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Abstract: Fatigue analysis of aluminum-alloy welded joints based on the linear elastic notch-stress
approach is presented in this paper. The International Institute of Welding proposes two variants of
the approach, one for thick joints, i.e., joints with a plate thickness of 5 mm or more, with a reference
radius rref = 1 mm, using the FAT71 notch-stress design curve, and one for thin joints, i.e., joints
with a plate thickness of less than 5 mm, with a reference radius rref = 0.05 mm, using the FAT180
notch-stress design curve. In this work, the feasibility of the proposed S–N curves, obtained mainly
by fatigue tests on axially loaded joints, was investigated for 4 mm thick joints subjected to bending.
The fatigue analysis was performed for two types of joints: a joint with longitudinal fillet-welded
attachment and a joint with round sheet fillet-welded attachment. It was shown that a more accurate
estimation of the fatigue life of 4 mm thick aluminum joints loaded in bending can be obtained using
the FAT71 notch-stress design curve.

Keywords: fatigue strength; finite element analysis; notch-stress approach; welded components

1. Introduction

The rules and guidelines [1–6] for the fatigue design of aluminum-alloy weldments
are generally based on an S–N curve approach, where the design stress is equal to the
nominal stress range. However, this approach does not account for stress increases due
to local weld geometries or local geometry changes. Thus, all structural discontinuities
and weld geometry influences are implicitly included in the fatigue strength S–N curve.
The formal simplicity of the nominal stress range approach is subjected to the condition
that the fatigue-stressed component and the associated specimen coincide with respect
to all significant influencing parameters. This coincidence is the exception rather than
the rule. Alternatively, a design principle based on either the structural stress approach
or the notch-stress approach can be used in fatigue analysis [3–9]. Madox [10] reviews
the methods used in the relevant codes and standards for fatigue assessment of welded
aluminum-alloy structures, focusing on nominal stress and structural stress approaches.
Zamzami et al. [11] investigated the accuracy and reliability of various stress methods,
including nominal stresses, hot-spot stresses, and notch stresses, in estimating the fatigue
life of aluminum welded joints. This comparative assessment was based on a large number
of experimental data gathered from the literature, as well as from tests of various aluminum
welded structural details under cyclic axial loading or cyclic bending. The results obtained
show that the effective notch-stress method provides a more accurate estimation of fatigue
life compared to other methods. Corigliano et al. [12] presented the state of the art in
standards and approaches for predicting the fatigue life of welded joints in the marine
industry. The article reviews various approaches to provide insight into their advantages
and limitations.
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The most important parameter required for the S–N curve approach with nominal
stress, structural stress, or notch-stress range is the stress distribution near the fatigue
regions. The stress distribution near the weld toe is shown schematically in Figure 1.

Figure 1. Schematic presentation of stress distribution near the weld toe.

The notch stress, σk, is the stress in the component considering the stress-increasing
effects of structural geometry and weld geometry, and assuming linear elastic material
behavior. The stress increase can be represented by the notch-stress concentration factor
Kt, which is calculated as the ratio of notch stress to nominal stress. To calculate the notch-
stress concentration factor, the International Institute of Welding (IIW) recommendations
prescribe either a direct analysis of the weld geometry, based on finite element or boundary
element methods, or the use of parametric formulae [2]. Parametric formulae have been
published for standard welded joints such as butt joints, T-joints, and cruciform joints
(load-carrying and non-load-carrying) [13–17]. In finite element analysis of aluminum-alloy
welded joints, notch stress is determined by modelling the sharp notches of the actual weld
contour with reference radii of rref = 1 mm (thicknesses t ≥ 5 mm) or rref = 0.05 mm (thick-
nesses t < 5 mm), as a function of plate thickness [18–22]. In this way, stress singularities at
the notch root are avoided. According to Baumgartner et al. [23], there are three reference
radii for weld toe failure, rref = 1 mm (t ≥ 5 mm), rref = 0.3 mm (1.5 mm ≤ t ≤ 10 mm), or
rref = 0.05 mm (t < 5 mm), which should be selected as a function of the plate thickness.

