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Abstract
This study deals with the fatigue strength of high-frequency mechanical impact (HFMI)-treated unprotected structural details 
made of mild steel S355 considering the influence of corrosive environmental conditions. The investigations are carried out 
on butt welded specimens with sheet thickness t = 15 mm and on transverse non-load-carrying attachment specimens with 
sheet thickness t = 25 mm. Two different methods were applied for the simulation of marine corrosive environment in the 
laboratory. Specimens first were deposited in a salt spray chamber and then tested subsequently dry at laboratory-air condi-
tions considering the influence of corrosion on the crack initiation. Alternatively, and to cover the effects of corrosion on 
the crack growth, artificial seawater was used for pre-corrosion, and after a defined timespan, fatigue tests were performed 
simultaneously with the specimen resting in the corrosive medium. The corrosion fatigue tests were performed in as-welded 
and HFMI-treated conditions at a stress ratio R = 0.1 under axial tensile and 4-point bending cyclic loading. The test results 
are evaluated to determine the characteristic fatigue strengths for fixed slopes m = 3 and m = 5 according to IIW recommenda-
tions for the as-welded and for the HFMI-treated condition respectively. The results of the experimental investigations based 
on the nominal stress approach show that the fatigue strength of both specimen types could be significantly increased by the 
application of HFMI treatment compared to the corresponding specimens in the as-welded condition even if exposed to the 
investigated corrosive conditions. The comparison with the design proposals of IIW shows that for HFMI-treated butt welds, 
no reduction of the FAT class due to corrosion is required and the recommended FAT class is still valid. The results for the 
HFMI-treated transverse attachments are slightly below the design curve recommended by IIW and a proposal to consider 
corrosion is derived for this case. Additional numerical investigations by applying the effective notch stress (ENS) approach 
are performed to determine notch stress curves. It was found that for the corroded specimens in the as-welded condition, the 
FAT class according to IIW could not be reached and adjustments of the existing rules are necessary to consider corrosion 
effects. However, it can be concluded that the effective notch fatigue resistance recommended by IIW is still applicable in 
the case of corroded HFMI-treated structural details.

Keywords  Fatigue strength · Corroded welded joints · S355 · High-frequency mechanical impact (HFMI) treatment · 
Corrosion fatigue · Effective notch stress design

1  Introduction

Corrosion fatigue affects the fatigue strength of unpro-
tected steel components [1], which can lead to a reduction 
of fatigue resistance [2]. Offshore support structures are 
exposed to fatigue loads and a highly corrosive environment 
so that corrosion fatigue can occur if corrosion protection 
is not provided. This can be decisive for the design of struc-
tures such as offshore wind turbines [3] if the surface protec-
tion system is assumed to be defect. Earlier studies of HFMI 
treatment methods summarized by Yildirim and Marquis [4] 
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confirmed their applicability to increase the fatigue strength 
of welded joints. Based on these results, the recommenda-
tion for HFMI-treated welded joints [5] was presented by the 
International Institute of Welding. Considering the increased 
fatigue strength of HFMI-treated joints allows a more eco-
nomic design of offshore structures. However, since the risk 
of corrosion cannot be completely prevented in situ, it is 
necessary to understand how a lack of corrosion protection 
can influence the fatigue strength in offshore applications 
and to provide verified design specifications. The guideline 
DNV-GL-RP-C203 [6] gives a 30% reduction of the fatigue 
strength of as-welded details due to “free corrosion” and 
provides respective design curves. The proposal to reduce 
the predicted fatigue strength down to 70% in comparison 
to the corrosion-free case is also given by Hobbacher [7]. In 
general, complete corrosion protection is assumed. But the 
present rules and regulations do not provide any considera-
tion of HFMI treatment in corrosive environments due to the 
largely unexplored field of research.

