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Abstract

This study focuses on the fatigue resistance of aluminum friction-stir-welded (FSW) butt
joints beyond the current design standards such as Eurocode 9 and CSA S6, which use
generic S-N curves. A database of 1041 data points from 92 studies is analyzed using a
statistical methodology by alloy, FSW variant, and stress ratio. The results show that fatigue
strength more strongly depends on the alloy rather than on welding FSW variant. While
existing codes give conservative estimation of the fatigue strength at a 50% probability of
failure, they may be unconservative for lower probability of failure due to data scatter. This
conclusion highlights the need for grade-specific S-N curves and additional guidance on
scatter assessment.

Keywords: friction stir welding; high cycle fatigue; S—N curve; statistical analysis; mean
stress effect; structure design; aluminum alloys

1. Introduction

To date, aluminum remains underutilized in bridge construction compared to struc-
tural steel, despite its advantageous materials properties (density, corrosion resistance, high
formability)and low carbon footprint [1]. The two major technical constraints limiting its
wider adoption are the challenges related to conventional welding, and its fatigue resistance
inferior to steel. In this context, the implementation of friction stir welding (FSW) presents
a significant advantage. This technique, developed by the Welding Institute [2], relies on
frictional heat generation and plastic deformation of the material, producing welds with
few discontinuities. Consequently, FSW joints exhibit superior fatigue resistance, compared
with its fusion weld joint counterpart, which is attributed to their refined microstructure,
significantly fewer porosities, favorable residual stress distribution, and reduced distor-
tion [3]. Given that approximately 90% of structural failures supporting cyclic loading [4]
in metallic assemblies are attributed to fatigue, dimensioning welds for fatigue resistance
is critical.

The fatigue design of welded structures is commonly based on the nominal stress
methods, also known as the global approach. In this method, the nominal stress is calculated
from the weld cross-section without considering the local geometric effects. The weld
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details (type of joint and geometry) are then used to select the appropriate stress-life (5-N)
curve, which characterizes the fatigue strength of an assembly. This approach is described
in the European code [5] (EC9) and in the International Institute of Welding [6] (IIW)
recommendations. A similar design methodology is applied in the Canadian Highway
Bridge Design Code [7] (CSA S6). The S—N curves specified in these design codes, for each
detail, are obtained using linear regression of experimental data presented on a log(5)-
log(N) graph. Recent versions of EC9 [5] (2023) and CSA S6 [7] (2025) include FSW butt
joints as recognized weld details. These details are independent of the alloy type, hardening
treatment, welding parameters, and FSW variants. Moreover, the current design curves do
not explicitly account for mean stress effects or the possible high scatter of stress-life data
due to different welding parameters.

To address these limitations, an extensive statistical analysis of the data available in
the literature is proposed. The aim of this study is to provide a comprehensive overview of
the fatigue performance of FSW joints based on the analysis of S—N curves.

2. Background Information
2.1. Description of Standards

To the author’s knowledge, the fatigue design curves 56-7 and B’ are the only ones
specified by the EC9 and CSA S6 codes for FSW butt joints, respectively. In both codes,
the proposed S—N curves are expressed by a Basquin-type linear regression, as shown in
Equation (1):

1

log(87) = (log (N) — C)-~ M

where N is the number of stress cycles to failure, Ao the fatigue strength range, and C and
m are material parameters. In EC9 and CSA S6, the joint fatigue strength is assumed to be
constant beyond 5 x 10° cycles of constant amplitude solicitation. The fatigue strength
range (Ao ) corresponding to this number of cycles is defined as the Constant Amplitude
Fatigue Limit (CALF). The characteristics of the design S—N curves proposed by each code
are summarized in Table 1. While the inverse logarithmic slope parameter m is the same in
both codes, the intercept parameter C differs. This may be explained by the use of different
datasets for the determination of the codes.

Table 1. S—N curves characteristics.