According to Sonsino [24], the equivalent local stresses can be determined either
by the principal stress hypothesis or by the von Mises hypothesis, so an appropriate
design curve must be selected. For the fatigue assessment of welded aluminum-alloy
structures, the IIW design recommendations suggest the use of two notch-stress design
curves: FAT71 and FAT180, for thick and thin welded joints [18]. These FAT classes are
based on the maximum principal stress occurring in the notch itself. Baumgartner et al. [23]
have recommended FAT71 and FAT160 for weld toe failures with a notch opening angle
between 90◦ and 150◦, depending on the reference radius used for modelling (rref = 1 mm or
rref = 0.05 mm). Design S–N curves are applied to all aluminum alloys, regardless of their
different mechanical properties [2]. FAT classes represent characteristic fatigue strength
values, defined in terms of stress ranges, corresponding to a certain survival probability.
The fatigue strength value refers to the as-welded condition, including the effect of high-
tensile residual stresses. FAT classes can be applied to complex welded structures where
the fabrication process or assembly constraints may result in high residual stresses in the
region susceptible to fatigue crack initiation and propagation.

Various methods for relieving residual stresses in welds can be found in the literature.
These methods can be divided into those performed before welding, during the welding
process itself, or after welding. Post-weld improvement methods have the potential to
increase fatigue strength, mainly by improving the weld profile, residual stress conditions
or environmental conditions of the welded joint [2]. Several methods are available to
improve the residual stress states after the welding process, such as hammer peening,
needle peening, shot peening, brush peening, ultrasonic treatment, overstressing (proof
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testing), and stress relief. Recent studies have also described additional methods [25–28]
for improving residual stress conditions.

Special attention is required for structures that are stress-relieved or known to have
low residual stresses. Depending on the load mean stress, which is indicated by the stress
ratio R, the applied fatigue loads can be increased by applying a bonus factor to the fatigue
strength of the joint in the as-welded condition [29]:

• 1.6, for R ≤ −1 or when the applied load is entirely compressive,
• 1.2 – 0.4 · R, for −1 ≤ R ≤ 0.5.

For small or thin-walled components without assembly constraints, the applied fatigue
loads can be increased by a factor of:

• 1.3, for R ≤ −1 or when the applied load is entirely compressive,
• 0.9 – 0.4 · R, for −1 ≤ R ≤ 0.5.

In the construction of small and medium-sized ships made of aluminum alloys, plates
with a thickness of up to 5 mm are often used for both the hull and the structural ele-
ments [30]. To optimize material consumption, it is desirable to calculate all parts of the
ship’s structure as accurately as possible. Because the distribution of buoyancy along the
length of the ship is different from the distribution of weights, and because of differences
in water pressure on either side of the ship, certain sections of the ship are loaded primarily
for bending. The design curves FAT71 and FAT180 have been determined largely on the
basis of fatigue tests on axially loaded welded joints. Pedersen et al. [31] found that steel
T-joint specimens tested for bending show better results than suggested by the FAT225
design curve (rref = 1 mm). This deviation is explained by the positive effect of the steep
stress gradient and the small-to-non-existent negative effect of misalignment, in the case of
bending loads. The exact value of the deviation is not given.

In this paper, the applicability of the proposed S–N curves is investigated for joints
made of 4 mm thick plates subjected to bending. The results of fatigue tests on components
with a longitudinal fillet-welded attachment (60 components) and components with round
sheet fillet-welded attachment (50 components) subjected to bending were evaluated using
a notch-stress approach with reference radii of 1 mm and 0.05 mm. The fatigue analysis
results are compared with corresponding design S–N curves.

