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Abstract: Stainless steel possesses outstanding advantages such as good corrosion resistance and long
service life. Stainless steel is one of the primary materials used for sustainable structures, and welding
is one of the main connection modes of stainless-steel bridges and other structures. Therefore, fatigue
damage at welded joints deserves attention. The existing fatigue design codes of stainless-steel
structures mainly adopt the design philosophy of structural steel. In order to comprehensively
review the published fatigue test data of welded joints in stainless steel, in this paper, the fatigue test
data of representative welded joints of stainless steel were summarized comprehensively and the
S–N curves of six representative stainless-steel welded joints were obtained by statistical evaluation.
The comparison of the fatigue strength from existing design codes and fatigue test data was performed,
and the results showed that the fatigue strength of welded joints of stainless steel was higher than
that of structural-steel welded joints. The flexibility of regression analysis with and without a fixed
negative inverse slope was discussed based on the scatter index. It was found that the fatigue test data
of stainless-steel welded joints are more consistent with the S–N curve regressed by a free negative
inverse slope. In this paper, a design proposal for the fatigue strength of representative welded joints
of stainless steel is presented based on the S–N curve regressed by the free negative inverse slope.
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1. Introduction

Stainless steel has outstanding corrosion resistance, an elegant surface effect, and good mechanical
properties. With the improvement of engineering construction standards, the optimal life cycle benefits
are taken into account, as well as the realization of targets to reuse materials for energy conservation
and emission reduction. Therefore, stainless steel is one of the preferred materials for a sustainable
structure, and has wide development prospects in environments with high durability requirements for
materials such as offshore or near the sea [1–3]. The upper tower of Stonecutters Bridge is a composite
structure with a stainless-steel skin. The Hong Kong–Zhuhai–Macau Bridge’s outer reinforcement parts
used duplex stainless steel [4]. The designers of the motorway flyover in Kerensheide, the Netherlands,
took the resulting corrosion risks into account by selecting stainless steel. The pillars of the footbridge
in Reykjavik, Iceland consist of concrete-filled stainless-steel circular hollow sections. The structure
of the Spain Añorga Railway Bridge is completely made from stainless steel [5]. Stockholm Bridge
in Sweden used duplex stainless steel in its renovation. Welding is the main method of connection,
and fatigue is the main design criterion. The repair of defects is very expensive; moreover, it is
difficult to obtain the ideal repair effect [6–9]. Thus, guidelines are needed to avoid fatigue failure of
stainless-steel welded joints.

The fatigue properties of welded joints were tested due to difficulties in reaching a consensus on
the fatigue design rules. The collection of existing fatigue test data is a common practice in classifying
fatigue details. This is, of course, not the most advisable way, given that the costs and the time involved
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in testing specimens to simulate real bridge details and loads are considerable. Data representative
of several countries, steel, and manufacturers may be considered so that the natural scatter based on
bridge constructions is included.