The goal of a research project conducted by the authors 
[8] was to quantify the influence of corrosion on the fatigue 
behaviour of HFMI-treated welds and investigate the effec-
tiveness of the HFMI treatment in a marine corrosive envi-
ronment. The characteristic fatigue strengths determined 
for a fixed slope based on the nominal and the notch stress 
approach are presented in this study. The findings are com-
pared to the corresponding FAT classes recommended by 
IIW for the as-welded [7] and the HFMI-treated [5] con-
dition. The design recommendations derived for both butt 
welds and transverse attachments in the HFMI-treated con-
dition have previously been discussed in German [9] and 
English [10]. The influences of corrosion on the fatigue 
behaviour of the structural details investigated here are dis-
cussed in more detail in two further articles, separately for 
butt welds [11] and transverse attachments [12]. Support-
ing investigations regarding surface conditions and effects 
from corrosion on the HFMI-treated weld toe geometry are 
presented and discussed.

2 � Corrosion fatigue tests

Fatigue tests have been performed to investigate the influ-
ence of marine corrosion on the fatigue strength of HFMI-
treated and as-welded structural details. To analyse the 
fatigue behaviour for the phases of crack initiation and crack 
growth individually, two different methods of pre-corrosion 
and subsequent testing were defined. Sequential corrosion 
fatigue tests have been conducted to analyse the influence 
of corrosion on the crack initiation behaviour. Initially, the 
specimens were pre-corroded in a salt spray chamber (SSC) 
according to a previous study [13] to reproduce marine envi-
ronmental conditions. These specimens were subsequently 

dry tested at laboratory-air conditions. To investigate both 
the influence of corrosion on crack initiation and crack 
growth, simultaneous corrosion fatigue tests were carried 
out. First, the specimens were exposed to artificial seawater 
(ASW) considering [14] and then tested in this corrosive 
medium as well.

2.1 � Welded steel specimens

The structural details butt weld and transverse non-load-
carrying attachment made of mild steel S355J2 + N have 
been investigated in the HFMI-treated and the as-welded 
condition. After welding, the specimens were separated 
by water-jet cutting. To avoid edge cracks, the edges were 
subsequently ground. The weld toes of the specimens were 
HFMI-treated using the HiFIT device (rpin = 1.5 mm) and 
the PITEC device (rpin = 2.0 mm). The dimensions of the 
test cross sections of the specimens and the weld geometry 
parameters according to the welding procedure specifica-
tions are shown in Fig. 1.

2.2 � Test series of the present study

An overview of the test series, which were investigated in 
this study, is shown in Table 1. The nomenclature of the 
test series shows the type of structural detail, the treatment 
condition of the test specimen, the pre-corrosion method, the 
test type, and the loading type. A stress ratio of R = 0.1 was 
used throughout all test series.

The specimens of the sequential corrosion fatigue tests 
were pre-corroded in the SSC and subsequently dry tested. 
A neutral salt spray test was used, and a corrosion duration 
of 10 days was chosen to increase the surface roughness 
without a significant reduction of the thickness. A mean 
uniform reduction in sheet thickness of about 0.1 mm was 
documented. The sequential fatigue tests were carried out 
under cyclic axial tensile loading and cyclic 4-point bend-
ing. The specimens of the simultaneous corrosion tests were 
pre-corroded in ASW for 30 days and were re-dried under 
laboratory conditions in air for at least 10 days. The duration 
was based on the effect of the SSC tests regarding uniform 
thickness loss and surface roughness, to achieve compara-
ble initial conditions. The simultaneous fatigue tests were 
performed under cyclic 4-point bending in a stainless steel 
chamber filled with artificial seawater. The test frequency 
was limited to 1 Hz to ensure sufficient exposure of the cor-
rosive medium after crack initiation. This test frequency is 
comparable to the cyclic frequency range of real monopile 
structures exposed to alternating bending stress, which lies 
between 0.3 and 0.4 Hz [15]. As it was shown in Oberpar-
leiter et al. [16], the influence of the test frequency in those 
ranges is negligible, especially if the crack initiation phase 
represents a significant part of the total fatigue life which 
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applies for HFMI-treated welds [17]. The methods used for 
laboratory corrosion and specific descriptions of the test set-
ups for conducting the corrosion fatigue tests are described 
in more detail in [18] and also in ([11, 12]).