2. Materials and Methods
2.1. Experimental Procedure

Tensile residual stresses resulting from welding and other manufacturing processes
reduce fatigue strength. The FAT design curve takes into account the high-tensile residual
stresses in the welded components and refers to the as-welded condition [2]. When
considering S–N data, it is important to account for the fact that residual stresses are usually
low for small-scale specimens. Therefore, results should be adjusted to reflect the larger
effects of residual stresses in real components and structures. This can be achieved by
performing fatigue tests at high stress ratios, such as R = 0.5, or by testing at R = 0 and
reducing the fatigue strength at 2 million cycles (FAT) by 20% [2]. In order to compare
the results of the fatigue tests with the corresponding design curves, the fatigue tests
in this study were performed with a stress ratio (min/max) of 0.5. The bending tests
were performed on a mechanically driven bending testing machine (Figure 2) at two
load intensities with constant amplitude. Components with a longitudinal fillet-welded
attachment were loaded with nominal stress ranges of 60 MPa and 45 MPa and components
with round sheet fillet-welded attachment with nominal stress ranges of 70 MPa and
45 MPa. For the derivation of S–N curves, the stress ranges were preferably chosen so that
the fatigue life of the specimens was in the range of 5 × 104 to 106 [2]. The stress intensities
were chosen taking into account the fact that the structural stresses at the weld toe were in
the range of material elasticity behavior.

The components with the longitudinal fillet-welded attachment and the components
with the round sheet fillet-welded attachment were made of a 4 mm thick aluminum-alloy
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plate (AlMg4.5Mn or AlMg2.5Mn). The longitudinal direction of the components coincides
with the rolling direction of the plates. The size of the fillet weld, the welding procedure
and the welding parameters comply with the standard recommendations [32–34]. Angular
misalignments of the welded components were not observed. A dimensional inspection of
the weld, a visual inspection, and an ultrasonic inspection of the weld seam were performed.
In addition, the size of a weld profile was measured by taking images of the weld in a
direction perpendicular to the longitudinal plane of symmetry of the component. The
notch opening angle with minimum deviations between the components was 135◦. Only
components with a weld profile meeting the technical specifications and without weld seam
irregularities, i.e., with satisfactory quality, were selected for fatigue testing. The changes in
the mechanical properties of the parent metal in the weld zone and the heat-affected zone
caused by the welding process were not investigated. However, this influence on the fatigue
resistance of the components is included in the S–N curve. The tapered specimen shape was
chosen to achieve a uniform change in nominal stress along the specimen. The materials
of the components, the welding procedure, and the welding parameters are presented in
Table 1. The geometries of the components are shown in Figure 3. The fractures occurred in
the parent metal, i.e., in the heat-affected zone, where the highest local stresses prevailed
due to the geometry of the components. Visual inspection of the fracture surfaces of the
components revealed that in all cases, the fractures were initiated at the weld toe by the
formation of an initial crack that propagated through the thickness of the plate to the final
fracture. It should be noted, however, that a detailed analysis of the fracture mechanism
was not performed as this is beyond the scope of this article.

Figure 2. The fatigue testing machine.

Table 1. Description of the materials of the components, the welding procedure and the welding
parameters (Young’s modulus 72,000 MPa, Poisson’s ratio 0.33).

Component
(Number of Components) Parent Metal Filler Metal Welding

Procedure
Welding

Current, [A]
Welding

Voltage, [V]

Longitudinal attachment
(60)

AlMg4.5Mn-O
(5083-O) AlMg5 TIG 140 22

AlMg2.5-H32
(5052-H32) AlMg3 TIG 140 22

Round sheet attachment
(50)

AlMg4.5Mn-O
(5083-O) AlMg5 TIG 140 22

AlMg2.5-H32
(5052-H32) AlMg3 TIG 140 22
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The locations marked 1 and 2, where the fatigue fractures occurred, are shown in
Figure 4.

Figure 3. Test component with longitudinal fillet-welded attachment (a), and component with round
sheet fillet-welded attachment (b), [35].

Figure 4. Fatigue fracture locations (marked 1 and 2) on the component with longitudinal fillet-
welded attachment and on the component with round sheet fillet- welded attachment..
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2.2. Stress Calculation

Different types of stress calculations have been performed to evaluate the nominal
stresses and the notch stresses developed at the weld toe. The nominal stresses are estimated
implementing the elastic beam theory term:

σn = F·x/W(x), (1)

where F is the applied loading force, x is the distance between the fatigue fracture location
and the loading point, and W(x) is the elastic section modulus at the fracture location. The
results of the nominal stresses obtained using this expression and finite element analysis
do not differ from each other at locations far enough from the load application location and
stress concentration points.