The fatigue behavior of stainless-steel welded joints was the subject of substantial research.
Niemi et al. [10,11] studied the fatigue strength of welded joints of austenitic and duplex stainless
steel. They tested the butt-welded specimens and several types of fillet-welded specimens. The results
indicated that the fatigue strength of stainless-steel welded joints was higher than that of the welded
joints of structural steel existing in the fatigue design standard [11]. Razmjoo [12] summarized fatigue
test data of stainless-steel welded joints in 1995. He compared the data with the 95% confidence limits
enclosing the fatigue data obtained from structural-steel welded joints. He found that the fatigue
test data of stainless-steel welded joints fell within the scatter band of the structural-steel welded
joints. Due to data limitation, he suggested that the S–N curves for structural-steel welded joints
could be used to conservatively design stainless-steel welded joints. Branco et al. [13] systematically
investigated the fatigue behavior of stainless-steel welded joints. They compared the fatigue test data
of stainless-steel welded joints with the scatter band of the structural-steel welded joints. The results
indicated that the S–N curves of the structural-steel welded joints could be applied to stainless-steel
welded joints. The International Institute of Welding (IIW) fatigue recommendation [14] S–N curves
were generally more suitable than those in Eurocode (EC)3 Parts 1–9 [15]. They found that the type of
stainless steel did not influence the fatigue strength of stainless-steel welded joints. The specimens
made from gas tungsten arc welding (GTAW) have high fatigue strength due to the very favorable
weld profiles and low stress concentration. Metrovich et al. [16] studied the fatigue strength of the weld
in stainless-steel beams. These beams were made from AL-6XN superaustenitic steel; this stainless
steel is popular in the chemical industry. They found that the fatigue strength of the longitudinal fillet
weld and bulkhead attachment was the same as a structural-steel weld and the fatigue strength of
the transverse groove weld was higher than a structural-steel weld. The National Research Institute
for Metals of Japan [17] published fatigue test data of the hot-rolled austenitic stainless-steel and butt
weld. Nakamura et al. [18,19] investigated the fatigue strength of the butt weld and the filled weld
made from austenitic stainless steel in the air and a corrosive environment. The results illustrated that
the negative inverse slope of S–N curves (m = 5–15) regressed from the fatigue test data was much
larger than the Japanese fatigue design standard [20] for the structural-steel welded joints, in which the
negative inverse slope m of the S–N curves in the standard is equal to 3. In the corrosive environment,
the fatigue strength was reduced. The fatigue strengths of the butt weld and the fillet weld in the
corrosive environment were 80% and 66% of the fatigue strength in the air environment, respectively.
Singh et al. [21,22] tested the butt weld and the fillet weld of the austenitic stainless steel, and the
results indicated that the fatigue test data were consistent with the fatigue design standard, BS 5400
Part 10 [23]. Wu et al. [24] studied the butt weld and the fillet weld made from austenitic stainless steel,
duplex stainless steel, and typical structural steel. They found that the fatigue strength of welded joints
made from stainless steel was higher than that of the structural-steel welded joints. The S–N curves
obtained from the fatigue test data of stainless-steel welded joints were quite different from the S–N
curves from the IIW fatigue design recommendation [14]. The negative inverse slope of the S–N curves
and the fatigue strength regressed from Wu’s fatigue test data were substantially larger than those in
the IIW fatigue design recommendation. However, a systematical statistical analysis of the fatigue test
data is absent in these studies. Highly conservative design rules were proposed, owing to the fact that
experimental evidence was not available to justify more favorable rules. The conclusion is based on
the design rules for structural-steel welded joints although the stress–strain curves for stainless steels
exhibit no yielding plateau [25], as well as a low proportional limit [25] and low residual stress [26].

The above research focused on the nominal stress approach. Partanen and Niemi [27] proposed
S–N curves for a hot-spot stress approach based on the fatigue test data of structural-steel and austenitic
stainless-steel welded joints. The fatigue strength that resulted in a fatigue life of two million cycles
was 107 MPa. This value for the fatigue strength was similar to that of the fatigue classification of the
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IIW recommendation [14] and EC3 Parts 1–9 [15]. Jia et al. [28] found that the fatigue strength of duplex
stainless-steel welded joints with a fatigue life of two million cycles was equal to 167 MPa. This was
much higher than the result of Partanen and Niemi. Feng and Young [29] investigated the stress
concentration factor (SCF) of tubular X-joints. They illustrated that the current SCF equations gave
unconservative predicted results, and new SCF equations were proposed. The research on hot-spot
stress approach for stainless-steel welded joints is not sufficient to suggest reasonable fatigue design
rules. Lazzarin et al. [30,31] studied two new approaches for fatigue estimation of stainless-steel
welded joints: a local strain energy density approach and a peak stress method. The results showed
that the local strain energy density approach was not suitable, and the peak stress method could
accurately estimate the fatigue performance of stainless-steel welded joints. Further validation of the
peak stress method should be conducted. Fracture mechanics were used to investigate the fatigue
strength of stainless-steel welded joints [12,21,22,32–34]. The fatigue crack propagation of stainless steel
is influenced by the transformation-induced plasticity (TRIP) effect [35]. The TRIP effect was confirmed
to be beneficial to the fatigue crack growth resistance of stainless steels containing austenite as the main
phase, such as austenitic stainless steels [35]. This TRIP effect was ignored in the fracture mechanics
research for stainless-steel welded joints. After recent developments in the field of stainless-steel
construction, it is necessary to conduct a comparative study on the commonly used design standards.