3 � Fatigue test results

The test results are evaluated based on the nominal stress 
approach using S–N curves. For the evaluation of the S–N 
curves, the fixed slopes according to the IIW recommen-
dations of as-welded [7] and HFMI-treated [5] structural 
details are used. The fatigue tests were performed until 
failure of the specimen occurred in the weld toe or the 
parent material. The number of load cycles up to failure of 

the test specimens is used for the evaluation of fatigue life. 
Failure of the specimens is attributed to a subsequently 
measured fracture surface of about 50 to 60% of the origi-
nal cross section. A failure in the parent material is consid-
ered as the lower limit of the achievable fatigue life and is 
considered when calculating the fatigue strength. Accord-
ing to the document of Euler and Kuhlmann [19] concern-
ing DIN EN 1993–1-9 [20], the one-sided 95% predic-
tion bound and the corresponding characteristic fatigue 
strength Δσc (FAT) are calculated. For Δσc, the reference 
value is specified for N = 2 ∙ 106 load cycles. Runouts and 
failure due to cracks occurring in the parent material are 
indicated in the diagrams. The results of the test series 
are compared with the corresponding regulations of IIW 
for as-welded [7] and HFMI-treated [5] structural details.

Fig. 1   Geometry of the welded 
steel specimens: a butt weld and 
b transverse attachment

Table 1   Overview of the corrosion fatigue test program

*  re-dried under laboratory conditions in air for at least 10 days

Test series Structural detail Condition Pre-corrosion Test type Load type

BW_AW_SSC_ax Butt weld As-welded SSC for 10 days Subsequently, dry Axial tensile
BW_HFMI_SSC_ax Butt weld HFMI-treated SSC for 10 days Subsequently, dry Axial tensile
BW_AW_SSC_b Butt weld As-welded SSC for 10 days Subsequently, dry 4-point bending
BW_HFMI_SSC_b Butt weld HFMI-treated SSC for 10 days Subsequently, dry 4-point bending
BW_AW_ASW_b Butt weld As-welded ASW for 30 days * Simultaneously in ASW 4-point bending
BW_HFMI_ASW_b Butt weld HFMI-treated ASW for 30 days * Simultaneously in ASW 4-point bending
TA_HFMI_SSC_ax Transverse attachment HFMI-treated SSC for 10 days Subsequently, dry Axial tensile
TA_AW_ASW_b Transverse attachment As-welded ASW for 30 days * Simultaneously in ASW 4-point bending
TA_HFMI_ASW_b Transverse attachment HFMI-treated ASW for 30 days * Simultaneously in ASW 4-point bending
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3.1 � Butt welds

A summary of the fatigue data for all test series on butt 
welds can be found in Table 2. Figure 2 shows the fatigue 
test results of butt welds for sequential corrosion in SSC 
under cyclic axial tensile loading. These test series repro-
duce the corrosive influence on crack initiation. A corrosive 
influence on crack growth cannot be simulated by this type 
of testing. The specimens of both test series all failed in 
the weld toe. All determined test data of the series BW_
AW_SSC_ax are above FAT90, which is recommended by 
IIW [7] for the structural detail butt weld in the as-welded 
condition. For the test series, FAT89 is calculated; thus, only 
a small deviation to FAT90 can be determined and a reduc-
tion of the FAT classification is not required. A comparison 
of the test series BW_AW_SSC_ax with BW_HFMI_SSC_ax 
shows the fatigue strength improvement using the HFMI 
treatment. In the case of BW_HFMI_SSC_ax, FAT182 is 

achieved. This results in a 105% increase in fatigue strength 
compared to the welded test series being exposed to the 
same corrosive environment. Furthermore, the test series 
BW_HFMI_SSC_ax leads to a fatigue strength 14% above 
FAT160, which is recommended for HFMI-treated butt 
welds according to IIW [5] and is consequently also valid 
for the investigated corrosion method.