Code m c Ao i * (MPa) Methodology References
CSA S6 _ 18 Design curve at survival probability of 97.7% (confidence
Category B’ 7 704x10 b4 not mentioned), post-weld grinding in the weld direction. 7,81
EC9 56-7 _7 345 % 1018 491 Design curve at survival probability of 97.7% (confidence [5]

95%) from data at stress ratio > 0.5, failure at weld surface.

*Aocqp Ao at N =5 X 10° from the probabilistic design curve.

2.2. Statistical Analysis of Fatigue Data

Table 2 presents the statistical analysis of fatigue strength data of FSWs conducted by
several authors. Their main objective was to compare the fatigue strength of FSWs with
their counterpart, fusion welds, for butt joints. All analysis combined data was acquired
from 5 to 18 papers, 2 to 4 alloys, weld thickness ranging from 2 to 15 mm, and a 2 to 4 stress
ratio (R = 0/ Tmax). Havia et al. [9] considered the mean stress effect using the Smith
Walker Topper (SWT) method, whereas other authors either grouped the data separately
according to different stress ratios or reported them without applying any correction. While
the aggregated datasets from these studies remain large compared to those presented in a
single paper, the robustness of the statistical analysis benefits from the inclusion of modern
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data, specifically those characterizing the variants of conventional FSW (C-FSW), such as
bobbin tool FSW (BT-FSW) or double-sided FSW (DS-FSW).

Table 2. Previous statistical analysis of FSW fatigue data.

Data

Number of Aluminum

Study Points References Alloy Stress Ratio, R Statistical Approach and Main Findings
Natural regression for calculation of S-N curve
Lomolino 319 18 5xxx, 2XXX, 201 and —1) grouping by alloy, §tress Fath and post-weld
etal. [10] 6XXX, 7XXX operation. Superior fatigue performance
observed at R = —1 and for machined surfaces.
Miranda Natural regression for calculation of S-N curve,
202 16 5xxx, 6xxx 2(0.1and —1) no grouping. Statistical scatter was influenced by
etal. [11] . . .
welding parameters affecting residual stresses.
Same method as Lomolino et al. [10].
Maggiolini 5xxxX, 2XXX, . Stress ratio significantly affects slope and curve
etal. [12] 500 27 6XXX, 7XXX 4(-1t005) level. Fatigue data exceed EC9 fusion
weld standards.
Havia Weighted slope for regression group by alloy
etal. [9] 116 5 5XxX, 6XXX 4(—1t00.5) and SWT mean stress correction. EC9 FSW
) is conservative.
3. Methodology of Analysis
3.1. Description of the Dataset
The data gathered in this paper are experimental fatigue strength of FSW butt welds
applying constant amplitude loading in the range of 1 x 10* and 5 x 10° cycles. Run-out
tests are excluded. The data reported with the following characteristics are excluded from
analysis: welds exhibiting defects classified as critical according to B quality class of ISO
25239-5 [13], welds showing a tensile efficiency below 60%, welds with a thickness inferior
to 3 mm, and welds reporting less than 6 failures in the studied cycles range. The final
dataset comprises 92 studies including 1041 data points from 46 references [14-59]. The
global dataset combines data acquired from 4 alloys, 9 stress ratio, 3 FSW variants and
weld thickness ranging from 3 to 26 mm. The details of the gathered data are summarized
in Table 3.
Table 3. Dataset description.
FSW . Number of Proportion of Studies per
Alloy Variant Stress Ratio (R) Studies (Data) Pre-Welding Treatment *
2xxx C-FSW [-1.0,0.1,0.5] 14 (143) 14% AA, 85% NA
2xxx BT-FSW [0.1] 1(18) 100% AA
5xxx C-FSW [-1.0,0.1,0.5] 16(162) 100% WH
6xxX C-FSW [-1.0,0.0,0.1,0.2,0.5] 34 (468) 98% AA, 1% NA
6XXX BT-FSW [0.1] 3(37) 100% AA
6XXX DS-FSW [0.1,0.2] 13 (129) 81% AA, 18% NA
7XXX C-FSW [-1.0, —0.3,0.05,0.06,0.1,0.3,0.5] 10 (77) 100% AA
7XXX DS-FSW [0.1] 1(7) 100% AA

* Treatment prior to welding; AA, artificially aged; NA, naturally aged; WH, work hardened.