In the fatigue design standards of steel structures, the IIW recommendation [15] and EC3 Parts
1–9 [14] include stainless steel. The IIW recommendation [15] includes austenitic stainless steel and
EC3 Parts 1–9 [14] include all grades of stainless steel. The fatigue classifications of the six typical
welded joints in EC3 Parts 1–9 [14] and the IIW recommendation [15] are shown in Table 1. There is a
slight difference between these standards. The fatigue strength of the plates with longitudinal edge
gussets in EC3 Parts 1–9 [14] is lower than that in the IIW recommendation [15].

Table 1. Fatigue strength of typical welded joints in the European Eurocode (EC)3 Parts 1–9 and the
International Institute of Welding (IIW) recommendation.

Weld Structure Additional Provisions EC3 Codes [14] IIW Codes [15]

Butt weld
Weld reinforcement less than 10% width 80 80
Weld reinforcement less than 20% width 90 90

Cruciform joints failing
in the weld throat Failing in the weld throat 36 36

Plates with transverse
fillet-welded attachments / 80 80

Plates with longitudinal
fillet-welded attachments

L ≤ 50 mm 80 80
50 mm < L ≤ 80 mm 71 71

80 mm < L ≤ 100 mm 63 63
L > 100 mm 56 50

Plates with longitudinal
edge gussets L < 150 mm 40 50

Fillet-welded joints with
longitudinal round pipes / 80 80

Base metal

Plates and flats with as-rolled edges 160 160

Machine gas cut or sheared material
with subsequent dressing 140 140

Material with machine gas cut edges
having shallow and regular drag lines

or manual gas cut material,
subsequently dressed to remove all

edge discontinuities

125 125

Note: L stands for weld length.
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Thus, it is an opportune time to review the fatigue test data of welded joints. In this paper,
the fatigue test data of the welded joints of stainless steel were summarized, and the S–N curve and the
fatigue strength were obtained using a statistical analysis method. This paper discusses the applicability
of a free negative inverse slope regression S–N curve and a fixed negative inverse slope regression S–N
curve using the scatter index, Tσ. The fatigue classification of stainless steel followed that of structural
steels in Eurocode 3 [14] and the International Institute of Welding recommendations [15]; however,
the difference in welding processes and so on between stainless steel and structural steel was not
taken into account. By comparing the fatigue classification of Eurocode 3 and IIW recommendations
with the fatigue test data of stainless-steel welded joints, the applicability of fatigue classification of
structural steel for stainless steel is assessed. In this paper, a design proposal for the fatigue strength of
stainless-steel welded joints is presented.

2. Database for the Evaluation

2.1. Data-Pooling of Experimental Results

Fatigue test data of typical welded joints of stainless steel were collected from Japan [17,18],
India [21], Europe [11–13], and China [24]. Data including a total of 85 butt welds and 45 cruciform
joints failing in the weld throat, 41 plates with transverse fillet-welded attachments, 38 plates with
longitudinal fillet-welded attachments, 38 plates with longitudinal edge gussets, and 10 fillet-welded
joints with longitudinal round pipes were obtained. The specimen thickness, welding procedure,
material type, experimental information, and the fatigue crack initiation position are shown in Table 2.
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Table 2. Fatigue test data for stainless steel.