Notch stresses at the weld toe were evaluated using the finite element method. Three-
dimensional finite element models for both types of components were developed in ANSYS
17.0. Ten-node tetrahedral solid structural elements with quadratic displacement inter-
polation functions (SOLID187) were used for the models (elastic modulus of 72,000 MPa
and Poisson’s ratio of 0.33). A force was applied to the upper vertical bounding surface
of the model, while the boundary conditions of the model part placed in the lower grips
constrained the displacement and all three rotations along the model edges, Figure 5.

Figure 5. The applied loading-force location.

The notch-stress concentration factor Kt was evaluated by the 3D finite element model
of the component for the two reference radii at the weld toe, 1 mm and 0.05 mm:

Kt = σk/σn, (2)

where σk denotes the notch stress (value of the maximum principal stress at the weld toe)
and σn is the nominal stress value.

According to the IIW recommendations, the finite element mesh had to be progres-
sively refined toward the notch region. The relative size of the elements with respect to
the reference radius should be smaller than rref/4. Recent research on the determination
of stress concentration in notches [36] also came to the same conclusion regarding the
size of the elements in the notch area. In addition, it was found that more accurate stress
results can be obtained by determining nodal stresses than element stresses. In the present
study, both components were modeled with finite element sizes of rref/5 and rref/10 in the
notch region. This approach was used for both reference radii, namely rref = 1 mm and
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rref = 0.05 mm. Models with locally refined meshes in the rounded weld toe region gave the
same results for both components, regardless of whether the size of the finite elements was
rref/10 or rref/5. To ensure the accuracy of the determined notch stresses, a convergence
test of the mesh was also performed. The results of the convergence test of the mesh in the
notch region did not differ from those obtained with models, having finite element sizes of
rref/5 and rref/10.

The details of the 3D finite element models with rounded welds are shown in Figure 6.

Figure 6. Three-dimensional finite element models in detail: (a) component with longitudinal
fillet-welded attachment (rref = 1 mm, finite element size rref/10), (b) component with round sheet
fillet-welded attachment (rref = 1 mm, finite element size rref/5), (c) component with longitudinal
fillet-welded attachment (rref = 0.05 mm, finite element size rref/5) and (d) component with round
sheet fillet-welded attachment (rref = 0.05 mm, finite element size rref/5).

3. Results
3.1. Stress Calculation Results

The maximum principal stress distributions for both welded components are shown in
Figure 7. The components with a longitudinal fillet-welded attachment and the components
with round sheet fillet-welded attachment are loaded with a vertical force (F = 50 N and
F = 46 N, respectively) causing a displacement of the top edge of the model by 1 mm.

The results of the finite element analysis were compared with the results of strain
gauge measurements. The distribution of the maximum principal stress along the plane
of symmetry of the components, as a function of the distance from the weld toe (fatigue
fracture location 2) for the cases rref = 1 mm are shown in Figure 8. A similar distribution
along the component is obtained when the weld toe is modelled with rref = 0.05 mm.
However, the notch stress increases from 81.78 MPa to 213.68 MPa for the component
with the longitudinal fillet-welded attachment and from 66.83 MPa to 178.54 MPa for the
component with round sheet fillet-welded attachment.
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Figure 7. Maximum principal stress distribution: (a) component with longitudinal fillet welded
attachment, rref = 1 mm (F = 50 N), (b) component with round sheet fillet-welded attachment,
rref = 1 mm (F = 46 N), (c) component with longitudinal fillet-welded attachment, rref = 0.05 mm
(F = 50 N) and (d) component with round sheet fillet-welded attachment, rref = 0.05 mm (F = 46 N).

Figure 8. Distribution of the maximum principal stress along the component symmetry plane (fatigue
fracture location 2): (a) component with longitudinal fillet-welded attachment and (b) component
with round sheet fillet-welded attachment.

The nominal stress σn and the notch-stress value σk at the fatigue fracture location,
for the component with the longitudinal fillet-welded attachment and a round sheet fillet-
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welded attachment, are given in Table 2 and the notch-stress concentration factors Kt in
Table 3.