3.2. Assessment of Fatigue Curve for Individual Studies

For each individual study, C and m parameters in Equation (1) are determined using
a least-squares regression method. Studies exhibiting less than 25% deviation in m deter-
mination and at least ten failures are labelled as ‘reliable” using the recommendations in
DIN50100 [60]. The fatigue strength data is assumed to follow a log-normal distribution in
accordance with the EC9 code. Probabilistic curves are calculated for a 97.7% survival rate
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log(Acy) =

at 95% confidence using the confidence term proposed by Lomolino et al. [10]. Equation (1)
becomes:

>

— (log () — (2H(p—05) ~ 1) g (1) + t(e,n —2) SEw) ) @

n—2

where (N ) is the median (p = 0.5) number of cycles from the regression line, ¢ ! is the p
percentile from the inverse standard normal cumulative distribution, H is the Heaviside
function, t(c, n — 2) is the one tail ¢ = 0.95 percentile of Student’s t-distribution with (n — 2)
degree of freedom, and SEy is the standard deviation of cycles. The stress scatter index
associated with the probabilistic curves is defined in Equation (3).

_ Aop=o977

T, 3)

C Aop—0023

For each study the following fatigue parameters are calculated: m, C, A aifp=05, SEN,
A0 i p=0.977 and T, For each dataset, S-N curves were determined at confidence levels of
p =0.5and p = 0.977. These curves, along with their data points, were compared against
the design curves specified by the EC9 and CSA S6 codes.

3.3. Assessment of Fatigue Curve for Combined Dataset

In accordance with the recommendations of Maggiolini et al. [12], the studies were
merged by alloy, stress ratio, and FSW variant. Surface conditions and prior welding
treatment were not used as group-defining parameters. Although surface condition signifi-
cantly influences fatigue performance, its inconsistent reporting in the literature prevents
reliable stratification. Most alloys are reported under the same type of pre-welding treat-
ments (Table 3), ensuring that this effect is implicitly represented. Groups consisting of
fewer than ten failure points are excluded from this analysis. The aggregation of data
across studies may affect the determination of the fatigue parameters. To mitigate this
effect, Havia et al. [9] proposed using a weighted inverse slope. In this study, four inverse
slope values are calculated for each aggregated group: natural, simple weighted, weighted
‘reliable’ and weighted variance. The different methods are described in Table 4.

Table 4. Inverse slope determination methods.

Inverse Slope Method

m Method

Natural

m Estimated by least-squares minimization over all data

Simple Weighted

_ Y mixni

My = S5 Slope weighted by the number of data points (1) in study (i)

Weighted ‘reliable’

My = % Slope weighted by the number of data points (1) in ‘reliable’ study (i)

Weighted Variance

_ Zmir*SEW,fZ

My = TS Slope weighted by the inverse m variance (SEmz) in study (i)

For each group of aggregated studies and inverse slope type, a set of C, SEN, A0 cuip=05,
A0 cupp=0977 and T, are calculated. Following Politis and Romano’s [61] approach, pa-
rameter robustness is evaluated using subsampling: 80% empirical confidence intervals
[CI80] = [mp1g; mpgg] are derived to quantify sensitivity to outliers by recalculating S—-N curves
randomly selecting 60% of the studies (minimum of 2 studies) in group for 10,000~ iteration.