Weld Joint Type Data Source Material
Trademark

Ultimate Tensile
Strength (MPa) Steel Type Thickness

(mm)
Stress Ratio,

R
Frequency, f

(Hz)
Welding

Procedure
Crack Initiation

Position

Butt weld

[17] SUS304 520 Austenitic 20 −1, 0, 0.5 1–10 – Weld toe

[18] SUS304 520 Austenitic 12 0, 0.5 1–5 – Weld toe

[13]
S31803 640 Duplex

10
0.1, 0.5

10–20
GTAW Weld toe

304 L 520 Austenitic 0.1, 0.5 GMAW Weld toe

[21] 304 L 520 Austenitic 6 0 30 GMAW-GTAW Weld toe

[12]

316 620

Austenitic

– 0 – – –

316 L 485
–

0.1
– – –

304 L 485 0

Load-carrying cruciform
joint

[13]
S31803 640 Duplex 10 0.1, 0.5

–
GTAW

Weld root304 L 520 Austenitic 10 0.1, 0.5 GMAW

[24] 1Cr18Ni9Ti 550 Austenitic 7 0.1 – SMAW

Plates with transverse
fillet-welded attachments

[13]
S31803 640 Duplex

10
0.1, 0.5

10–20
GTAW

Weld toe
304 L 520 Austenitic 0.1, 0.5 GMAW

[11]

Grade1.4301 625.55 Austenitic
8

0.1–0.41 – – Weld toeGrade1.4462 640 Duplex

Grade1.4436 520 Austenitic 12

Plates with longitudinal
fillet-welded attachments

[13]
S31803 640 Duplex

10
0.1, 0.5

10–20
GTAW

Weld toe
304 L 520 Austenitic 0.1, 0.5 GMAW

[24] 1Cr18Ni9Ti 550 Austenitic 7 0.1 – SMAW Weld toe

Plates with longitudinal
edge gussets

[13]
S31803 640 Duplex

10
0.1, 0.5

10–20
GTAW

–
304 L 520 Austenitic 0.1, 0.5 GMAW

[24] SAF2205 620 Duplex 7 0.1 – GMAW Weld toe

Fillet-welded joints with
longitudinal round pipes [24] 1Cr18Ni9Ti 550 Austenitic 8 0.1 – GMAW Weld toe

Base metal
[18] SUS304 520 Austenitic 12 0, 0.5 1–5 – base metal
[21] 304 L 520 Austenitic 6 0 30 MIG Base metal

Note: Shielded metal arc welding (SMAW) in the welding process involves manual arc welding, gas metal arc welding (GMAW) involves inert gas shielded arc welding, and gas tungsten
arc welding (GTAW) involves non-consumable electrode gas shielded arc welding.
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It should be mentioned that the fatigue data from the literature should be verified using the
log-normal distribution because of the heterogeneous nature of the database. Statistical examinations
for proving the quality of the data being merged were applied to check if each dataset could be regarded
as part of the same population. Checking that datasets belonged to the same statistical population was
also applied to identify parameters that led to a differentiation in the fatigue category. The details can
be found in Section 2.2.

It is well known that, with the increase of plate thickness, the fatigue life of welded joints will
decrease [36]. Therefore, most fatigue rules include a correction factor, which can reduce the stress
obtained from the design S–N curve when the thickness of the plate exceeds a certain reference value.
The design curve can be directly applied. In the EC3 Part 9 [14] and IIW recommendations [15],
the reference thickness is 25 mm. In Table 1, the thickness of specimens was 6 mm to 12 mm and was
much smaller than the reference thickness. The plate thickness correction cannot be studied due to
limited data. It is well known that the fatigue strength of welded joints is not related to the material
property [36], i.e., the tensile strength. The tensile strength of the duplex stainless steel is much higher
than that of the austenitic stainless steel. Maddox [36] reviewed the current research, and the results
demonstrated that the influence of the material type on the fatigue strength for stainless-steel welded
joints can be neglected. Following the above conclusion and considering the fact that some data did
not include the material strength, the influence of material type was not studied in the present paper.

Stainless steel is a rate-sensitive material; however, a load frequency between 3 and 114 Hz has no
effect on fatigue behavior when the temperature does not increase and there is no corrosion during the
test period [37]. In this paper, the normal distribution of test data under different load frequencies
was tested, and it was found that the test data of different load frequencies still satisfied the normal
distribution. Therefore, the load frequency indirectly affects the fatigue behavior.

The stress ratio does not influence the fatigue strength of the welded joints. Branco et al. [13]
found the same conclusion for stainless-steel welded joints. However, small-scale specimens were
tested in their experiments. To the best of the authors’ knowledge, no large-scale specimen (welded
beam) data could be found in the published literature. These should be researched in the future to
reach a solid conclusion.

