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A B S T R A C T

The fatigue strength of martensitic stainless steel 410NiMo, featuring slag-type discontinuities, was investigated 
to evaluate the accuracy of fatigue strength prediction models. This study examines the influence of volumetric 
discontinuities introduced through robotic FCAW on fatigue strength, characterized using advanced techniques. 
High-resolution CT scanning (20 µm/voxel) enabled precise 3D modelling of the welded zones, supporting finite 
element simulations of the stress field. These simulations revealed complex distributions, with singularity ex
ponents ranging from 0.27 to 0.45, lower than the typical 0.50 exponent associated with cracks. Fatigue ex
periments demonstrated that Linear Elastic Notch Mechanics (LENM), applied for the first time in this context, 
overestimated fatigue resistance by 34 %, whereas Linear Elastic Fracture Mechanics (LEFM), based on maximum 
discontinuity width, provided more accurate and conservative predictions, with an average deviation of 16 %. 
Fractographic analyses identified crack initiation sites at flux-filled micro-notches undetectable by CT resolution, 
while foreign elements from flux residues were observed, suggesting a potential embrittlement effect. These 
findings indicate that large, rounded discontinuities in welds can behave like cracks due to embedded micro
scopic cracks or notches. The study highlights the limitations of LENM for volumetric discontinuities in FCAW 
welds and establishes a framework for improving fatigue strength prediction.

1. Introduction

1.1. Context of research

Hydraulic turbines are essential for renewable energy generation. 
Their durability directly affects the maintenance costs and the capacity 
to produce green energy during peak demand periods, such as winter 
mornings. Observations indicate that turbines within Hydro-Québec’s 
network frequently surpass their initially expected service lifetime of 70 
years. Achieving an operational service lifetime of 80 years requires 
advancements in the accuracy of fatigue life predictions.

Stainless steel 13Cr-4Ni components, joined with 410NiMo, is 
commonly used in hydraulic turbine manufacturing, particularly for the 
crowns, bands and blades of Francis turbines operated by Hydro- 
Québec. Some installations are designed to accommodate large-scale 
runners, with diameters reaching up to 10 m. Welding discontinuities, 
such as slag inclusions and lack of fusion, affect the material resistance 
to fatigue and must be considered to assess the fatigue life of the turbine 
and schedule appropriate servicing intervals.

Among these welding discontinuities, spherical oxide inclusions 
containing zirconium, silicon and aluminum have been identified [1,2]. 
D’Andrea et al. [3] further analyzed defects in 410NiMo multi-pass 
welds, revealing that the defect population consists of both spherical 
and elongated discontinuities, significantly influencing fatigue strength. 
Slag inclusions are another common critical flaw associated with flux- 
cored arc welding (FCAW). They form as a residue of molten flux 
resulting from incomplete interpass cleaning. These discontinuities form 
elongated wormlike shapes, as demonstrated by Boukani et al. [4], who 
investigates 410NiMo welds through several non-destructive tests (NDT) 
on T-shaped joints in hydraulic turbine runners. Hydro-Québec does not 
systematically remove these large discontinuities that are accounted as 
crack-like defect in fatigue strength predictions. Building on these 
findings, the present study investigates the fatigue strength of 
martensitic stainless steel 410NiMo by surrogating (intentionally 
introducing) volumetric discontinuities that mimic those observed in 
industrial conditions.
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1.2. Current approaches and limitations

Hydro-Québec’s (H-Q) current approach to predict the operational 
fatigue life of hydraulic turbines containing discontinuities is based on 
linear elastic fracture mechanics (LEFM) [5,6]. After conducting non- 
destructive testing (NDT) by ultrasonic inspection, a Kitagawa- 
Takahashi diagram [7] is used to predict the fatigue strength (for a 
given life) of the 410NiMo welded material. This conservative approach 
may underestimate the material’s fatigue resistance, potentially leading 
to designs with thicker joints that could impair the hydraulic perfor
mance of the assembly. This concern is supported by the thesis of Mei
mandi [8], which shows that the fatigue life of stainless steel 13Cr-4Ni is 
significantly affected by discontinuity sizes ranging from 0.25 mm to 
1.62 mm. Consequently, Akbarian [9] investigated the fatigue strength 
of 410NiMo weld metal, developing a generalized Atzori-Lazzarin model 
[10,11] for welded fatigue specimens containing small, semi-spherical, 
artificial discontinuities. Additionally, Ghafoori-Ahangar et al. [12]
studied fatigue behavior in 410NiMo welds, demonstrating that the 
Notch Stress Intensity Factor (NSIF) approach accurately predicts the 
fatigue strength of weld roots for various weld penetration depths. 
However, these studies primarily focused on geometrical features of 
welds and notch effects in 410NiMo weld metal, without addressing the 
influence of volumetric discontinuities, such as slag inclusions, which 
are commonly found in FCAW welds.

The NSIF has been extensively studied as a tool for understanding 
fatigue strength in notch components. NSIF has been applied to strictly 
defined V- and U-shaped notch opening angles, primarily for filet welds, 
as explored by Atzori and others [13–15]. These studies have established 
a strong foundation for using NSIF to predict fatigue strength in 
simplified geometries with well-defined stress fields.

More recently, Schuscha et al. [16] expanded the application of the 
NSIF to complex geometries, analyzing the effect of artificially gener
ated shrinkage cavities on the fatigue strength of cast steel G21Mn5. 