The results of butt welds for sequential corrosion by 
salt spray under cyclic 4-point bending are presented in 
Fig. 3. The fatigue life of the test series BW_AW_SSC_b 
lies significantly above the FAT90 [7] curve and also above 
the FAT160 [5] curve. As the same corrosion method was 
applied, this indicates that the increased fatigue life in com-
parison to the results achieved under axial tensile stress for 
BW_AW_SSC_ax is attributed to the influence of bending. 
Nevertheless, FAT93 is obtained for BW_AW_SSC_b, which 
is only slightly above the IIW recommendation for the as-
welded condition [7]. In this case, the evaluation based on 

Table 2   Summary of the fatigue 
data for butt welds

Test series t (mm) fy (MPa) M fixed ∆σn,c,95% (MPa) 
for N = 2∙106

FAT acc. 
to IIW

Δ�n,c,95%

FAT

Improvement 
of AW by 
HFMI

BW_AW_SSC_ax 15 469 3 89 90 0.99 105%
BW_HFMI_SSC_ax 15 469 5 182 160 1.14
BW_AW_SSC_b 15 469 3 93 90 1.03 155%
BW_HFMI_SSC_b 15 469 5 237 160 1.48
BW_AW_ASW_b 15 469 3 105 90 1.17 104%
BW_HFMI_ASW_b 15 469 5 214 160 1.34

Fig. 2   Nominal S–N curves 
with fixed slopes of AW and 
HFMI-treated butt welds made 
of S355, SSC pre-corroded 
(10 days) specimens subse-
quently dry-tested under cyclic 
axial tensile loading, com-
parison with FAT acc. to IIW 
(AW [7], HFMI [5])
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the calculation of the 95% prediction bound led to an unrea-
sonably conservative fatigue strength value. An additional 
evaluation according to DIN 50,100 [21] is shown as an 
example in Fig. 3 and reflects this in the determination of 
FAT138. It is shown that the choice of the statistical evalua-
tion method for a special distribution of data points leads to 
strong deviations in the determination of the characteristic 
fatigue strength. A more detailed analysis of the influence 
of the evaluation methods will be presented in near future. 
Nevertheless, the evaluations in this paper are conducted 
according to the above-mentioned documents and the com-
parative analyses are carried out consistently for one evalu-
ation method and are therefore inherently valid.

In the case of BW_HFMI_SSC_b, all specimens failed 
in the parent material. One of the specimens failed in the 
area near to the grip and is therefore excluded from the 
evaluation. Thus, the HFMI treatment of the weld toe shifts 
the failure location to the parent material and even higher 
fatigue life has been achieved compared to the as-welded 
test series. A classification of the HFMI-treated weld toe is 
not directly possible. However, these results can be used to 
determine the lower bound of fatigue strength, as no crack 
could be detected at the weld toes using dye penetrant test-
ing. FAT237 is calculated for the test series BW_HFMI_
SSC_b. The fatigue strength is 48% higher than the FAT160 
according to IIW [5]. Compared to the as-welded test series 
BW_AW_SSC_b, the fatigue strength could be improved by 
155%.

Concerning the results of butt welds of the simulta-
neous corrosion fatigue tests with artificial seawater 

under 4-point bending loading, it can be observed that 
the characteristic curve with FAT105 is 17% above the 
curve of FAT90 recommended by IIW [7], see Fig. 4. So, 
the characteristic fatigue strength of the test series BW_
AW_ASW_b is also higher compared to both test series for 
sequential corrosion. Cracks in the parent material also 
occurred for the as-welded specimens subjected to bending 
stress. As it has already been discussed in Gkatzogian-
nis et al. [18] and supported by investigations in Kolitsch 
et al. [22], it can be assumed that the influence of ASW 
on crack growth is smaller for smooth-notched structural 
details like in the case of butt welds. Besides, higher val-
ues for the maximum surface roughness were observed 
in the case of SSC compared to ASW. Moreover, as pre-
sented in Ummenhofer et al. [23], corroded butt welds 
exposed 2 years to real marine conditions in the splash 
zone showed also a higher fatigue strength compared to 
uncorroded specimens. The characteristic fatigue strength 
of the corroded butt welds was 50% higher compared to 
the uncorroded condition. Due to the influence of cor-
rosion, smoothening of the weld toe and consequently a 
reduction of the notch sharpness was documented. The 
corrosion also reduced the sheet thickness, which assum-
ingly led to a reduction of the residual welding stresses in 
the areas next to the surface. As for the test series BW_
HFMI_SSC_b, the failure of all specimens of the series 
BW_HFMI_ASW_b occurred in the parent material. A 
fatigue class of FAT214 is calculated, which is about 10% 
lower than that of the test series BW_HFMI_SSC_b but 
lies also 34% higher than the FAT160 proposed by the IIW. 

