are 
presented together with the defect size distribution derived from SEM 
observations of the machined side [39].

A significant change in the distribution is observed after machining, 
primarily reflected by the increase in the scale parameter 𝛿, which rises 
from 10.2 to 31.7 μm, as shown in Fig.  9(b). This indicates a substantial 
amplification of the upper tail of the distribution, associated with the 
increased presence of larger defects. Consistently, √𝑎𝑟𝑒𝑎50% increases 
from 151.1 μm for the net-shape condition to 224.3 μm for the machined 
side, while the upper-tail percentile, √𝑎𝑟𝑒𝑎97.5%, increases from 185.2 
to 329.3 μm. The comparison with the SEM data, 246.5 and 394.8 μm, 
respectively, shows that the VM-based prediction captures the order 
of magnitude of the defect population observed on the machined side, 
particularly in the upper tail.

These results indicate that material removal primarily amplifies 
the upper tail of the distribution by exposing larger contour-induced 
defects, thereby increasing the population of fatigue-critical surface 
defects.
9 
Table 3
Comparison between the defect size distribution obtained from SEM observa-
tions of the machined surface [39] and the predictions derived from VM for 
the net-shape and machined conditions.
 Surface S0 (mm2)

√

𝑎𝑟𝑒𝑎50% (μm)
√

𝑎𝑟𝑒𝑎97.5% (μm) 
 Machined side - SEM – 246.5 394.8  
 Net-shape 4 151.1 185.2  
 Machined side - VM 4 224.3 329.3  

The VM-based defect distributions are derived from XCT measure-
ments. Although small voxel sizes were employed, the literature indi-
cates that defect-sizing uncertainties may still arise even with small 
voxel sizes, potentially leading to deviations in the estimated critical 
defect dimensions [77]. Such measurement uncertainty may partially 
contribute to the minor shift observed in the predicted distributions.

4. Discussion

4.1. Robustness of the surface defect classification criterion

The classification of defects as internal or surface defects directly 
influences the evaluation of the SIF and, consequently, the equiva-
lent defect size distribution. In the present study, the transition is 
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Fig. 9. Statistical modelling of fatigue-critical defects for AlSi10Mg specimens. (a) Maximum SIF values extracted from each control area under net-shape and 
VM conditions. (b) Comparison of the predicted distributions for net-shape and machined surfaces, extrapolated to the specimen reference area, with the defect 
size distribution of fatigue-critical defects measured by SEM.
Fig. 10. Schematic comparison of different criteria for the classification of near-surface defects: Murakami-based criterion (𝑏∕𝑑 > 0.8), geometrical criterion based 
on ℎ <

√

𝑎𝑟𝑒𝑎 [67], and criterion based on the effective defect size ℎ <
√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓  [68].
defined according to Murakami’s criterion (Fig.  10), based on the ratio 
𝑏∕𝑑 = 0.8. Other formulations have been proposed to describe the 
transition between internal and surface defects, generally based on a 
comparison between a characteristic defect size, √𝑎𝑟𝑒𝑎 or √𝑎𝑟𝑒𝑎𝑒𝑓𝑓 , 
and its distance from the free surface ℎ. In this context, criteria such as 
ℎ <

√

𝑎𝑟𝑒𝑎 [67] and ℎ <
√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓  [68] provide alternative definitions 
for identifying surface-breaking defects (Fig.  10).

The effect of the defect classification criterion on the equivalent 
defect size distribution was assessed by considering three alternative 
definitions for the identification of surface defects: namely the Mu-
rakami criterion (𝑏∕𝑑 > 0.8), the geometrical condition ℎ <

√

𝑎𝑟𝑒𝑎, and 
the effective size-based condition ℎ <

√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓 .
For each definition, the same procedure was applied: defects were 

classified as surface or internal defects based on the selected criterion, 
SIFs were evaluated using the formulations reported in Section 3.2, 
within their range of validity, and the statistical workflow described in 
Section 3.3 was used to derive the equivalent defect size distributions.