3.4. Mean Stress Effect Consideration

Since the experimental dataset is comprised of tests performed at different stress ratios,
the influence of mean stress was explicitly considered. The data is analyzed at a stress

https://doi.org/10.3390/engproc2026151009


https://doi.org/10.3390/engproc2026151009

Eng. Proc. 2026, 151, 9

50f 14

ratio of R = 0.5, as the source data used in the codes were obtained under this same ratio
(Table 1). The Walker model described by Equation (4) was used to obtain the equivalent
stress range (Ao ;) at Ry =0.5.

2\
AO’RL,Y _AO’RZ(l_R2> (4)

where 7 is the material’s sensitivity to mean stress, named the Walker exponent, Aoy
is the Walker equivalent stress range at Ry, R, the stress ratio of data, Aoy, is the stress
range at Rp. < is optimized on the datasets using an iterative multi-group approach,
minimizing the stress deviation defined by Dowling [62] between Walker-corrected data
and the experimental median S—N curve at each stress ratio. This optimization is applied
to data groups with at least two different stress ratios. To mitigate inter-study variability,
the optimization of v is conducted a second time on restricted data subsets comprising of
multiple stress ratios R reported within a single publication.

4. Results and Discussion
4.1. Fatigue Curves of Individual Datasets

For each dataset, a 50% (median or mean) and 97.7% (design) survival probability
curves are produced according to the method described above. The curves are compared
with the design curves recommended by the EC9 and CSA S6 codes, as illustrated by the
representative example in Figure 1. The normative curve is considered conservative if the
entire curve calculated at p = 0.977 remains above the code-specified curve within high
cycle fatigue (HCF) range. Conversely, if any portion of the p = 0.977 curve falls below
the normative curve within the HCF range, the code is deemed non-conservative. Table 5
summarizes the number of datasets, both for the full groups and the “reliable” subsets,
where the code was found to be non-conservative.

3x10?
® Experimental Failure
. === Median S-N curve (p =0.5)
2x10? \\\ =777 Design S-N curve (p=0.977)
T EQ9567
= T CSAS6CatB
=
e)
< 1021
g
e
2
v
fur]
=
w
]
5 6x 10!
oD
=
]
2=
4x10!

104 10° 108

Number of cycles, N

Figure 1. Unconservative (UC) code curves predictions for a S-N curve and data point from [38].
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Table 5. Number of unconservative (UC) code predictions based on individual tests and on resulting
S-N curves determined at a survival probability p = 0.977.

Scope

Test S—-N Design Curve from Studies

All
‘Reliable’

Total
1036
447

UC for EC9 UC for CSA S6 Total UC for EC9 UC for CSA-S6
11 30 91 23 31
3 11 27 11 12

Thirty individual points do not meet the standard fatigue strength, and thirty-one
(twelve reliable) studies produce S—N curve estimations that lead to unconservative code
prediction. All thirty-one S-N curves leading to UC code prediction are characterized by
a slope, 1/m, steeper (my = —4.9) than the standard (m = —7), leading to smaller fatigue
strength at high number of cycles. The presence of surface discontinuities reducing the
number of cycles for crack initiation could explain a steeper SN curve as described by
Verreman et al. [63]. Tool marks, flash at the shoulder edge [14,31,38], and high surface
roughness are surface discontinuities known to reduce fatigue strength of FSW joints.

4.2. Assessment of Fatigue Curve for Aggregated Datasets

Data collected from various studies are aggregated by datasets characterizing a FSW
variant, alloy, and stress ratio (FSW variant-alloy-stress ratio) resulting in 18 groups. In
addition, one global group comprising all datasets is also analyzed. The inverse slopes
values (m) are determined for each specific group, as well as for the global dataset using
different methods. Results for the global dataset are presented in Table 6.

Table 6. S—N curve parameters determined using all data with different slope definition.