Fig. 3   Nominal S–N curves 
with fixed slopes of AW and 
HFMI-treated butt welds made 
of S355, SSC pre-corroded 
(10 days) specimens subse-
quently dry-tested under cyclic 
4-point bending, comparison 
with FAT acc. to IIW (AW [7], 
HFMI [5])
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In comparison to BW_AW_ASW_b, the HFMI treatment 
led to an improvement in fatigue strength of 104%.

3.2 � Transverse non‑load‑carrying attachments

The fatigue test results of the transverse attachments are 
presented in Fig. 5, and a summary of the fatigue test data 

is provided in Table 3. For the as-welded series, TA_AW_
ASW_b tested in artificial seawater under 4-point bending 
loading FAT64 is determined. The crack initiation occurred 
for all tested specimens at the weld toe. Compared to the 
FAT80 recommended by IIW [7], the characteristic fatigue 
strength is reduced by 20% due to the influence of the simul-
taneous corrosion. Concerning both of the HFMI test series, 

Fig. 4   Nominal S–N curves 
with fixed slopes of AW and 
HFMI-treated butt welds made 
of S355, ASW pre-corroded 
(30 days) specimens tested in 
ASW under cyclic 4-point bend-
ing, comparison with FAT acc. 
to IIW (AW [7], HFMI [5])

Fig. 5   Nominal S–N curves 
with fixed slopes of transverse 
attachments made of S355, 
ASW pre-corroded (30 days) 
AW and HFMI-treated 
specimens tested in ASW under 
cyclic 4-point bending and SSC 
pre-corroded (10 days) HFMI-
treated specimens subsequently 
dry-tested under cyclic axial 
tensile loading, comparison 
with FAT acc. to IIW (AW [7], 
HFMI [5])
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sequential as well as simultaneous corrosion, all test speci-
mens reached a fatigue life which lies above the FAT140 
recommended by IIW for the HFMI-treated transverse 
attachments [5]. The failure location shifted into the parent 
material on three specimens of the test series TA_HFMI_
ASW_b and one specimen of the series TA_HFMI_SSC_ax. 
The failure of the corroded specimens mainly occurred at the 
weld toe though. Due to the large scatter of the test results, 
FAT134 could be obtained for both series, and thus lies 4% 
below the FAT140 curve. However, the application of the 
HFMI treatment has resulted in an increase of the fatigue 
strength of 109% compared to as-welded specimens tested 
under the same loading and corrosion conditions.

It should be noted that two additional test results for the 
test series TA_HFMI_ASW_b have been obtained since the 
research project was completed. Therefore, the current test 
data deviate from those presented in Ummenhofer et al. [8] 
and Weinert et al. [10]. However, since a slightly higher 
fatigue strength has been achieved, the previously derived 
design recommendations are still valid.

4 � Numerical analysis

The effective notch stress (ENS) approach has been used 
as a local verification method in addition to the experimen-
tal evaluation, to analyse the influence of corrosion on the 
fatigue strength of HFMI-treated and as-welded specimens. 
Therefore, the stress concentration at the weld toe has been 
calculated according to the structural detail and the respec-
tive loading type using linear elastic finite element method. 
Based on the fatigue test data, the effective notch stress 
S–N curves have been derived considering the investigated 
corrosive environmental conditions. Results for cracks in the 
parent material were not considered. The statistical evalua-
tion of the characteristic fatigue strength corresponds to the 
evaluation of the experimental investigations in chapter 3.