This demonstrated the potential of NSIF to evaluate fatigue strength in 
components with irregular discontinuities. Furthermore, Consonni et al. 
[17] proposed a methodology for using surrogate slag inclusion dis
continuities created with electrode coating residues to replicate realistic 
welding discontinuities.

While these contributions advanced the field, the application of NSIF 
to welded joints containing surrogate slag-type discontinuities in ma
terials critical to hydroelectric turbine performance, such as 410NiMo, 
remains largely unexplored.

1.3. Novelty and objectives

This research addresses these gaps by combining experimental 
introduction of discontinuities, advanced characterization techniques, 
and fatigue strength prediction, bridging the divide between theoretical 
NSIF applications and real-world welded components with 
discontinuities.

The study provides novel contributions to the field by: 

• Application to 410NiMo weld metal: A material essential for hy
droelectric turbine performance yet insufficiently studied in terms of 
fatigue behavior with realistic discontinuities.

• Controlled introduction of complex discontinuities: Realistic slag 
inclusions, replicating critical flaws commonly associated with the 
FCAW process, are introduced into welded joints. These disconti
nuities are created using robotic welding, marking a pioneering 
approach for producing representative flaws under controlled and 
repeatable conditions. This enables controlled experiments that 
closely mimic real-world welding imperfections.

• Advanced characterization and modelling: Discontinuities are 
precisely characterized by CT scan, enabling highly detailed finite 
element analysis (FEA) of stress distributions.

Nomenclature

AL Atzori-Lazzarin
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
AWS American Welding Society
BSE Backscattered electron
CMM Columnar martensitic microstructure
CT Computed-assisted tomography
EDS Energy-dispersive spectroscopy
FCAW Flux-cored arc welding
FEA Finite element analysis
FGMM Fine-grained martensitic microstructure
GDOES Glow discharge optical emission spectroscopy
IIW International institute of welding
KT Kitagawa-Takahashi
LEFM Linear elastic fracture mechanics
LENM Linear elastic notch mechanics
MAPE Mean absolute percentage error
NDT Non-destructive testing
NSIF Notch stress intensity factor
PM Point method
PWHT Post-weld heat treatment
RSD Relative standard deviation
SEM Scanning electron microscope
a Discontinuity size
a0 Transition point from short to long cracks in KT diagram
a0,n Transition point from short to long notches in AL diagram
a*

n Transition point from stress distribution to peak stress zone 

in AL diagram
ef Elongation to fracture
H Specimens height
kt Stress concentration factor
N Number of load cycles
Nf Number of load cycles at failure
n Number of load steps
R Cyclic load ratio
t Specimens thickness
W Specimens width
x Distance from the notch tip
Y Geometrical factor
α Singularity exponent
β Dimensionless parameter dependent on the notch opening 

angle
ΔKth Threshold stress intensity factor range for long cracks
ΔKth,n Threshold stress intensity factor range for notches
Δσ Stress variation
Δ(Δσ) Increment in stress variation
Δσi Stress variation at load step i
Δσ0 Fatigue strength of specimens without defects
φ Notch opening angle
ρ Notch tip radius
σnominal Nominal stress
σUTS Ultimate tensile strength
σy Yield strength
σyy Local stress in Y direction
σyy(max) Maximum local stress in Y direction
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• Validation of NSIF applicability for complex discontinuities: The 
study systematically evaluates the NSIF for discontinuities with 
varied stress distributions, extending its application beyond tradi
tional notch geometries.

This research builds on prior studies but goes beyond their scope by 
addressing the unique challenges of fatigue strength evaluation in wel
ded joints with surrogate discontinuities. Unlike studies limited to 
idealized notch geometries or shrinkage cavities, this work combines 
experimentally controlled discontinuities, advanced characterization, 
and NSIF validation to deliver practical insights into real-world welded 
joint behavior. The novel integration of robotic welding to introduce 
representative discontinuities provides an unprecedented framework for 
assessing fatigue resistance in critical hydroelectric turbine components.

1.4. Paper outline

The general objective of this work is to apply the generalized Atzori- 
Lazzarin approach using the linear elastic notch mechanics (LENM) to 
larger discontinuities having a wide range of geometries. The experi
mental approach in Section 2 includes a detailed description of the 
sample manufacturing, the material characterization methods, the 3D 
discontinuity modelling using the CT scan, and the finite element 
simulation of the stress distribution around discontinuities. Section 3
presents the results, beginning with welding and material character
ization around the discontinuity, followed by finite element and 
experimental fatigue results, and further explains these findings through 
fractographic and chemical analyses. Section 4 focuses on presenting 
predictions for fatigue strength using the LENM and LEFM approaches. 
Section 5 provides a detailed discussion of these results. The conclusion 
of the analysis and the limitations of the current research are discussed 
in Section 6.

2. Material and methods

2.1. Material and specimens preparation

A 457.2 mm long plate made of S41500 steel was milled to create a 
U-groove cavity with a flat bottom. The surface was prepared by nu
merical machining. A 410NiMo filler metal was deposited using a flux- 
cored arc welding (FCAW) operation performed by a SCOMPI® weld
ing robot developed by Hydro-Québec. During the entire welding 
operation, the plate temperature was maintained between 100 ◦C and 
200 ◦C to reduce the cooling rate. The temperature range was controlled 

using thermocouples, ensuring consistent thermal conditions 
throughout welding. To facilitate the introduction of flux residue, a 
valley was intentionally formed between two weld beads as shown in 
Fig. 1. Flux residues were distributed along the weld root to obtain 
discontinuities with dimensions similar to those detected in industrial 
manufacturing conditions.