The results in Table  4 show a marked dependence of the predicted 
distributions on the adopted definition. For the Ti6Al4V specimens, 
only the distributions obtained using a reference area, 𝑆0, of 10 mm2

are reported, and the values for both the Ti6Al4V and AlSi10Mg 
10 
specimens are extrapolated to the corresponding reference area. In 
particular, the conditions ℎ <

√

𝑎𝑟𝑒𝑎 and ℎ <
√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓  lead to 
significantly larger defect sizes, both in terms of the √𝑎𝑟𝑒𝑎50% and 
√

𝑎𝑟𝑒𝑎97.5% values, because of the increased number of defects classified 
as surface-breaking. This effect is especially evident in the upper tail of 
the distribution, which is critical for fatigue strength assessment.

By contrast, Murakami’s criterion yields smaller characteristic sizes 
and shows better agreement with the SEM observations, indicating that 
restricting the definition of surface defects to those located in close 
proximity to the free surface provides a more consistent representation 
of the fatigue-relevant defect population.

These results highlight that the choice of defect classification crite-
rion has a significant impact on SIF evaluation and on the statistical 
characterisation of defect populations, and must therefore be carefully 
selected for reliable fatigue predictions.

4.2. Influence of virtual machining depth

The material-removal depth represents a key parameter in the pro-
posed VM procedure. Depending on its value, contour-induced defects 
may remain subsurface, become exposed at the surface, or be progres-
sively removed (Fig.  6(a)). To investigate its influence, a sensitivity 
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Table 4
Comparison between SEM and VM defect size distributions.
 Source Criterion Surface 𝑆0

√

𝑎𝑟𝑒𝑎50%
√

𝑎𝑟𝑒𝑎97.5%  condition (mm2) (μm) (μm)  
 Ti6Al4V – Hirtisation®
 SEM – – – 71.9 124.8  
 XCT - VM 𝑏∕𝑑 > 0.8 – 10 88.0 131.7  
 XCT - VM ℎ <

√

𝑎𝑟𝑒𝑎 [67] – 10 202.4 325.5  
 XCT - VM ℎ <

√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓  [68] – 10 169.4 214.0  
 AlSi10Mg
 SEMa – – – 246.5 394.8  
 XCT

𝑏∕𝑑 > 0.8
Net-shape 4 151.1 185.2  

 XCT - VM Machined side 4 224.3 329.3  
 XCT

ℎ <
√

𝑎𝑟𝑒𝑎 [67] Net-shape 4 519.7 698.1  
 XCT - VM Machined side 4 396.7 550.3  
 XCT ℎ <

√

𝑎𝑟𝑒𝑎𝑒𝑓𝑓  [68] Net-shape 4 460.1 613.4  
 XCT - VM Machined side 4 352.8 492.4  
a All failures occurred on the machined side.

analysis was performed by varying the VM depth for both Ti6Al4V 
and AlSi10Mg specimens. For each removal depth, the equivalent 
surface defect distribution was recalculated using the same workflow 
adopted throughout the study. Fig.  11 shows the values of √𝑎𝑟𝑒𝑎50%
and √𝑎𝑟𝑒𝑎97.5% for different VM depths, extrapolated to the correspond-
ing specimen reference area.

For both datasets, the equivalent defect distribution is strongly 
influenced by the amount of removed material. At small removal 
depths (25-50 μm), only a limited fraction of contour-induced defects 
is exposed, and the equivalent defect population remains largely con-
trolled by subsurface defects. As the removal depth increases, the VM 
progressively intersects the region characterised by the highest relative 
frequency of contour-induced defects (Fig.  11). This region contains the 
largest statistical population of contour-induced defects available for 
the extreme value analysis. Consequently, the probability of sampling 
larger fatigue-controlling defects increases, leading to higher values of 
√

𝑎𝑟𝑒𝑎50% and √𝑎𝑟𝑒𝑎97.5%. Beyond this region, further material removal 
progressively eliminates the contour-induced defect population, reduc-
ing the number of available defects and leading to a decrease in the 
equivalent defect size distribution.

Interestingly, the experimentally applied material removal depths 
(66 μm for Ti6Al4V and 100 μm for AlSi10Mg) lie within the material-
removal ranges corresponding to the highest equivalent defect sizes 
(approximately 50-150 μm for Ti6Al4V and 100-200 μm for AlSi10Mg).