Inverse Slope Type

m AUculf,p:O.S (MPa) A‘Tculf,p=0.977 (MPa) To

Natural
Simple Weighted
Weighted ‘reliable’
Weighted Variance

Value [CI80] Value [CI80] Value [CI80] Value [CI80]

~1.63  [-1.76; —1.50] 28.2 [
—6.17  [-6.33; —6.00] 91 [
~559  [-5.86; —5.22] 87.2 [83.6; 90.3
~517  [-5.38; —5.00] 84 [

24.7;31.9
88.4;93.8

6.5 [4.9; 8.3] 19.1 [14.2;26.7]
45.2 [43.5; 46.7] 41 [3.8;4.4]
43 [40.8; 44.8] 41 [3.8;4.5]
41.1 [39.4; 42.8] 42 [3.8; 4.6]

—_—

81.4; 86.8

The natural inverse slope results in excessive stress scatter (high To values) and
does not accurately represent weld fatigue behavior. While the other inverse slope types
significantly reduce this scatter, To values are above the calculated index from Eurocode
recommendation (To = 1.26 considering SEx = 0.18). This is expected, as the analysis
aggregates multiple alloys without applying mean stress corrections. Subsampling shows
that variance-based (m[CI80]range = mp1y — mpgy = 0.38) and simple weighted slopes
(m[CI80]range = 0.33) are more robust against outliers than reliability-weighted versions
(m[CI80]range = 0.64). To avoid possible incorrect variance determination in small sample
datasets, the inverse simple-weighted slope is adopted for the remainder of this study.

Figure 2 details the fatigue parameters of each aggregated group types, the global
group and the code. It compares the inverse simple weighted slopes (i), the mean and
probabilistic fatigue strength at 5 x 10°, cycles and the stress scatter index To.

The inverse slope values (m) of the aggregated S-N curves range from —8.16 to —4.76,
with a mean global slope of —6.17 (Figure 2a). These values illustrate the difference
in fatigue behavior across the groups, unlike the codes which assume a constant value
(m = —7) indicated by the magenta line in Figure 2a.
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Figure 2. Mean values of (a) inverse simple weighted slope m, (b) stress median CALF ATl p=05,
(c) stress design CALF A0 gyrp-0.977, and (d) stress index scatter To per FSW variant-alloy-stress
ratio, with error bar corresponding to 0.8 bootstrap CI, determined separately for each alloy and FSW
variant and globally considering all datasets (confidence interval illustrated with dashed grey lines)
according to the stress ratio, and comparison to the codes EC9 (blue dashed line) and CSA S6 (red
dashed line), common slope code value (magenta dashed line).

As expected, for most data groups the median fatigue strength decreases with an
increase in the stress ratio (Figure 2b) except from the CFSW-7xxx-(0.06, 0.1, 0.5) groups.
This behavior is likely attributed to the limited sample size (one or two studies per groups),
identifying these groups as statistical outliers. The 50% survival fatigue strength curves
are above the design curves reported in the codes for all studied fatigue lives. This is
expected since the codes are based on a higher survival probability (97.7%); however, for
probabilistic stress assessments (Figure 2d), several groups with high stress ratios (R > 0.1)
lead to unconservative code prediction. This can be attributed to scatter within these
groups, which affects slope determination and probabilistic stress value.

The determined values of To (Figure 2d) range between 1.1 and 5.9 depending on the
group. Groups obtained from more than one dataset exhibit a To exceeding the value of
1.26 calculated from EC9. These values are characteristic of large scatter within groups.
Grouping alloys of different compositions and welding parameter increases data scatter
even if the FSW variant-alloy—stress ratio remains the same.
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4.3. Determination of the Mean Stress Correction Coefficient

The v exponent in the Walker method, optimized separately for each FSW variant—
alloy group as well as for each author, are presented in Table 7 and Table 8, respectively.

Table 7. Values of the Walker exponent optimized among FSW variant-alloy groups.