The different welding procedures produce different weld profiles and imperfections. From a
general view, the weld quality represents the weld profile and imperfections [38]. The weld quality
has a significant influence on the fatigue strength of the welded joints [38]. Branco et al. [13] reported
that there was no difference between the specimens made from gas metal arc welding (GMAW) and
from gas tungsten arc welding (GTAW). The weld quality of these two welding procedures can be
regarded as being the same.

The crack initiation position is related to the weld profile. This should be illustrated in the fatigue
classification category. Except for the load-carrying cruciform joint, the fatigue crack initiation occurs
at the weld toe in the other welded joints, as shown in Table 2.

These fatigue test data summarized in Table 1 can be used to determine the fatigue strength of
the stainless-steel welded joints. The thickness effect can be studied by using thicker specimens and
collecting more beam specimen data in the future.

2.2. Examination of the Log-Normal Distribution

The statistical samples used in regression S–N curves had systematic errors that were too large;
therefore, the consequences would not be credible. As such, it was necessary to judge whether the
systematic error of data could be neglected before regressing the S–N curve.

The fatigue life data, y = log N, were prepared for n specimens for probability plotting by ranking
the data from minimum to maximum values. Each data item was labeled with an order number, i,
as y1 ≤ y2 ≤ . . . ≤ yn. The probability of survival for the ith data item was approximated as follows:

pi = 1−
i

n+1
. (1)
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Statistical tests for verifying the quality of the data being merged were applied to check if each
sample set could be seen as part of the same population. The logarithmic fatigue life obeys a normal
distribution [39]. As shown in Figure 1, the logarithmic fatigue life was chosen as the abscissa and the
survival probability was chosen as the ordinate. When the test data satisfy the normal distribution,
the data are reasonably linear on a probability graph [39,40]. An “eyeball” assessment was used to
determine whether the logarithmic fatigue life data in the normal probability graph followed a linear
trend [40].
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Figure 1. Verification of the normal distribution of fatigue test data: (a) butt weld; (b) cruciform
joints failing in the weld throat; (c) plates with transverse fillet-welded attachments; (d) plates with
longitudinal fillet-welded attachments; (e) plates with longitudinal edge gussets; (f) fillet-welded joints
with longitudinal round pipes; (g) base metal.

The distribution of data points was close to linear, which indicates that the data conformed to
a normal distribution. The collected fatigue test data could be regarded as samples from the same
statistical matrix and were in accordance with the normal distribution. It was found that the test data of
different steel types, thicknesses, stress ratios, load frequencies, and welding procedures still satisfied
the normal distribution. Therefore, these factors indirectly affected the fatigue behavior of the test data.
The test data collected could be utilized to regress the S–N curve.

3. Statistical Re-Analysis, S–N Curves, and Fatigue Strength

3.1. S–N Curve

Taking the stress range log ∆σ as an independent variable and the number of cycles log N as
dependent, the mean fatigue S–N curve was obtained by estimating both the negative inverse slope m
and the intercept log C as follows:

C = ∆σmN⇒ log N = log C − m log ∆σ, (2)

m =

n∑
i=1

(yi − y)2

n∑
i=1

(xi − x)(yi − y)
, (3)

LogC = x +

n∑
i=1

(xi − x)(yi − y)

n∑
i=1

(yi − y)2
y, (4)

where y represents the logarithmic fatigue life and x represents the logarithmic stress amplitude;
y represents the mean of logarithmic fatigue life and x represents the mean of logarithmic
stress amplitude.

xk = xm − k(p,1−α,ν) · σ. (5)

As shown in Equation (5), the characteristic S–N curve was obtained by translating the mean S–N
curve, and the translation distance was k·σ. ym represents the logarithmic fatigue life of the mean S–N
curve, and yk represents the logarithmic fatigue life of the characteristic S–N curve. σ represents the
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standard deviation estimator of the logarithmic fatigue life, while k is correlated with the probability of
survival ps, degree of confidence α, and degree of freedom γ. The characteristic value for the fatigue
strength was defined with a survival probability of 95% at a one-sided confidence level of 75% at
2 × 106 cycles. The IIW recommendation refers to the logarithmic fatigue life of the average S–N curve
minus two standard deviations, corresponding to a 97.7% survival probability [15]. The characteristic
S–N curve obtained at k = 2 is lower than the S–N curve calculated by Equation (5) [41]. In this paper,
the characteristic S–N curve was obtained by referring to the method of IIW recommendation.