4.1 � Stress concentration factors

The calculations have been carried out on two-dimensional 
finite element models in the plane strain state using sym-
metry conditions, see Fig.  6. Quadratic plane elements 
(Abaqus: “CPE8”) have been used in the software Abaqus. 

The basis for the modelled geometry was the nominal val-
ues of the test cross sections of the structural details given 
in Sect. 2.1. For the weld geometry, the parameters of the 
welding procedure specifications were used. The weld toe 
is modelled with ρf = 1 mm and no indentation depth should 
be considered according to the IIW recommendations for 
HFMI-treated welded joints [5]. For meshing, the weld toe 
10 quad elements with quadratic shape function were used 
considering [24]. Linear variable stresses for bending load-
ing and linear constant stresses for axial tensile loading were 
applied using nominal stress of 1 MPa. Thus, the stress con-
centration Kt corresponds directly to the maximum principal 
stress S1.

Figure 6 shows the results of the linear elastic calcula-
tions. The results determined for the butt weld models show 
that stress concentration is 10% higher in case of axial ten-
sion compared to bending. The linear variable stress dis-
tribution due to bending affects the local stress conditions 
at the edge of the weld toe. For the transverse attachment, 
the stress concentration due to bending stress is 8% higher 
than the stress concentration that was calculated for axial 
tension. This can be explained by the one-sided transverse 
attachment. Thus, the centre of gravity is shifted, and the 
axial tensile loading causes secondary bending effects. This 
results in additional compressive stresses and reduces the 
stress concentration at the weld toe.

4.2 � Effective notch stress S–N curves

The effective notch stress ranges ∆σk,ENS were calculated 
considering the determined stress concentrations Kt shown 
in Section 4.1, and the nominal stress ranges ∆σn that were 
applied in the fatigue tests. The one-sided 95% prediction 
bound was calculated with fixed slopes for the HFMI and the 
as-welded S–N curves using the fatigue test data. Figure 7 
shows the effective notch stress S–N curves of the HFMI and 
the AW specimens investigated under the corrosive influ-
ences presented in this study. The results are compared to 
the FAT classes FAT320 and FAT225 recommended by IIW 
for the HFMI [5] and the as-welded [7] cases respectively.

The fatigue test data are evaluated for the as-welded butt 
welds under cyclic axial tensile loading and cyclic bend-
ing loading for sequential corrosion (BW_AW_SSC_ax, 
BW_AW_SSC_b) together with the as-welded butt welds 

Table 3   Summary of the fatigue data for transverse non-load carrying attachments

Test series t (mm) fy (MPa) m fixed ∆σn,c,95% (MPa) 
for N = 2∙106

FAT acc. to 
IIW

Δ�n,c,95%

FAT

Improvement of AW by HFMI

TA_AW_ASW_b 25 369 3 64 80 0.80 109%
TA_HFMI_ASW_b 25 369 5 134 140 0.96
TA_HFMI_SSC_ax 25 369 5 134 140 0.96
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under cyclic bending loading for simultaneous corrosion 
(BW_AW_ASW_b). For the test series of AW butt welds, 
FAT182 is achieved. The characteristic S–N curve lies 19% 
below FAT225 for the as-welded condition according to 
IIW [7]. It is obvious that this is due to the results of the test 
series BW_AW_SSC_ax. On the other hand, all fatigue data 
presented in Sect. 3.1 of AW butt welds evaluated by the 
nominal stress approach are above FAT 90 according to IIW. 
In other investigations of uncorroded butt welds, the FAT225 
based on the ENS concept was also not achieved (e.g. [25, 
26]). These studies give an overview about further publica-
tions on this topic. Pedersen et al. [26] investigate this aspect 
in more detail using a large database and show that applying 
the ENS concept to thin butt welds (t < 20 mm) can lead to 
a non-conservative assessment due to low stress concentra-
tions (Kt < 2.0). Based on the investigations of Sonsino et al. 
[27], it is proposed to maintain the FAT225 and to provide 
a flatter slope of m = 5 for consideration within the ENS 
concept. Pedersen et al. [26] show that this approach leads 