The flux residues were then covered by multiple weld beads and the 
excess material was grinded. The same process was performed on the 
other side of the plate which resulted in a fully penetrated weld of 
approximately 50 mm in width. A post-weld heat treatment (PWHT) 
was carried out at 605 ◦C for a period of 8 h and the part was cooled by 
ambient air. As demonstrated by Trudel et al. [18], PWHT at 600 ◦C for 
2 h was shown to significantly reduce residual stresses. The sketches of 
weld bead deposition are presented in Fig. S.1 of Appendix A – Sup
plementary Information, which is available in the supplementary 
section.

Table 1 shows the chemical composition of the E410NiMo electrode 
used to manufacture the specimens and the nominal standard specifi
cations of the AWS A5.22 M standard [19]. The bulk chemical analysis of 
the deposited filler metal was performed by glow discharge optical 
emission spectroscopy (GDOES) while the carbon and sulfur content 
were obtained by oxygen stream combustion-infrared absorption anal
ysis [9].

Table 2 reports the results of a chemical analysis performed by Yoon 
et al. [20] on the cross section of a E electrode (K308LT, AWS A5.22 
E308LT1-1/4, KSD 3612, Koryeo Rod, Korea) considered comparable to 
the electrode used in this study. Their analysis, performed by scanning 
electron microscopy (SEM) coupled with energy-dispersive spectroscopy 
(EDS), revealed the presence of silicon, titanium and zirconium, in the 
inner flux of the wire.

Three tensile tests were conducted by Akbarian [9] on specimens 
post-weld heat treated at 605 ◦C for 8 h. The average mechanical 
properties and standard deviation are presented in Table 3. The average 
tensile strength value is above the minimum required by AWS A5.22 M 
while the average elongation at break falls below the requirement. The 
presence of discontinuities in the weld could explain the low elongation 
value.

Following the PWHT, 15 fatigue specimens were machined in the 
transverse direction of the plate, allowing the discontinuity to pass 
through the reduced sections of the specimens. Fig. 2 shows the spec
imen cutting pattern and gives the dimensions of the fatigue specimens 
designed according to ASTM E466 specifications [21]. The blue contour 
indicates the position of a metallographic sample extracted from the 
weld extremity.

Fig. 1. Deposits of flux residues along the longitudinal axis of the welded plate: (a) Front view (b) Top view. Courtesy of Hydro-Quebec Research Institute (IREQ) 
technician René Dubois.
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The external surfaces of all fatigue specimens were polished with SiC 
papers down to 1200 grit followed by a final polishing with diamond 
suspension of 9 µm and 1 µm.

2.2. Microstructural characterization around the discontinuity

The metallographic sample underwent the same polishing procedure 
used to prepare the fatigue specimens. A Villela reagent (1 g picric acid 
+ 5 ml hydrochloric acid + 100 ml ethanol) applied for 30 s, according 
to the ASTM E407 standards [22], provided a good contrast of the 

martensitic microstructure.
One fatigue test was interrupted before failure to allow for metal

lographic observations aimed at identifying the location of the crack 
initiation site. A 9 mm sample was cut around the discontinuity in the 
reduced section and prepared as previously described. Approximately 1  
mm of material was removed in the welding direction.

2.3. 3D geometric modelling of discontinuities

The geometry of 15 specific discontinuities was scanned from 
computer-assisted tomography (CT) and exported to ABAQUS CAE 
software for modelling. Fig. 3 shows an overview of the process steps 
performed to generate 3D geometric models from CT scans. Information 
about each processing step is provided in the subsections, and the 
characterization of two fatigue specimens is given as an example.

2.3.1. CT scan characterization
The discontinuity that traverses each specimen was characterized by 

Computed Tomography (CT) scans using a Shimadzu inspeXio SMX- 
225CT FPD HR Plus. The element size of the voxelized discontinuities 

Table 1 
Measured and nominal chemical compositions (wt.%) of 410NiMo filler metal.

Classification C Mn P S Si Cr Ni Mo

ER410NiMo [9] 0.025 0.34 0.018 0.009 0.5 11.7 5.32 0.66
E410NiMo (AWS A5.22M) <0.06 <1.0 <0.04 <0.03 <1.0 11.0–12.5 4.0–5.0 0.4–0.7

Table 2 
Chemical composition (wt.%) of the flux-cored wire [20].

Element Fe Cr Si Mn Zr Ti Ni K Al

Wt.% 31.33 20.28 12.53 8.34 8.10 7.82 5.95 2.93 2.72

Table 3 
Measured and nominal mechanical properties of the weld 410NiMo.

Classification Yield stress at 
0.2 % 
(σy)[MPa]

Ultimate tensile 
strength 
(σUTS)[MPa]

Elongation to 
fracture (ef )[%]

E410NiMo – HT 
[9]

680 ± 20 825 ± 22 11 ± 2.5

E410NiMo – HT 
(AWS A5.22M)

− >760 >15

Fig. 2. Schematic of (a) The specimen cutting pattern in the weld plate and (b) The fatigue specimen dimensions, indicating the position of the elongated central 
discontinuity (all dimensions are in mm).