Figure 2 shows the fatigue test data of six typical welded joints and the fitting characteristics of the
S–N curve. In order to analyze the rationality of applying the fatigue classification of structural steel to
stainless steel, Figure 2 also shows the fatigue classification curves of structural steel. The negative
inverse slope of the characteristic S–N curve regressed freely was obtained from the test data using the
least squares regression method; the negative inverse slope of the fixed slope regression S–N curves
and fatigue classification curves adopted a value of 3.

The number of fatigue test data points of the six typical welded joints collected in this paper was
more than 10, which satisfied the conditions and could be regressed freely. For ease of comparison,
the regression S–N curves with a fixed slope m = 3 are also given in Figure 2.
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Figure 2. Characteristic S–N curves of stainless-steel welds and classification curves of structural-steel
welded joints: (a) butt weld; (b) cruciform joints failing in the weld throat; (c) plates with transverse
fillet-welded attachments; (d) plates with longitudinal fillet-welded attachments; (e) plates with
longitudinal edge gussets; (f) fillet-welded joints with longitudinal round pipes; (g) base metal.
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3.2. Scatter Band Analysis

There are inevitable random errors in the fatigue test, which are caused by random changes in
the material properties, random errors in the specimen welding process, and random errors in the
test loading devices and data testing equipment. The ratio Tσ is a parameter that can quantify the
correlation degree between fatigue data and the dispersion of the fitting curve. The scatter index of the
S–N curves is an important indicator of the quality of the assessment [40,42]. The scatter index 1/Tσ

was derived from the following equation:

1/Tσ =
∆σpS=10%

∆σpS=90%
(6)

As shown in Figure 3, ∆σPS=10% and ∆σPS=90% are the stress ranges corresponding to two million
cycles of fatigue lives of the S–N curves with a probability of survival of 10% and 90%, respectively,
and a confidence level of 75% [40]. ∆σPS=10% and ∆σPS=90% were calculated using Equation (7).

∆σps = ∆σps=50%

[
2 · 106

10log(2·106)±k·σ

]−m

. (7)

Metals 2019, 9, x FOR PEER REVIEW 14 of 18 

 

There are inevitable random errors in the fatigue test, which are caused by random changes in 

the material properties, random errors in the specimen welding process, and random errors in the 

test loading devices and data testing equipment. The ratio Tσ is a parameter that can quantify the 

correlation degree between fatigue data and the dispersion of the fitting curve. The scatter index of 

the S–N curves is an important indicator of the quality of the assessment [40,42]. The scatter index 

1/Tσ was derived from the following equation: 

10%

90%

1 S

S

p

p
T













 (6) 

As shown in Figure 3, ΔσPS=10% and ΔσPS=90% are the stress ranges corresponding to two million 

cycles of fatigue lives of the S–N curves with a probability of survival of 10% and 90%, respectively, 

and a confidence level of 75% [40]. ΔσPS=10% and ΔσPS=90% were calculated using Equation (7). 

6

6

50% log(2 10 )

2 10

10
s s

m

p p k 
 



   

 
    

  . 

(7) 

 

Figure 3. Scatter indexes. 

Table 3 shows the scatter indexes of the fatigue test data. The scatter index of the free slope 

regression was smaller than that of the fixed slope regression. The average scatter index was 1.3 and 

the standard deviation was 0.5 with free slope regression, while the average scatter index was 1.9 and 

the standard deviation was 0.7 with fixed slope regression. 

When Spindel and Haibach [43] analyzed a large number of fatigue test data points of welded 

joints of structural steel, the scatter index 1/Tσ of the free slope regression S–N curve was 1.5, which 

is commonly used as an international standard [44,45].  