4.3. Validity of the independent defect assumption

The analyses presented so far are based on the assumption that 
defects behave as isolated cracks in the evaluation of the SIF. How-
ever, the defect distribution observed in the contouring region of 
the AlSi10Mg specimens challenges this assumption. As discussed in 
Section 3.1, the high linear defect density, 𝜌𝑙,𝑙 = 8.29 defects/mm, and 
the small average spacing, 𝑑𝑧,𝑙 ≈ 120 μm, indicate that defects are 
frequently located in close proximity, potentially leading to stress field 
interactions.

In contrast, the Ti6Al4V specimens exhibit a significantly lower 
defect density, 𝜌𝑙,𝑙 = 1.36 defects/mm, and larger spacing, 𝑑𝑧,𝑙 ≈ 740 μm, 
suggesting that defects can reasonably be considered non-interacting. 
Therefore, interaction effects are expected to be negligible for this 
material and were not investigated further.

To assess the validity of the isolated-defect assumption in the 
AlSi10Mg case, stress-field interaction effects between neighbouring 
contour-induced defects were investigated through FE analyses. Details 
of the two-dimensional (2D) FE modelling approach, in which the mesh 
was reconstructed from XCT scans, are provided in Appendix.
11 
Fig. 11. Distribution of contour-induced defects as a function of the distance 
from the surface for: (a) Ti6Al4V and (b) AlSi10Mg. Histograms show the 
relative frequency of contour-induced defects, while markers indicate the 
50th and 97.5th percentile defect sizes after VM. Ti6Al4V and AlSi10Mg 
distributions were derived using sampling areas of 10 mm2 and 4 mm2, 
respectively.

The comparison between the SIF values obtained from neighbouring-
defect models and those calculated for the corresponding isolated 
defects is shown in Fig.  12. The analysed dataset covers an overall 
length of approximately 125 mm and comprises 200 contour-induced 
defects, identified through a linear sampling procedure based on 50 
sampling windows. The diagonal line represents perfect agreement 
between the two modelling approaches, while the shaded bands in-
dicate ±10% and ±20% deviations. Fig.  12(b) additionally shows the 
corresponding relative error, evaluated according to Eq. (8): 

Relative error =
𝐾 isolated

𝐼 −𝐾neighbouring
𝐼

𝐾 isolated
𝐼

(8)

Most data points lie within the -10% deviation band, indicating that 
the neighbouring configuration generally results in a minor reduction 
in the SIF. The relative error distribution is narrowly centred around 
zero, with most values on the negative side. The mean shift of approx-
imately −6.5% quantifies this limited shielding effect associated with 
defect proximity. A limited number of defects, however, exhibit positive 
values of the relative error, indicating that neighbouring defects may 
occasionally lead to local stress amplification rather than shielding. 
Overall, the magnitude of the deviation remains small, confirming 
that defect interaction has only a minor influence on the local crack 
driving force. Closer inspection further reveals that the marginally 
more pronounced shielding effects are mainly associated with defects 
exhibiting lower SIF values, which are less critical for fatigue. For 
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Fig. 12. Mode I SIF comparison between isolated- and neighbouring-defect FE models for 200 contour-induced defects. (a) 𝐾𝐼,neighbouring versus 𝐾𝐼,isolated; the 
diagonal line denotes equality and shaded bands indicate ±10% and ±20% deviations. (b) Probability density of the relative error; negative values indicate 
shielding, positive values amplification.
defects characterised by higher SIF magnitudes, the interaction effect 
becomes negligible.

FE modelling has been widely employed to quantify local stress 
fields around defects, often using XCT-based geometries to capture 
their morphology [78]. Previous studies have shown that interaction 
effects between neighbouring defects depend strongly on their rel-
ative spacing, orientation and size: defects that are sufficiently far 
apart behave independently, whereas closely spaced defects may ex-
hibit stress field superposition, leading to shielding or amplification 
effects [78,79]. However, these analyses are often limited to idealised 
configurations or a small number of representative defects. In contrast, 
the present study evaluates interaction effects within neighbouring 
contour-induced defects directly extracted from XCT data, enabling a 
statistically meaningful assessment based on a large set of real defect 
configurations. Shielding effects have also been reported for as-built 
rough surfaces [80], where interaction between neighbouring surface 
valleys results in a reduction in the local SIF.