Fig. 3. Process flow: From CT scan post-processing in Dragonfly software to SolidWorks 3D CAD and ABAQUS CAE.
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varied from 100 μm to 20 μm, with the maximum scan resolution being 
20 μm per voxel. Dragonfly software was used to post-process the 3D 
scan data, involving segmentation, cleaning and meshing operations. 
The models of the discontinuities were imported in the SolidWorks 3D 
CAD software to smooth the global mesh surface and locally adjust the 
mesh using the ScanTo3D − Mesh Prep Wizard tool (see Fig. 4). The 
main purpose of using SolidWorks is to convert mesh-based formats 
(STL) obtained from Dragonfly software to feature-based formats 
(STEP). The conversion ensures compatibility when importing the 
volumetric model into ABAQUS CAE.

2.3.2. 3D geometric modelling of specimens
The 3D geometry of each discontinuity was incorporated into a 

prismatic volume that mimics the fatigue specimen’s geometry and di
mensions. The resulting model, shown in Fig. 5(a) and (c), was 
compared to the transverse surface of the fatigue specimens (Fig. 5(b) 
and (d)) to validate the geometry and alignment. The smearing pro
duced during the machining of the fatigue specimens was not considered 
in the 3D model.

2.3.3. Finite element model
The 3D geometric models were imported into ABAQUS CAE software 

to simulate the stress distribution around the discontinuities using finite 
element analysis (FEA). The material was modelled with elastic 
behavior characterized by a Young’s modulus of 200 GPa and a Pois
son’s ratio of 0.3. The models were meshed using 10-node tetrahedral 
elements (C3D10). A coarse mesh with a resolution of 200 µm was 
applied to the bulk of the models, while a finer mesh with a resolution as 
small as 18 µm was used around the specimen discontinuities to pre
cisely characterize the elastic stress distribution. A nominal stress 
(σnominal) of 1 MPa was applied, with a boundary condition of Uyy = 0 
(no displacement in Y direction). The finite element simulation of 
specimen No.1, presented in Fig. 6, is provided as an example.

To ensure the accuracy and reliability of the finite element (FE) 
simulations, an incremental mesh refinement method was implemented. 
This approach involved increasing the number of elements by at least 20 
% between each FE simulation, with convergence assessed by a 
maximum difference of 2 % in σyy(max) between simulations.

2.4. Fatigue tests

Fatigue testing was performed using the step-loading method first 
proposed by L. Locati in 1955 [23], and the results were analyzed using 

the simplified equation introduced by Maxwell et al. [24] to characterize 
the fatigue strength at 2E6 cycles. At each load step, if the specimen 
completed 2E6 cycles without fracture, the stress variation was incre
mented by 40 MPa. This incrementation process was repeated until 
failure occurred. One specimen (No.8) underwent a different treatment 
where the stress variation was incremented by 20 MPa.

The fatigue strength for 2E6 cycles was determined by evaluating the 
number of cycles at the failure step (Nf ), along with the incremented 
stress variation (Δ(Δσ)) and the stress variation at the step prior to 
failure (Δσ(n− 1)). It was calculated using the following equation: 

Δσ = Δσ(n− 1) + Δ(Δσ)
(

Nf

2E6

)

(1) 

Fatigue tests were carried out on a Vibrophore 200 HFP 5100 at a 
stress ratio of R = 0.1 and a frequency of 108 Hz. The first stress level (Δ 
σ1) was independently selected for each fatigue specimen based on the 
FEA. The minimum fatigue strength of a specimen was estimated by 
dividing the fatigue strength of a 410NiMo reported for a smooth 
specimen at R = 0.1 and 2E6 cycles (Δσ0 = 520 MPa [9]) by the stress 
concentration factor, kt, specific to the discontinuity in the specimen. 
The resulting value was reduced by at least 40 MPa to avoid fatigue 
failure at the first load step.

3. Results

3.1. Weld and discontinuity characterization

Fig. 7 shows the martensitic microstructure of 410NiMo filler metal 
in the weld. Fig. 7(a) is the raw image, while annotations were added in 
Fig. 7(b). The grains clearly show the weld beads contours, character
ized by alternating regions of columnar (CMM) and fine-grained 
martensitic microstructure (FGMM). The weld consists of a total of 44 
beads, with a quasi-circular cross-section of the discontinuity visible in 
the middle. The microstructure around the discontinuity is consistent, 
with regions of CMM and FGMM arranged in the direction of heat 
extraction. Weld beads preceding the introduced discontinuity are 
referred to as the weld root, whereas those following the discontinuity 
are identified as the weld covering zone.

3.2. Finite element analysis

Fig. 8 shows, for the two specimens previously described in the 
methodology, the fracture surfaces (Fig. 8(a) and (c)) and the results of 

Fig. 4. Mesh models of discontinuities in welded specimens derived from CT scans and refined in SolidWorks software of (a) Specimen No.1 and (b) Specimen No.2. 
Rough mesh (top) and smoothed mesh (bottom).
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finite element analysis (Fig. 8(b) and (d)). A comparison of the model 
with several 2a values, measured on the crack surface along the dis
continuities, confirms that the discontinuity size was modelled with a 
precision of 0.06 mm. A specific 2 a(FEA) value was defined for each 
specimen model. This discontinuity size was measured at the location 

associated with the Z position where σyy reaches its maximum, as shown 
in Fig. 8(b) and (d).