Table 2. Nominal stress σn and notch-stress values σk (FL1–fatigue fracture location 1, FL2–fatigue
fracture location 2).

Component
Nominal Stress

[MPa]
Notch Stress

(rref = 1 mm) [MPa]
Notch Stress

(rref = 0.05 mm) [MPa]

FL 1 FL 2 FL 1 FL 2 FL 1 FL 2

Longitudinal
attachment 20.12 32.34 59.22 81.78 156.23 213.68

Round sheet
attachment 20.24 28.49 53.67 66.83 144.37 178.54

Table 3. The notch-stress concentration factors, Kt (FL1–fatigue fracture location 1, FL2–fatigue
fracture location 2).

Component
Notch-Stress Concentration Factor

(rref = 1 mm)
Notch-Stress Concentration Factor

(rref = 0.05 mm)

FL 1 FL 2 FL 1 FL 2

Longitudinal
attachment 2.94 2.53 7.76 6.61

Round sheet
attachment 2.65 2.35 7.13 6.27

3.2. Fatigue Testing Results

A total of 60 components with longitudinal fillet-welded attachment (31 components
made of AlMg4.5Mn and 29 components made of AlMg2.5) and 50 components with round
sheet fillet-welded attachment (27 components made of AlMg4.5Mn and 23 components
made of AlMg2.5) were tested on a mechanically driven bending testing machine. The
results of the fatigue tests (number of cycles to failure as a function of the applied structural
stresses) are presented in the paper of Matić et al. [37]. According to Domazet et al. [38], the
tensile strength of the material of the welded components has no influence on their fatigue
strength. For this reason, the fatigue test data of the components made of both parent
metals were analyzed together. The statistical analysis of the test results was carried out
according to the recommendations of the IIW [2] and the ISO guidance [39]. The fatigue life
of the components was evaluated using the notch-stress approach and compared with the
corresponding design curves. The following relationships for the S–N curve (Ps = 97.7%)
were derived:

• Reference radius rref = 1 mm: logN = 13.150 – 3.561 · log∆σk for components with
longitudinal fillet-welded attachment and logN = 12.689 – 3.364 · log∆σk for compo-
nent with round sheet fillet welded attachment. The scatter range of stress Tσ = 1:(∆σ

(Ps = 10%) ⁄ ∆σ(Ps = 90%)) was Tσ = 1:1.439 and Tσ = 1:1.241, respectively.
• Reference radius rref = 0.05 mm: logN = 14.696 – 3.584 · log∆σk for components

with longitudinal fillet-welded attachment and logN = 14.165 – 3.380 · log∆σk for
components with round sheet fillet welded attachment. The scatter range of stress was
Tσ = 1:1.436 and Tσ = 1:1.243, respectively.

The results of fatigue tests, the S–N curves (Ps = 50% and Ps = 97.7%) and the corre-
sponding notch-stress-design S–N curves are presented in Figures 9 and 10 for rref = 1 mm
and in Figures 11 and 12 for rref = 0.05 mm.
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Figure 9. Fatigue test data, S–N curves and the corresponding notch-stress-design S–N curve,
rref = 1 mm longitudinal fillet welded attachment (data from [37]).

Figure 10. Fatigue test data, S–N curves and the corresponding notch-stress-design S–N curve,
rref = 1 mm round sheet fillet-welded attachment (data from [37]).
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Figure 11. Fatigue test data, S–N curves and the corresponding notch-stress-design S–N curve,
rref = 0.05 mm longitudinal fillet-welded attachment (data from [37]).

Figure 12. Fatigue test data, S–N curves and the corresponding notch-stress-design S–N curve,
rref = 0.05 mm round sheet fillet-welded attachment (data from [37]).
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4. Discussion

In order to compare the notch-stress-design S–N curves with the results of the fatigue
tests, a design conservatism factor was calculated. This factor is defined as the ratio between
the stress range of the S–N curve (Ps = 97.7%) and the stress range of the corresponding
notch-stress-design S–N curve, at Nref = 2 × 106 cycles, Table 4.