Overall, the results indicate that stress-field interaction effects be-
tween neighbouring contour-induced defects are limited for the inves-
tigated configurations, supporting the use of the independent-defect 
assumption as a reliable and computationally efficient approach for 
fatigue assessment. Within the proposed BM-based statistical work-
flow, only defects with the highest SIF values are retained as fatigue-
controlling defects, inherently reducing the influence of neighbouring 
defects. Therefore, neglecting shielding effects is consistent with the 
adopted methodology and leads to a conservative estimation.

5. Application of equivalent defect distribution to life predictions

This section integrates the experimental and numerical results into 
a probabilistic fatigue assessment framework. Particular attention is de-
voted to the modelling strategy adopted to account for contour-induced 
defects and to its implementation within a weakest-link reliability 
approach. The proposed methodology is first outlined in terms of 
the computational scheme and subsequently applied to Ti6Al4V and 
AlSi10Mg specimens and to the bracket component.

5.1. Computational scheme

Probabilistic fatigue assessment frameworks, such as ProFACE [18], 
DARWIN [20], and P-FAT [81], require a FE model as input to provide 
the stress state and the geometrical discretisation of the component. 
12 
The computational implementation of contour-induced defect popula-
tions represents a critical aspect of probabilistic fatigue assessment. In 
zone based probabilistic approaches [82,83], such as those adopted 
in commercial software, for example, DARWIN [20], the introduction 
of a contour layer requires explicit partitioning of the FE mesh, as 
schematically illustrated in Fig.  13(a). A dedicated sub-volume must be 
created to which a specific defect size distribution is assigned. Although 
feasible for simple geometries, this strategy becomes impractical when 
dealing with complex components.

The statistical workflow proposed in this work, described in Sec-
tion 3.3, enables an alternative implementation. By defining an equiv-
alent surface defect distribution derived from XCT characterisation, 
contour-induced defects can be treated as a surface population without 
explicitly partitioning the mesh. In the ProFACE environment [18,84], 
this allows the direct assignment of the contour-induced defect dis-
tribution to the external surface, avoiding the need for geometrical 
subdivision.

As schematically illustrated in Fig.  13(b), the component is dis-
cretised into three regions within the weakest-link framework [55]: 
(i) a surface layer affected by roughness and contouring, treated as 
surface cracks with a shape factor of 𝑌 = 0.65 and shown in red; 
(ii) an internal volume containing defects characterised by a shape 
factor of Y=0.65 and shown in green; and (iii) the internal bulk volume 
containing volumetric defects, with 𝑌 = 0.5, shown in blue. Each region 
contributes independently to the overall failure probability according 
to its associated area or volume.

This implementation significantly enhances modelling flexibility. 
In particular, it enables the probabilistic assessment of geometrically 
complex components, such as the investigated bracket, for which ex-
plicit mesh partitioning of contour zones would be difficult or even 
unfeasible.

5.1.1. Probabilistic evaluation of Ti6Al4V specimens
The probabilistic fatigue assessment of the Ti6Al4V specimens was 

performed using the ProFACE software [18,55], adopting the explicit 
FCG approach [84]. ProFACE operates as an FE post-processor, extract-
ing stress and volume/area information from the integration points of a 
prior FE analysis. The FE model provides both the geometrical discreti-
sation and the stress state required by the weakest-link formulation. 
The sub-volumes and sub-areas are used to evaluate the probability of 
occurrence of fatigue-critical defects adopting EVS and the correspond-
ing defect size distributions. The stress state is used to determine the 
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Fig. 13. Comparison between modelling strategies for contour-induced defects. (a) Conventional zone-based scheme with explicit contour-layer partitioning. (b) 
Proposed surface-equivalent statistical approach implemented in ProFACE, avoiding mesh partitioning.
size of the critical defect associated with the related stress ratio and 
required number of cycles. Failure probability is evaluated according 
to weakest-link theory by multiplying the reliability contributions of 
each sub-volume and sub-area.

In the present study, the material fatigue properties and volumetric 
defect distribution were adopted from previous investigations [38,84]. 
The only updated input parameter concerns the modelling of surface-
related defects. The FCG analysis was conducted over a representative 
propagation section of 6 mm × 6 mm, corresponding to the specimen 
gauge diameter. An average aspect ratio of 1 was assumed for surface 
anomalies [38].