The stress distribution in the crack propagating direction (X direc
tion) was characterized for each fatigue test specimen with the objective 
of quantifying the singularity exponent. The position along the discon

Fig. 5. Comparative analysis of (a) and (c) The actual meshed specimens No.1 and No.2, and (b) and (d) The transverse surfaces of specimens No.1 and No.2 as 
observed using light microscope.

Fig. 6. Finite element stress distribution around the discontinuity of specimen No.1.
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tinuity (Z direction) where σyy is maximum was chosen to perform this 
characterization. Fig. 9 shows 2 examples of this analysis where the 
relative stress distribution (σyy(x)/σnominal) is plotted against the relative 
distance (x/a(FEA)) from the root of the discontinuity on a log–log scale.

All elastic stress distributions, characterized between 0.125 a(FEA)

and 0.5 a(FEA), follow the power law of Eq. (2) as proposed by Verreman 
et al. [25]: 

σyy(x)
σnominal

= Y
(

x
a(FEA)

)− α

(2) 

where Y is the geometrical factor characterizing the discontinuity. The 

singularity exponent (α) is the slope of the line presented in the graphs of 
Fig. 9 and the maximum value of σyy

σnominal 
is kt. Fig. 9(a) and (b) are two 

examples of the calculated stress field for specimen No.1 and No.2, 
respectively. The graphs that describe the other 12 specimens are pre
sented in Fig. S.2 of Appendix A – Supplementary Information. Wil
liams [26] demonstrated that the singularity of the stress field is a 
function of the notch opening angle (φ). In this formalism, a crack-like 
discontinuity (φ ≈ 0◦) is characterized by α = 0.50 [27] and Y = 1.00 
for a centered crack in an infinite plate.

To ease interpretation, α, Y, kt, and 2a(FEA) characterizing the stress 
distributions of each specimen are presented in yellow characters on the 

Fig. 7. Distribution of columnar and fine-grained martensitic microstructures in a metallographic sample of a multi-pass weld, PWHT at 605 ± 5 ◦C for 8 h, etched by 
Villela. (a) Raw image, (b) Annotated image.

Fig. 8. (a) and (c) Fracture planes of specimens No.1 and No.2 after completing the fatigue test. (b) and (d) Stress distribution on the kt plane of specimens No.1 
and No.2.
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fracture surfaces in Fig. 10. The singularity exponents ranged between 
0.27 and 0.45, the geometrical factor ranged between 1.04 and 1.42, 
and the stress concentration factor varied between 4.06 and 8.31, with 
one specimen having a much higher kt of 40.20. This appears to be one 
scan occurrence where the detection of a small notch was possible. 
Further metallographic provided in Section 3.5 supports this hypothe
sis. The results in Fig. 10 are presented in ascending order of α values, 
and the fracture surfaces are described in Section 3.4.

3.3. Fatigue results

The results of the 14 completed fatigue tests are presented in white 
characters on Fig. 10. The number of cycles at failure (Nf ), the number of 
steps completed up to 2E6 cycles before failure and the fatigue strengths 
calculated using Eq. (1) are reported. It should be noted that the spec
imen No. 10 failed on the first loading step. The calculated fatigue 
strength varies between 72 MPa and 171 MPa, with the lowest and 
highest values obtained for the specimens with the longest and shortest 
discontinuity, respectively.

3.4. Fractography observations

Fractography observations were performed on the 14 fracture sur
faces presented in Fig. 10. For all fatigue test specimens, the fracture 
planes are normal to the load direction and intersect the artificial 
discontinuity. Discontinuities were characterized based on their width 
(2a). This parameter was chosen over the 

̅̅̅̅̅̅̅̅̅̅
area

√
proposed by Murakami 

[28] since the discontinuities are wormholes having a length of 7.6 mm. 
As such, this distinction clearly shows that the discontinuities analyzed 
here fall outside the size range addressed by Murakami’s framework, 
which is limited to discontinuities up to 1000 μm. Furthermore, the 
fatigue strength prediction tool must be calibrated to account for the 
maximum size of each discontinuity to ensure conservative predictions, 
in accordance with the recommendations of the International Institute of 
Welding (IIW) [29] for volumetric discontinuities.

The minimum and maximum lengths of the discontinuity (-2a(min)
and 2a(max)) were measured along the X direction on the fracture planes 
using the Keyence VHX-7000 microscope. Despite the automated 
welding process, significant variations in the shape of the discontinuity 
were observed. The smallest and largest values measured across all 
specimens were 0.18 mm (specimens No.3 and No.4) and 2.94 mm 
(specimen No.5), respectively.

Failure initiated at multiple sites on each side of the artificial 
discontinuity, as seen in Fig. 10. A closer examination under SEM of the 
internal edges, from which most ratchet marks emanate, revealed the 
presence of a 25 µm thick layer having a grey shade different from the 
weld material (Fig. 11(b) and (c)). EDS performed over this layer in
dicates a higher concentration of titanium, oxygen, silicon, and zirco
nium. These findings are consistent with the chemical composition of 
the flux-cored wire detailed in Table 2, which highlights the significant 

presence of these elements in the inner flux. Bauné et al. [30] also re
ported that Ti, Si and Zr are part of the flux-cored electrode’s constitu
tive elements.