to a strongly conservative estimate in the area of the medium 
to low cycle fatigue area. Zhang and Maddox [28] recom-
mend a general reduction to the FAT190 based on their 
research. Anyhow, the FAT182 determined in the present 
study would not fulfil this recommendation either. The fact 
that even a reduced FAT class could not be achieved could 
be attributed to the influence of corrosion. This is in correla-
tion with the fact that results of the series BW_AW_SSC_ax 
based on nominal stresses are also not significantly above the 
recommended FAT class. A nominal stress based compari-
son of this series with uncorroded specimens presented in 
Gkatzogiannis et al. [11] supports this thesis, as a corrosion-
related reduction in fatigue strength of 18% could also be 
determined. Nevertheless, further studies on butt welds are 
necessary to make a valid statement.

For fillet welds of transverse attachments in the as-
welded condition, Pedersen et al. [26] state that the ENS 
results are in good agreement with FAT225. This also 
applies to the results based on nominal stresses regarding 

a) Bu� weld

Axial tension: 
Kt,BW,ax = 1.82

S1 Bending: 
Kt,BW,b = 1.66

S1

b) Transverse a�achment 

Axial tension:
Kt,TA,ax = 2.48

S1

Bending:
Kt,TA,b = 2.68

S1

Fig. 6   Numerical models, results for principal stress S1 and stress concentrations Kt. a Butt weld. b Transverse attachment
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FAT80. Therefore, the series TA_AW_ASW_b is evaluated 
separately to the butt weld series and a comparison with 
FAT225 is considered appropriate for this case. FAT174 is 
determined for this series and is thus 23% below the IIW 
recommendation. The effective notch stress fatigue resist-
ance for as-welded structural details given in Hobbacher [7] 
covers non-corrosive environments, so it can be assumed 
that the reduction is caused by the corrosive conditions. 
Consequently, the application of FAT225 is not conservative 
in the case of corrosive influences from artificial seawater 
examined in this study. It is important to note that in the 
context of this study, the evaluation is limited to nine data 
points. The evaluation of a larger amount of data is neces-
sary to avoid an over-conservative and thus uneconomical 
assessment.

The fatigue test data were evaluated for the HFMI-treated 
butt welds and transverse attachments under axial loading 
for sequential corrosion (BW_HFMI_SSC_ax, TA_HFMI_
SSC_ax) combined with the HFMI-treated transverse 
attachments under bending for simultaneous corrosion 
(TA_HFMI_ASW_b). The joint evaluation of both struc-
tural details is motivated by ENS investigations of Yildirim 
[29] on uncorroded and HFMI-treated butt welds. Among 
others, the applicability of FAT320 was confirmed for the 
HFMI-treated butt welds from [30] with low notch sharpness 
and similar thickness to the specimens investigated here. 
The data points of the HFMI-treated specimens examined 
here are also above the FAT320. Moreover, based on the 
characteristic curve and the determined fatigue strength of 
FAT350 for the HFMI test series, the recommendation of 

IIW [5] is confirmed. The comparison of the determined 
notch stress strengths with the strengths of HFMI-treated 
structural details according to IIW [5] initially allows the 
assumption that the FAT320 is also valid for the HFMI-
treated specimens under the investigated influences of cor-
rosion. Compared to FAT320 for HFMI, no negative influ-
ence from corrosion can be observed. Thus, the use of the 
IIW recommended class in Marquis and Barsoum [5] also 
corresponds to a conservative approach for the analysed cor-
rosion methods.

5 � Conclusions and outlook

The effectiveness of the HFMI treatment to improve the 
fatigue strength of welded structural details of steel grade 
S355 exposed to corrosive environments has been inves-
tigated experimentally and numerically. Furthermore, the 
applicability of the design curves recommended by IIW for 
as-welded and HFMI-treated details was evaluated for the 
case of corrosive exposure. To investigate in the laboratory 
the influence of marine corrosion on the phases of crack 
initiation and crack growth individually, sequential corrosion 
with salt spray and simultaneous corrosion with artificial 
seawater were applied respectively. Corrosion fatigue tests 
at a stress ratio R = 0.1 were carried out under cyclic axial 
tensile loading and cyclic 4-point bending loading on speci-
mens in the as-welded and HFMI-treated condition for the 
determination of fatigue strength. The tests were conducted 
on butt weld and transverse non-load carrying attachment 