Two surface-defect configurations were considered. The first was 
derived from SEM measurements of experimentally observed critical 
defects [38]. The second was obtained using the statistical workflow 
proposed in this study, based on XCT-informed contour-layer character-
isation and equivalent surface representation. The corresponding LEVD 
parameters adopted in the life predictions are reported in Table  2.

The probabilistic life predictions obtained using the reference LEVD-
based surface distribution and the statistically derived VM-based dis-
tributions are compared in Fig.  14. The reference model shows good 
agreement with the experimental S–N trend and its 95% scatter band.

When the VM-based surface distribution is adopted, the predicted S–
N curves exhibit a minor shift towards shorter fatigue lives (Fig.  14(a)). 
At higher stress levels, for example 𝛥𝜎 = 820 MPa, (Fig.  14(b)), the 
LEVD-based model closely matches the experimental data, while the 
VM implementation yields a marginally more conservative prediction. 
However, the predicted lives remain within the experimental confi-
dence band. At lower stress levels, for example 𝛥𝜎 = 580 MPa, (Fig. 
14(c)), the LEVD-based model tends to approach the lower bound of 
the experimental life range. In this regime, the VM-based approach 
maintains a similar conservative trend without increasing the deviation 
beyond the observed experimental scatter.

The predicted fatigue life shows limited sensitivity to the adopted 
reference area within BM sampling, as no significant variations are 
observed.

5.1.2. Probabilistic evaluation of AlSi10Mg specimens
The probabilistic fatigue assessment of the AlSi10Mg specimens 

was carried out using ProFACE, adopting the explicit FCG formulation. 
The crack propagation model was taken from a previously validated 
benchmark study on PBF-LB AlSi10Mg [55,85]. The residual stress 
profile implemented in the analysis corresponds to that measured by 
Rusnati et al. [39], accounting for the effects of the shot peening 
process and the machined side condition.

In the present simulation, different surface-defect populations (Ta-
ble  3) were assigned depending on the surface condition. For the 
three net-shape faces, the contour-induced defect distribution identified 
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from XCT inspections was adopted. For the machined side, the defect 
population was defined using the proposed VM approach, accounting 
for contour defects exposed at the surface by material removal. The 
volumetric defect size distribution for internal defects was obtained 
using a peak-over-threshold (POT) approach. Only defects with an edge 
distance greater than 370 μm were considered internal defects (see Fig. 
3(d)). A threshold value of 50 μm was adopted, resulting in a negative 
exponential distribution with a defect density of 0.4795 defects/mm3

and a scale parameter of 0.0153 μm.
The resulting life predictions are reported in Fig.  15. The ProFACE 

S–N curve (Fig.  15(a)) shows good agreement with the experimental 
data and remains within the 95% experimental scatter band. In addi-
tion, the normalised failure probability map (Pf norm) in Fig.  15(b) 
highlights clear localisation of the highest failure probability in the 
machined surface region.

Notably, the predicted critical region coincides with the experimen-
tally observed crack initiation site, confirming the capability of the 
proposed modelling framework to correctly identify the governing sur-
face condition. The results therefore demonstrate that the interaction 
between contour-induced defects and post-processing operations plays 
a decisive role in controlling fatigue failure in AlSi10Mg specimens, 
when a thin surface layer is removed.

5.2. Probabilistic evaluation of AlSi10Mg engine bracket component

The probabilistic fatigue assessment was extended to the engine 
bracket component to evaluate the applicability of the proposed
contour-informed workflow to a geometrically complex component. 
The analysis was performed using ProFACE with the FCG formulation, 
adopting the same FCG parameters as those used for the AlSi10Mg 
specimens.

The residual stress state was defined according to the surface con-
dition. In the net-shape regions subjected to shot peening, the resid-
ual stress profile previously adopted for the AlSi10Mg specimens was 
implemented. For the machined surfaces, the residual compressive 
stress profile reported in [85] for AlSi10Mg machined specimens was 
considered.

The defect populations assigned to the component were defined 
consistently with the specimen-scale analysis and surface conditions, as 
reported in Fig.  16(a). The volumetric defect distribution was assumed 
to be the same as that described in Section 5.1.2, obtained by applying 
a POT approach to the volumetric defects of the specimens. For the 
net-shape surfaces, the contour-induced equivalent surface defect distri-
bution identified from XCT characterisation of the net-shape specimens 
was adopted.