Group C-FSW-2xxx C-FSW-5xxx C-FSW-6xxx DS-FSW 6xxx C-FSW -7xxx Mean *
0% 0.25 0.33 0.64 -3.15 0.71 0.48
B _ —1.0(68), 0.0 (26), —1.0(28), —0.3
R (Number of failures) (113'2)(100;’ (09)1 (511()) (0%0()2’20)1 0.1 (230),0.2 (60), 0.1(78),0.2(58) (6),0.06 (10),0.1
T T ! 0.5 (138) (78), 0.5 (11)
* Mean value excluding y values < 0.
Table 8. Values of the Walker exponent optimized among studies with same authors and correspond-
ing test parameters.
Author Costaetal. [30] Jaisawal etal. [50] Yadavetal. [15] Sun et al. [54] Zhu et al. [32] Mean *
0% 0.19 0.50 0.49 —-0.2 0.48 0.41
R (Number of 0.0 (26), —1.0 0.1 (9),0.5(13), 0.1(10), 0.5 (9), ~03(7),01(6) 0.1(7),0.5 (7),
failures) (12) -1.0(12) —1.0 (10) ’ T 0.3(8) -

* Mean value excluding y values < 0.

As presented in Table 7, for each alloy, positive 7 values range from 0.25 to 0.71 with a
mean value of 0.48. Results for the DS-FSW-6xxx is excluded due to a non-physical negative
v value indicating that the Walker method could not accurately characterize the mean
stress sensitivity. This inconsistency stems from data scatter and proximal R ratio (Figure 2),
causing overlapping data points across the R ratio.

As reported for each author in Table 8, the author-specific y values range from 0.19 to
0.50 with a mean at 0.41, except for the Sun et al. [54] study, where a non-typical behavior
(v = —0.2) was observed. In this particular case, the atypical value of this coefficient can
be attributed to inconsistent failure locations. At R = 0.1, failure occurred within the weld
(2/10), whereas at R = —0.3, failures predominantly occurred in the base metal (7/9). This
leads to a comparison of two distinct materials, resulting in an inaccurate estimation of the
Walker exponent. For the other studies, the observed variation in the Walker coefficient is
consistent with its well established sensitivity to aluminum grades and specific hardening
treatments [62].

The two mean 7 values obtained after optimization (0.48 and 0.41 for FSW variant—
alloy and author respectively) are close to the v = 0.5 used in the SWT method, which
is well established for mean stress correction in aluminum alloys [9,62], supporting its
relevance and applicability for this study.

4.4. Mean Stress Correction for Aggregated Datasets

To account for the influence of mean stress on fatigue strength, the Walker method
with ¢ = 0.5 is applied to the dataset with a common stress ratio R = 0.5. The SWT correction
is applied to the 18 FSW variant-alloy-stress ratio groups resulting in 7 FSW variant-alloy
groups and one global group at R = 0.5. Their fatigue parameters are shown in Figure 3.

The inverse slope values of the aggregated S—N curves range from —7.00 to —5.17,
with a mean global slope of —6.17 (Figure 3a). The obtained inverse slope values are steeper
than the code-specified values, possibly due to the effect of surface discontinuities, as
discussed in Section 4.1.

https://doi.org/10.3390/engproc2026151009
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Figure 3. (a) Inverse simple weighted slope m, stress range at 5 x 10° cycles (b) median Ac g p=0.5,
(c) design Ao f,-0.977, and (d) scatter stress index T, with error bar corresponding to 0.8 bootstrap
CI, for each FSW variant and alloy, as well as for the global dataset (solid black line for mean value
and dashed gray lines for the 0.8 bootstrap CI), with comparison to the codes EC9 (blue dashed line)
and CSA 56 (red dashed line), common slope code value (magenta dashed line).