Fig. 7   Effective notch stress 
S–N curves for HFMI-treated 
and as-welded specimens made 
of S355 taking into account 
corrosive environmental condi-
tions, comparison with FAT 
acc. to IIW (AW [7], HFMI [5])
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specimens with a sheet thickness of t = 15 mm and t = 25 mm 
respectively. Based on the experimental investigations and 
the evaluation using the nominal stress approach, the follow-
ing conclusions can be drawn:

No considerable reduction of fatigue strength could be 
determined for all fatigue test series of corroded as-welded 
butt weld specimens in comparison with the IIW recom-
mendation FAT90.

The results for HFMI-treated butt welds showed no cor-
rosion-induced reduction of fatigue strength compared to 
FAT160 according to IIW. In contrary, for all test series, 
the corresponding FAT classes determined were between 14 
and 48% above the design proposal. However, the applied 
maximum fatigue strength should not exceed that of the 
parent material. An adaptation of the existing assessment 
proposal is thus not required. An improvement of FAT90 
for as-welded by five FAT classes to FAT160 due to HFMI 
treatment is still valid.

For the as-welded transverse attachments, a reduction in 
fatigue strength of 20% concerning FAT80 according to IIW 
could be observed due to simultaneous corrosion.

The fatigue strength obtained for HFMI-treated transverse 
attachments during sequential and simultaneous corrosion 
testing is 4% below the FAT class 140 according to IIW. The 
reduction by one class to FAT125 is recommended to con-
sider the investigated types of corrosion. Thus, an improve-
ment of FAT80 for the as-welded condition by four FAT 
classes to FAT125 due to HFMI treatment is viable.

The HFMI post-weld treatment increases the fatigue 
strength of butt welds and transverse attachments even if 
exposed to the investigated corrosive environmental con-
ditions. For butt welds, the increase in fatigue strength is 
between 104 and 155% based on the results of the corre-
sponding corroded as-welded specimens. An improvement 
of 109% was determined for the transverse attachment 
specimens.

It can be determined that a corrosion-related reduction in 
fatigue strength depends on the notch sharpness of the struc-
tural detail. A more pronounced reduction for the transverse 
attachments can be observed, especially for simultaneous 
testing in artificial seawater. In comparison, no considerable 
influence of corrosion on fatigue strength could be identified 
for butt welds.

In addition, the notch stress approach was used as a local 
analysis method to verify the applicability of the existing 
design proposals. Based on the test results and the calcu-
lated effective notch stress curves, the as-welded and HFMI-
treated structural details exposed to corrosive environments 
could be classified. Based on the numerical investigations, 
the following can be concluded:

An evaluation using the notch stress approach includes 
all as-welded test specimens, whose cracks initiated at the 
weld toe, shows a fatigue strength-reducing influence of 

corrosion in case of transverse attachments. The results show 
that the characteristic fatigue strength for a fixed slope of 
m = 3 is FAT174, which lies 23% below the FAT class 225 
proposed by IIW. Therefore, the application of the design 
curve FAT225 is not possible in the case of corrosion condi-
tions without further modifications. Nevertheless, the evalu-
ation of a larger amount of data is necessary to provide a 
valid statement and to avoid an over-conservative and thus 
uneconomical assessment. This also applies to butt welds 
to verify a general applicability of FAT225. Thus, a valid 
assessment of corrosion-related reductions could be made 
on an ENS basis for butt welds.

It is evident that the notch stress approach is conserva-
tive and can be applied to HFMI-treated structural details 
under conditions of sequential and simultaneous corrosion 
investigated in this study. Since FAT350 for a fixed slope 
of m = 5 was determined, the recommendation of IIW for 
FAT320 is validated.

The investigations carried out so far cover a uniform 
corrosion-related thickness loss of up to 0.1 mm. Future 
research will focus on the influence of higher thickness 
reductions on the residual stress fields and the surface layer.
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