In the bracket lug, more than 1 mm of material was removed 
during machining, fully eliminating the contour-affected layer (Fig. 
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Fig. 14. Probabilistic fatigue life predictions for Ti6Al4V specimens. (a) S–N curves obtained using the reference LEVD-based and VM-based surface distributions, 
compared with experimental data and the 95% scatter band. (b,c) Corresponding life probability density functions at 𝛥𝜎 = 820 MPa and 𝛥𝜎 = 580 MPa.
Fig. 15. Probabilistic fatigue assessment of AlSi10Mg specimens. (a) Predicted S–N curve obtained using ProFACE explicit FCG, compared with experimental 
data and the 95% scatter band. (b) Normalised failure probability map (Pf norm) showing localisation of the critical region in the machined surface.
4). Failure occurred in this region, as shown in Fig.  2(b), and was 
associated with a lack-of-fusion defect located in close proximity to 
the machined surface. As a consequence of the machining process, no 
surface defect distribution was assigned to this region. By adopting 
the weakest-link framework implemented in ProFACE, the observed 
failure is inherently captured within the probabilistic formulation. 
ProFACE discretises the component volume, as shown in Fig.  13(b), 
accounting for the possibility that volumetric defects may be located 
near the surface. This is achieved through the definition of a surface 
volume, calculated analytically as described by Romano et al. [18]. 
Consequently, contour-induced equivalent surface defects are absent in 
these regions, and only the occurrence of internal volumetric defects 
located close to the surface is considered.

The fatigue life predictions obtained for the bracket component are 
reported in Fig.  16(b), where different defect population assumptions 
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are compared. In particular, three simulations are considered individ-
ually: (i) the contribution of contour-induced defects located on the 
net-shape surfaces; (ii) the contribution associated with the machined 
surfaces, where the highest stress levels are experienced; and (iii) the 
overall weakest-link response obtained by accounting for all potential 
failure locations. The results show that the machined surfaces govern 
the fatigue failure of the component. The failure probability density 
associated with the machined condition is shifted towards shorter 
fatigue lives and matches the experimental number of cycles to failure, 
indicating that crack initiation is predominantly controlled by the high 
stress concentration in the machined region of the lug.

The normalised failure probability map shown in Fig.  16(c) further 
supports this interpretation. The highest 𝑃𝑓 𝑛𝑜𝑟𝑚 values are observed 
in the machined region of the lug (region A in Fig.  16(c)), confirming 
it as the most critical location in agreement with the experimental 
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Fig. 16. Probabilistic fatigue assessment of the AlSi10Mg bracket component. (a) Overview of the surface conditions, including the machined interface and 
shot-peened net-shape surfaces, together with the experimentally observed failure location. (b) Predicted fatigue life distributions considering contour-induced 
defects on net-shape surfaces, machined surfaces associated with the highest stress levels, and the overall weakest-link response. (c) Normalised failure probability 
map (Pf norm) showing localisation of the critical region in the machined surfaces.
failure. At the same time, a secondary critical region (region B in 
Fig.  16(c)) can be identified, where elevated stress levels combine 
with a non-negligible equivalent surface-defect population arising from 
contour-induced defects, resulting in a significant local contribution 
to the overall failure probability. Although contour-induced defects 
located on the net-shape surfaces are associated with longer fatigue 
lives than the experimental number of cycles to failure, (Fig.  16(b)), 
they still represent potentially critical regions, as indicated by their 
contribution to the 𝑃𝑓 𝑛𝑜𝑟𝑚 map (region B in Fig.  16(c)). This high-
lights that, although machined surfaces combined with the highest 
stresses dominate fatigue failure in the present configuration, net-shape 
surfaces affected by contour-induced defects may become critical under 
different loading or geometrical conditions.

The weakest-link prediction, obtained by combining all contribu-
tions, provides an accurate description of the experimental fatigue life, 
showing very good agreement with the experimental cycles to failure. 
This confirms that the proposed probabilistic workflow is capable of 
capturing the competing contributions of different surface conditions 
and correctly identifying the critical regions that control failure.