On specimens 5, 8, 9, 12, and 13, zones of darker coloration were 
also observed under optical microscopy. These zones are most likely free 
surfaces, formed by cold cracking, which would explain why they are 
covered with oxides produced during the post-weld heat treatment. An 
EDS elemental mapping performed on specimen No.5 (Fig. 12) showed a 
much higher concentration of oxygen over this area compared to the 
filler metal. Elements constituting the flux, such as Ti and Zr, are also 
present in this region.

3.5. Interrupted fatigue test

A fatigue test was interrupted as soon as a crack was visually 
detected, allowing for metallographic observations to identify the crack 
initiation site in the transverse direction. The number of cycles at 
interruption (0.95E6 cycles) was not a predetermined value. Fig. 13(a) 
shows a crack smaller than 1 mm taking its origin from a region where 
the radius of curvature of the discontinuity is smaller (sharp corner). The 
microstructure exposed by etching reveals that the crack initiation is 
located between two weld beads. Gradual material removal and subse
quent observations indicated that the crack was present through the 
thickness (along the weld direction) and initiated from the sharp corner. 
Another sharp corner is observed in Fig. 13(b), but no cracks initiated 
from it. SEM observation using a BSE detector clearly highlighted the 
initiation site (Fig. 13(c)). It is a small notch, corresponding with the 
step-like feature seen in Fig. 11(b). It measures approximately 25 µm in 
depth with a radius of about 5 µm. This feature was not captured by the 
CT scan, as indicated by the superimposed contours in Fig. 13(b). The 
stress concentration factor characterizing this small feature is much 
higher than that predicted by FEA. The microstructure in the crack 
propagation area is a fine martensite with no particularities worth 
mentioning.

4. Prediction of the fatigue resistance

The general objective of this work is to apply the generalized Atzori- 
Lazzarin approach using the LENM to predict the fatigue strength of the 
tested specimens. The LEFM and LENM equations used to anticipate the 
effect of a discontinuity, having a length a, on the fatigue strength of a 
material, Δσ, are very similar, as shown by Eqs. (3) and (4). Two aspects 
differentiate Eqs. (3) and (4). The former is based on a stress distribu
tion that evolves with a singularity exponent of 0.5, while LENM is 
generalized to any stress distribution characterized by a singularity 
exponent α. LEFM predicts that a crack will propagate to failure if the 
critical stress intensity factor range reaches the long crack threshold 
(ΔKth), while LENM predicts crack propagation based on notch-specific 
thresholds (ΔKth,n). Overall, LEFM is a specific case of LENM with α =
0.5 and ΔKth,n = ΔKth. 

Fig. 9. Normalized stress distribution at the notch tip, bounded by the localized stress concentration factor, kt . (a) Specimen No.1 and (b) Specimen No.2.
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Fig. 10. Fracture planes of the fatigue specimens annotated with corresponding FEA and fatigue test results. The multi-pass weld is oriented in the X direction: root 
on the right, covering zone on the left side of the discontinuities. The loading direction is orthogonal to the observed planes. The results are presented in ascending 
order of the singularity exponent, α.
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Fig. 11. Analyses of fracture surfaces in welded specimen No. 8: (a) Overview with light microscope, (b) High-resolution SEM image, (c) SEM detail of ratchet marks 
at the weld root and (d) EDS elemental mapping (white rectangle). The multi-pass weld is oriented in the X direction: root on the right, covering zone on the left side 
of the discontinuities.

Fig. 12. Analyses of fracture surfaces in welded specimen No.5: (a) Overview with light microscope, (b) SEM detail, and (c) EDS elemental mapping (white rect
angle). The multi-pass weld is oriented in the X direction: root on the right, covering zone on the left side of the discontinuities.
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ΔσLEFM =
ΔKth

Y
̅̅̅̅̅̅
πa

√ (3) 

ΔσLENM =
ΔKth,n

Y
̅̅̅
π

√
aα (4) 

When plotted on a graph with the logarithm of discontinuity size and 
the logarithm of the stress variation as the axes, Eqs. (3) and (4) are 
straight lines with slopes of − 0.5 and − α, respectively.

In the Atzori-Lazzarin (AL) diagram, the fatigue strength values of a 
smooth and notch specimens (Δσ0 and Δσ0/kt) represent the upper and 
lower bounds of LENM, respectively. These values define the limits 
within which LENM is applicable. The discontinuity size at the inter
section point of the LENM with the upper bound is commonly referred to 
as a0,n. This parameter is analogous to the El Haddad-Smith-Top
per parameter (a0) [31], which defines the upper bound of application 
for LEFM. The values of a0,n can be calculated by equating ΔσLENM =

Δσ0 as proposed in Equation 5. The discontinuity size at the lower 
bound of LENM is referred to as a*

n. It is obtained by equating ΔσLENM =

Δσ0 as shown in Equation 6. 

a0,n =

(
ΔKth,n

Y
̅̅̅
π

√
Δσ0

)1
α (5) 

a*
n = a0,nkt

1
α (6) 

The threshold stress intensity factor range of a notch, ΔKth,n, com
bines material properties and notch characteristics. Atzori et al. [10]
proposed the following equation to relate ΔKth,n with ΔKth and α based 
on the notch stress intensity factor (NSIF) theory: 

ΔKth,n = β(Δσ0)
(1− 2α)ΔKth

2α (7) 

where β is a dimensionless parameter. Atzori et al. [11] proposed to use 
the point method (PM) to calculate βPM using Equation 8: 

βPM =

̅̅̅
2

√

2α π((1/2)− α) (8) 

To complete the AL diagram of each specimen under study, ΔKth,n, 
was calculated by combining Eqs. (7) and (8). The α calculated by the 
FEA and a ΔKth value of 5.16 MPa 

̅̅̅̅̅
m

√
were used for the calculation. 