Table 3. Scatter indexes of the characteristic S–N curve of a typical weld structure. 

Weld Structure 
Free Slope 

Regression 

Fixed Slope 

Regression 

Butt weld 1.4 2.6 

Cruciform joints failing in the weld throat 2.1 3.0 

Plates with transverse fillet-welded attachments 1.3 2.0 

Plates with longitudinal fillet-welded attachments 1.4 1.6 

Plates with longitudinal edge gussets 1.5 1.6 

S
tr

e
s
s 

ra
n

g
e

  Δ
σ
（

M
P

a
）

Number of cycles  N（million）

∆σps=10%

∆σps=90%

2·106

ps=10%

ps=50%

ps=90%
m 

m 

m 
1 

1 

1 

Figure 3. Scatter indexes.

Table 3 shows the scatter indexes of the fatigue test data. The scatter index of the free slope
regression was smaller than that of the fixed slope regression. The average scatter index was 1.3 and
the standard deviation was 0.5 with free slope regression, while the average scatter index was 1.9 and
the standard deviation was 0.7 with fixed slope regression.

Table 3. Scatter indexes of the characteristic S–N curve of a typical weld structure.

Weld Structure Free Slope Regression Fixed Slope Regression

Butt weld 1.4 2.6
Cruciform joints failing in the weld throat 2.1 3.0

Plates with transverse fillet-welded attachments 1.3 2.0
Plates with longitudinal fillet-welded attachments 1.4 1.6

Plates with longitudinal edge gussets 1.5 1.6
Fillet-welded joints with longitudinal round pipes 1.1 1.4

Base metal 1.3 2.4
Average value 1.3 1.9

Standard deviation 0.5 0.7
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When Spindel and Haibach [43] analyzed a large number of fatigue test data points of welded
joints of structural steel, the scatter index 1/Tσ of the free slope regression S–N curve was 1.5, which is
commonly used as an international standard [44,45].

The above analysis shows that, for typical welded joints of stainless steel, the scatter index
obtained by free slope regression was smaller than that obtained by fixed slope regression, and was
smaller than the international standard. The free slope regression S–N curve can be used as the basis
for fatigue design.

3.3. Suggestions on Fatigue Strength

Fatigue test data of duplex stainless steel and austenitic stainless steel were included in all welded
joints except for the longitudinal fillet-weld structure. Regression of an S–N curve with a fixed slope of
3 was used to compare the fatigue properties of austenitic stainless steel and duplex stainless steel
within the matching welded joints. It was noted that the fatigue strength of duplex welded joints of
stainless steel was not significantly different from that of austenitic welded joints of stainless steel.

Fatigue classification curves are given in Figure 2 for comparison with the experimental data.
As can be seen from Figure 2, for the butt welds, plates with transverse fillet-welded attachments,
and fillet-welded joints with longitudinal round pipes, the fatigue test data points were significantly
higher than that of the fixed regression S–N curve. Fatigue test data of the cruciform joints failing in the
weld throat, plates with longitudinal fillet-welded attachments, and a rectangular joint plate were close
to the fixed regression S–N curve. The fatigue strength obtained by free slope regression was higher
than the fatigue classification of structural-steel welded joints. The fatigue strength of stainless-steel
welded joints is greater than that of structural-steel welded joints because of the different residual
stress. Yuan [26] verified through experiments that the welding residual stress of a welded beam of
stainless steel was less than that of structural steel. The linear elastic stage of stainless steel is shorter
than that of structural steel, and the tangential modulus decreases rapidly. In materials with non-linear
stress–strain curves, the strain required to achieve an equivalent yield stress is higher than that required
to reach the unique yield point of traditional structural steel. The residual stress of stainless steel is
lower than that of structural steel due to the different constitutive relationship [26]. The heat input of a
stainless-steel weld is lower than that of a structural-steel weld due to the higher electrical resistance
of stainless steel [26]. This is another reason for the low residual stress of the stainless-steel weld.
As demonstrated in the literature [13], the butt weld, fillet-welded joints with longitudinal round pipes,
and plates with transverse fillet-welded attachments had small residual stresses. According to the IIW
recommendation, the fatigue strength at 2 × 106 cycles should be reduced by 20% to demonstrate the
influence of high residual stress. Table 4 shows the reduced fatigue strength. The values are higher
than the fatigue strength recommended in the EC 3 Part 1–9 and IIW recommendations. In summary,
lower residual stress leads to greater fatigue strength of the stainless-steel welded joints than that of
structural steel-welded joints.