Figure 3b shows that no significant differences in Avs,-05 are observed between
the different FSW variants for a given alloy, once the overlapping uncertainty intervals
are considered. Considering all FSW variants achieve full penetration welds without
internal discontinuities, fatigue performance is primarily governed by surface roughness,
microstructure, and residual stress [51,64]. Any FSW variant-specific influence in these
features remains insufficient to induce a significant divergence in mean fatigue properties.
The Aoupp-05 values vary across all alloy series for C-FSW (Figure 3b) and follow a
decreasing trend: 7xxx (87.3 MPa) > 2xxx (72.7 MPa) > 5xxx (65.5 MPa) > 6xxx (60.7 MPa).
This difference between alloys is consistent with the distinct strengthening mechanisms
associated with each base alloy and its corresponding heat treatment [65,66], as well as
with their response to the thermal and mechanical history induced by the FSW process.

As shown in Figure 3c, the values of the design fatigue strength at 5 x 10° cycles,
AU caifp=0.977, remain below the limits prescribed by the codes, except for the BT-FSW-
2xxx group, which is composed of a single dataset. Although the values of Acg,-0977
associated with the EC9 and CSA 56 design curves can appear non-conservative for the
studied FSW variants and alloys, this observation must be interpreted with caution as it
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may result from a potential over-correction induced by the SWT approach coupled with
significant data scatter. The mean stress scatter index is 3.3, and To value exceed the
EC9-calculated index (Figure 3c) for all groups, highlighting the scatter in fatigue strength
caused by unaccounted materials and welding variables.

5. Conclusions

This work analyses S-N curves for friction stir butt welds under constant amplitude
loading, using an extensive literature dataset to account for variations in alloy type, FSW
variant, and stress ratio. By applying a statistical method to incorporate intra-group scatter,
the data were assessed against current design codes. Based on the results presented above
and their interpretation, the following conclusions are proposed:

e  The simple weighted slope and variance-weighted methods account for intra-group
scatter during S—N parameter estimation and provide robustness against outliers.

e  There is no significant effect of the FSW variant on the mean fatigue resistance.

e The alloy type leads to different mean fatigue resistance ordered in the following
descending order: 7xxx > 2xxx > 5xXX > 6XXX.

e Fatigue design specifications for friction stir butt welds provided by Eurocode 9
and the Canadian Highway Bridge Design Code CSA S6 may be unconservative
when compared to individual or grouped studies, particularly when these codes are
compared with data at high stress ratios exhibiting high scatter.

These findings are subject to limitations regarding the potential influence of surface
conditions and residual stresses, which were often undocumented in the literature, as
well as possible biases due to the uneven distribution of data among certain alloy—-FSW
variant groups. Despite these limitations, it is recommended to develop alloy-specific
S5-N curves for FSW butt joints. To improve fatigue life predictions, subsequent studies
should systematically characterize surface conditions and residual stress while focusing
on identifying the underlying causes of data scatter. This will help futures code revisions
achieve more accurate fatigue strength predictions for FSW aluminum structures.
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Abbreviations

The following abbreviations and symbols are used in this manuscript in order of appearance:

FSW friction stir welding

S-N curve linear regression of logarithmic stress range versus the number of cycles
EC9 Eurocode 9: Design of aluminium structures

CSA S6 CSA 56, Canadian Highway Bridge Design Code

N number of stress cycles to failure

Ao fatigue strength range

C intercept of S-N curve

m inverse logarithmic slope of S-N curve

Ay fatigue strength range at 5 x 10°

CALF Constant Amplitude Fatigue Limit

R stress ratio of fatigue testing

SWT Smith Walker Topper method for mean stress correction
C-FSW conventional friction stir welding

BT-FSW bobbin tool friction stir welding

DS-FSW double-sided friction stir welding

AA artificially aged

NA naturally aged

WH work-hardened

ATcaifp=05 50% survival at 95% confidence fatigue strength range at 5 x 10°
Aocifp=0977  97.7% survival at 95% confidence fatigue strength range at 5 x 106

SEn standard deviation in term of cycles to failure
To stress scatter index
CI80 80% empirical confidence intervals by Bootstrap
0% Walker exponent
ucC unconservative code predictions
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