Table 4. Design conservatism factor.

Component
Notch-stress Range–Fatigue

Test Results [MPa] Design Conservatism Factor

rref = 1 mm rref = 0.05 mm rref = 1 mm rref = 0.05 mm

Longitudinal attachment 83.84 219.98 1.18 1.22

Round sheet attachment 79.24 212.04 1.12 1.18

The predicted strength for Nref = 2 × 106 cycles, obtained using the reference radius
of 0.05 mm and the notch-stress-design curve FAT180, was found to be more conservative
than using the reference radius of 1 mm and the notch-stress-design curve FAT71. These
differences of 22% and 18% between the fatigue-test stress range and the design S–N curve
stress range, for the components with a longitudinal fillet-welded attachment and the ones
with a round sheet fillet-welded attachment, resulted in estimated fatigue lives that were 2
and 1.74 times shorter, respectively. Using this approach with a reference radius of 1 mm,
the difference was smaller: 18% and 12% of the predicted stress range, respectively, and
estimated fatigue lives that were 1.8 and 1.4 times shorter, respectively.

5. Conclusions

In the “IIW recommendations for fatigue assessment of welded structures by notch
stress analysis”, two variants of the notch-stress approach depending on the joint thickness
are proposed. One with the reference radius rref = 1 mm applies to joints with a thickness
of 5 mm and more; the second with the reference radius rref = 0.05 mm applies to joints
with a thickness of less than 5 mm. The influence of finite element sizes on the determined
stress value at the weld toe, which is modelled with reference radii of rref = 1 mm or
rref = 0.05 mm, was investigated. The study shows that models with locally refined meshes
in the region of the rounded weld toe give the same results regardless of whether the
relative size of the elements, with respect to if the reference radius is rref/10 or rref/5. The
accuracy of the determined stress values was confirmed by the convergence test, which also
gives consistent results. From these findings, it can be concluded that the mesh density in
the region of the rounded weld toe should have a relative size of the elements with respect
to the reference radius of rref/5 in order to assess the stress state at the weld.

Both variants of the notch-stress approach were used in the fatigue analysis of joints
made of 4 mm thick plates under bending load. A comparison of the proposed S–N curves
for notch-stress design with the results of fatigue tests on welded components shows the
following:

• The S–N notch-stress curve FAT71 underestimates fatigue strength: 18% for joints with
longitudinal fillet-welded attachments (1.8 times shorter estimated fatigue life) and
12% for joints with round sheet fillet-welded attachments (1.4 times shorter estimated
fatigue life),

• The S–N notch-stress design S–N curve FAT180 underestimates fatigue strength: 22%
for joints with longitudinal fillet-welded attachments (2 times shorter estimated fatigue
life) and 18% for joints with round sheet fillet-welded attachments (1.74 times shorter
estimated fatigue life).

It is evident that welded components subjected to bending loads have better results
than suggested by the notch-stress-design S–N curves. This can be attributed to the positive
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effect of the steep stress gradient and the small negative impact of misalignment, especially
for bending loads.

It can be concluded that while both S–N curves for notch-stress design are conservative
and usable, they lack the necessary accuracy to effectively optimize material consumption
when dealing with components subjected to bending stress. More accurate results for
fatigue analysis of joints made of 4 mm thick plates under a bending load can be achieved
using the reference radius of 1 mm and the FAT71 S–N curve. However, it is important
to note that this approach is primarily recommended for joints with a thickness of 5 mm
or more.

Since only two types of welded components were studied, further research is needed
to recommend a notch-stress design curve for bending loads that could be used to optimize
the material consumption of the ship structure.
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Nomenclature

F bending force
Kt notch-stress concentration factor
N cycles to failure
Nref reference fatigue life
Ps probability of survival
R stress ratio
rref reference radius
S stress range
t plate thickness
Tσ scatter range of stress
W(x) elastic section modulus
x distance between the fatigue fracture location and the loading point
∆σ stress range
∆σk notch-stress range
σk notch stress (maximum principal stress)
σn nominal stress
σs structural stress
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