This latter value was experimentally measured by Patriarca et al. [32]
for the same 410NiMo welded material. Details of ΔKth,n calculation 
using information from Table S.1, including ΔKth and Δσ0 values, are 
presented in Section S2 of Appendix A – Supplementary Information.

Fig. 15 (a) and (b) show the LEFM (blue line) and LENM (black line) 
theories applied to specimens No.1 and No.2, respectively. The red point 
with the horizontal bar represents the experimental fatigue strength 
reported over the discontinuity size range measured on the fracture 
surfaces. The point is positioned at a(mean) = (a(min) +a(max))/2.

The specimens chosen for the examples given in Fig. 14 have sin
gularity exponents of 0.40 and 0.30, respectively. The graphs that 
describe the other specimens are presented in Fig. S.3 of Appendix A – 
Supplementary Information. Independently of the singularity expo
nent, the LEFM seems to better predict the fatigue strength of most 
specimens, as shown in Fig. 15.

Fig. 15 is used to correlate the fatigue strength predictions given by 
the LEFM and LENM approaches with all the experimental results. The 
Y-axis represents the predicted values, while the X-axis represents the 
experimental values. Each experimental results is presented by two data 
points, one triangle and one square. The triangle and the square corre
spond to (ΔσLENM, Δσexp) and (ΔσLEFM, Δσexp), respectively. Both the 
triangle and square data points are reported for the specific a(max) of each 
specimen. The black dashed line represents the ideal prediction model 
where predictions perfectly match the experimental results (slope of 1). 
All data reported above and below this line are overestimating and 
underestimating the experiment results, respectively.

Out of the 14 specimens, 13 had overestimated fatigue strength 
predictions when using the LENM, whereas the fatigue strength of only 
one specimen was overestimated when using the LEFM.

The Mean Absolute Percentage Error (MAPE) and the Relative 
Standard Deviation (RSD) were calculated by comparing the experi
mental data to the ideal prediction model. The MAPE characterizing the 
LEFM and LENM predictions are 16.1 % and 33.7 %, respectively. 
Therefore, the prediction accuracy (calculated as 100 – MAPE) is 83.9 % 
for LEFM and 66.3 % for LENM, with associated RSD values of 14.4 % 
and 34.0 %, reflecting the variability in the prediction errors.

Since LEFM led to the most accurate fatigue strength prediction, its 
application was further explored. The discontinuity size variation 
through the specimen thickness and the existence of multiple crack 
initiation sites triggered a question. What discontinuity size parameter 
between a(min), a(max) and a(mean) will lead to the most accurate fatigue 
strength predictions?

Fig. 16(a) and (b) present the experimental results in a KT diagram. 
In Fig. 16(a), the fatigue strength is reported over the average size of the 
discontinuities a(mean), while in Fig. 16(b), bands spanning the a(min) and 
a(max) values are presented. These comparative graphs reveal that the 
LEFM predictions provide a good estimation of the fatigue strength 
related to the average discontinuity size measured on the fracture sur
faces. Additionally, for most specimens, conservative fatigue strength 
predictions can be obtained using a(max).

Based on the ΔKth and Δσ0 parameters used in this study, the El 
Haddad-Smith-Topper parameter (a0) [31] is 0.031 mm for the 
410NiMo welded material.

5. Discussion

The primary objective of this research work was to predict the 

Fig. 13. Light microscope images of crack initiation: (a) Overview from the weld root and (b) Zoomed-in view with CT scan contour superimposed. (c) BSE image 
showing crack initiation from a small notch. The sample was etched by Villela. The multi-pass weld is oriented in the X direction: root on the right, covering zone on 
the left side of the discontinuities.
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fatigue resistance of welds containing wormlike discontinuities ranging 
from 0.18 mm to 2.94 mm. These discontinuities were successfully 
introduced by adding flux residue between weld beads. This study 
focused on 410NiMo weld metal; a material widely used in hydroelectric 
turbines but insufficiently studied in terms of fatigue behavior. The goal 
was to bridge this knowledge gap through experimental validation and 
numerical modelling to assess the impact of complex volumetric dis
continuities on fatigue strength.

The application of notch theory, calibrated with the singularity 

exponent characterizing the local stress field predicted by finite element 
simulation, was unable to improve the accuracy of the fatigue strength 
predictions under the studied conditions. Several explanations can be 
proposed.

While the surrogate discontinuities have mesoscale dimensions on 
the millimeter scale and are detectable by CT scans, microscopic het
erogeneities at the micron scale remain undetectable. The finite element 
simulations were performed using the geometry of discontinuities 
characterized by CT scans with a resolution of 20 µm/voxel. Patterson 

Fig. 14. Fatigue strength of elongated discontinuities in the 410NiMo welded material for N = 2E6 cycles and R = 0.1. Predictions from (black line) Notch theory, 
(blue line) Linear elastic fracture mechanics and (red bar) Experimental data. (a) Specimen No.1 and (b) Specimen No.2.