Table 4. The fatigue strength of welded joints of stainless steel suggested in this paper.

Weld Structure Butt
Weld

Cruciform
Joints Failing
in the Weld

Throat

Plates with
Transverse

Fillet-Welded
Attachments

Plates with
Longitudinal
Fillet-Welded
Attachments

Plates with
Longitudinal
Edge Gussets

Fillet-Welded
Joints with

Longitudinal
Round Pipes

Base
Metal

The negative inverse
slope of S–N curve 8.5 4.2 7.2 4.6 3.2 6.4 6.9

Fatigue strength at
2 × 106 cycles (MPa) 155 45 155 90 55 140 190

Lowering Fatigue
strength at 2 × 106

cycles by 20% (MPa)
127 - 128 - - 115 -

In the literature [22], the fatigue life composition of stainless-steel butt welds and plates with
transverse fillet-welded attachments was analyzed using the fracture mechanics method, where it was
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found that the fatigue crack initiation life could not be neglected. Long fatigue crack initiation life
will cause the S–N curve slope m to be much larger than 3 [46,47]. The negative inverse slopes m of
the S–N curve were 8.5, 7.2, and 6.4 for butt welds, plates with transverse fillet-welded attachments,
and fillet-welded joints with longitudinal round pipes, respectively, which were much larger than 3.
The negative inverse slopes m of the S–N curve were 4.2, 4.6, 3.2, and 6.9 for cruciform joints failing
in the weld throat, plates with longitudinal fillet-welded attachments, plates with longitudinal edge
gussets, and base metal, respectively, which were close to 3. The fatigue strengths of the butt welds,
plates with transverse fillet-welded attachments, fillet-welded joints with longitudinal round pipes,
and base metal were 158.5 MPa, 159.7 MPa, 143.9 MPa, and 190 MPa, respectively. When S–N curves
were regressed freely, the fatigue limit of base metal at 107 cycles obtained from the test data was
150 MPa, and it was within the range of the fatigue limit in the reference [48]. The fatigue strengths of
cruciform joints failing in the weld throat, plates with longitudinal fillet-welded attachments, and plates
with longitudinal edge gussets were 49.8 MPa, 92.4 MPa, and 57.7 MPa, respectively, when S–N curves
were regressed freely.

Based on the above analysis, the fatigue strengths of the six typical welded joints of stainless steel
are suggested in Table 4.

4. Conclusions

The main conclusions of this study are as follows:

(1) For the same representative welded joints, the fatigue strength of welded joints of stainless steel
was greater than that of the structural-steel welded joints, especially for butt welds, plates with
transverse fillet-welded attachments, and fillet-welded joints with longitudinal round pipes.

(2) The scatter index 1/Tσ for the free slope S–N curves was 1.3, and the scatter index 1/Tσ for fixed
slope S–N curves, m = 3, was 1.9. This demonstrates that the scatter band of the free slope S–N
curves is much smaller than that of the fixed slope S–N curves. The free slope S–N curves are
more suitable to represent the fatigue performance of the stainless-steel welded joints.

(3) The accuracy of analysis can be increased by adopting the slope of the S–N curve according to
welding details. Data analysis shows that the slope of the S–N curve is between 3.2 and 8.6.
With the decrease in the stress concentration, the deviation between the negative inverse slope m
and 3 is greater. This is why the IIW recommendation and EC 3 design S–N curves were used to
over-conservatively evaluate the test results.

5. Expectation

The experimental data collected in this paper were all from laboratory specimens, which were
different from the actual sizes of the components. It is necessary to supplement these data by verifying
full-scale tests under a tangible engineering environment.
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