6. Conclusions

The present study investigated the role of contour-induced defects in 
controlling the fatigue behaviour of PBF-LB components and addressed 
the limitations of conventional defect-based approaches in capturing 
their effects. To this end, a contour-informed XCT-based workflow was 
developed by combining XCT inspections, VM, and fracture mechanics 
15 
modelling. The proposed methodology enables the derivation of equiva-
lent surface defect distributions representative of fatigue-critical defects 
and their direct implementation within a weakest-link fatigue assess-
ment framework, allowing consistent application from the specimen to 
the component scale.

The following conclusions can be drawn:

• Contour-induced defects form a distinct near-surface population, 
characterised by both higher density and larger size than bulk 
defects, and become the dominant fatigue crack initiation sites 
when exposed at the free surface.

• The VM procedure showed that insufficient material removal does 
not eliminate contour-induced defects; instead, it promotes their 
transition into surface-breaking defects, significantly increasing 
their crack-driving force and contribution to fatigue failure.

• The proposed XCT-based methodology, combining VM and frac-
ture mechanics, enables the derivation of equivalent surface de-
fect distributions that accurately represent fatigue-critical defects, 
showing good agreement with SEM observations for both Ti6Al4V 
and AlSi10Mg specimens.

• The contour-informed workflow provides a practical simplifi-
cation for probabilistic fatigue assessment, as contour-induced 
defects can be modelled through an equivalent surface defect 
distribution without explicit mesh partitioning of contour layers.

• The methodology yields accurate fatigue life predictions and 
correctly identifies failure locations from the specimen to the 
component scale, demonstrating robust applicability to complex 
geometries.
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Appendix. Investigation of interaction effects in contour defects

Two modelling strategies were adopted to investigate stress-field 
interactions between defects:

• neighbouring-defect configurations, preserving the relative spa-
tial arrangement observed in the contouring region;
16 
• isolated-defect models, in which each defect was analysed indi-
vidually.

The comparison between these configurations enabled the assessment 
of interaction effects on the SIF.

The SIFs of neighbouring contour-induced defects were obtained 
from FE models directly extracted from XCT reconstructions, as
schematically illustrated in Fig.  A.17. Neighbouring-defect configura-
tions were identified by selecting defects aligned within planes with 
normals perpendicular to the loading direction and located at short 
mutual distances within the contouring region.

The extracted defects were imported into the Sketch module of 
ABAQUS/CAE to generate two-dimensional FE models. Each defect was 
approximated as an equivalent ellipse defined by its semi-axes 𝑎 and 𝑐, 
with 𝑐 aligned with the loading direction, based on dimensions obtained 
from the XCT data.

A uniform tensile traction of 1 MPa was applied to the upper edge 
of the 2D section. Simple support boundary conditions were imposed 
on the bottom and left edges to prevent rigid body motion.

At the most critical locations of each defect, two-dimensional cracks 
were introduced perpendicular to the loading direction to evaluate the 
SIF at point A, as shown in Fig.  6. The crack was modelled with a fixed 
initial depth of 5 μm ahead of the defect. This value was selected to 
accurately capture local stress concentration effects. Considering that 
voxel-level accuracy can be achieved in high-quality XCT inspections, a 
crack depth close to the voxel size represents a reasonable compromise.

The actual surface roughness was not explicitly modelled. Instead, 
the external surface was represented by an idealised mean plane, 
neglecting the geometrical complexity of as-built surface features. Con-
sequently, potential interactions between contour-induced defects and 
surface roughness, such as sharp valleys, were not considered. Previous 
studies have shown that such features may act as additional stress 
concentrators and influence fatigue crack initiation [86]. Therefore, the 
present analysis is limited to interactions between defects within the 
material.

The FE mesh consisted of quadratic plane strain elements (CPE8). A 
refined mesh was adopted in the vicinity of the defects, with further 
local refinement around the crack tip. Approximately 400 elements 
Fig. A.17. (a) Global FE models for neighbouring and isolated defects; the highlighted region indicates the area shown in detail in (b). (b) Zoomed view of the 
selected region, including crack definition and local mesh refinement.
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were used within a circular region of 3 μm diameter surrounding the 
crack tip to ensure convergence of the SIF results (see Fig.  A.17(b)). A 
static general analysis step was performed. The Mode I SIF was com-
puted using the domain integral (J-integral) method, with 30 contours 
requested to verify the stability and path independence of the solution.

Data availability

Data will be made available on request.
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