Fig. 15. Fatigue strength comparison using LEFM and LENM approaches using maximum discontinuity size.

Fig. 16. Results on the Kitagawa-Takahashi diagram showing (a) Mean discontinuity size, and (b) Discontinuity size variation. The red arrow indicates the applied 
stress variation that led to the fatigue failure of specimen No.10 during the first loading step.
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et al. [33] reported that detail detectability of a CT scan is typically 3 
times the voxel size. Considering that the crack-initiating discontinuity 
shown in Fig. 13(c) has a length smaller than 60 µm, this notch was not 
revealed by the CT scan and, therefore, was not accounted for in the 
numerical simulation of the stress field. This explains why the singu
larity exponent calculated by FEA is less than 0.5 for all studied speci
mens. At the tip of the micro-notch, the singularity exponent is probably 
closer to 0.5, as the angle between the notch lips approaches zero. This 
inability to capture fine-scale features may lead to inaccuracies in 
modelling the local stress field and, consequently, fatigue strength 
predictions. However, one specimen characterized by the kt of 40.20 had 
a better geometrical definition, suggesting a successful detection of the 
micro-notch.

In addition to the notch-like discontinuities, 5 out of the 14 speci
mens suffered from cracking prior to fatigue testing. The oxide present 
on a portion of the fractured surface indicates that small cracks, ranging 
from 50 µm to 700 µm in depth, existed before the post-weld heat 
treatment was performed. These cracks were not revealed by the CT 
scan.

Another notable observation from EDS analysis performed on the 
fractured surface is the high concentration of elements belonging to the 
flux. Ti, Si and Zr were highly concentrated at the crack initiation sites, 
particularly in the oxidized regions (notch surfaces and pre-crack areas). 
Even though no characterization of their embrittlement potential was 
performed, the diffusion of foreign elements into the filler material is 
often undesirable, as it has the potential to modify the material’s resis
tance to crack initiation and propagation. ASME standards [34] have 
indicated that the presence of flux residues can be extremely corrosive, 
and certain researchers have highlighted the harmful effects of these 
elements [4,35].

After studying the fractured surfaces and comparing the fatigue re
sults with analytical fatigue strength predictions performed with LENM 
and LEFM, several observations were made:

1) Welding discontinuities introduced in a controlled environment 
suggest that their impact on fatigue strength is similar to that of crack- 
like discontinuities for the following reasons: 

– Small notches, undetected by CT scan, are produced at the super
position of weld beads; these notches may have a singularity expo
nent closer to 0.5.

– Cracks, undetected by CT scan, are prone to form during welding; 
these cracks have a singularity exponent of 0.5.

2) Foreign elements belonging to flux residues were found at crack 
initiation sites. Their presence can embrittle the material.

Compared to previous studies on welded joints with standard dis
continuities by Atzori and others [13–15], this study extends the un
derstanding of volumetric complex discontinuities, demonstrating that 
notch-based fatigue strength predictions may not be directly appli
cable to such flaws. Applying the LENM proves to be unsafe for the 
durability of turbine runners, as the calculated inspection intervals may 
lead to unexpected risks. This research empirically validates that the 
discontinuities introduced in the weld are crack-like discontinuities. 
Hydro-Québec’s current approach used to predict the operational fa
tigue life of hydraulic turbines is substantiated by this research. In in
dustrial applications, slag-related discontinuities are typically not 
characterized with the level of detail necessary to fully benefit from the 
NSIF approach.

6. Conclusion

This research introduces advanced methodologies for the fatigue 
strength prediction of 410NiMo welds with surrogate discontinuities, 
characterized using high-resolution CT scans, and addresses significant 
gaps in the existing literature. The primary contributions of this study 
are as follows:

Controlled introduction of discontinuities 

• Realistic wormlike slag inclusions (0.18 mm to 2.94 mm) were 
introduced as surrogate discontinuities via robotic welding.

• These inclusions replicate flaws typically associated with the FCAW 
process.

CT-based characterization 

• A high-resolution CT scan (20 μm/voxel) was used to characterize 
discontinuities.

• This provided detailed geometric insight, enabling precise finite 
element analysis of stress distributions.

Validation of notch stress intensity factor (NSIF) for volumetric 
discontinuities 

• The applicability of NSIF for slag-type discontinuities in welded 
410NiMo components demonstrates its limitations in fatigue 
strength prediction compared to LEFM.

Fatigue strength prediction accuracy 

• The fatigue strength of the specimens at R = 0.1 and 2E6 cycles 
ranged between 72 MPa and 171 MPa.

• The stress singularity exponents ranged from 0.27 to 0.45, which is 
lower than the 0.5 exponent characterizing a crack.

7. Recommendation

Volumetric discontinuities from welding should be treated as crack- 
like discontinuities, as proposed by the ASME standards [34]. The 
Kitagawa-Takahashi diagram (based on the maximum defect width) is 
recommended for predicting the fatigue strength of elongated wormlike 
discontinuities, as it provides a prediction accuracy of 83.9 ± 14.4 % 
when accounting for the maximum discontinuity size.
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