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Abstract

This study investigates the fatigue performance of HFMI-treated welded joints in offshore wind turbine monopile founda-
tions. Fatigue tests were carried out on longitudinal butt welds (LB) and T-butt welds (TB) made from S355J2+ N, S355ML,
and SS00ML in both as-welded (AW) and HFMI-treated conditions. In addition, single-sided transverse stiffeners (TS)
were tested after blast cleaning to simulate conventional surface preparation prior to coating. The results show that HFMI
significantly improves the fatigue strength of TB welds, shifting the failure location away from the critical weld toe when all
weld toes, including intermediate layers, are treated. In contrast, LB welds exhibited a high fatigue resistance already in AW
condition, indicating limited benefit of HFMI treatment under axial loading. Blast cleaning, whether applied before or after
HFMI, was found to be compatible with organic coatings and thermal sprayed zinc and did not reduce fatigue performance;
a slight positive effect was even observed. These findings support the selective use of HFMI treatment for critical details in
offshore monopiles and confirm its compatibility with standard corrosion protection systems.

Keywords HFMI - Fatigue - Longitudinal butt weld - T-butt joints - Transverse stiffener - Surface preparation - Blast
cleaning - Coating

1 Introduction
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The construction of offshore wind turbines (OWT) plays
a key role in securing the energy supply from renewable
sources. The further expansion of offshore wind energy
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ity demand placed on offshore support structures. Verifying
the fatigue strength of welded joints remains a major chal-
lenge due to the high cyclic loading conditions. To meet
these requirements, thicker steel plates are often required to
reduce the local stresses. A promising measure to optimise
material usage is a post-weld treatment of welded joints,
particularly by high-frequency mechanical impact treatment
(HFMI). Applying HFMI on high-strength steels can further
enhance the benefits of this method, resulting in a reduction
in total weight, lower construction and transportation costs,
and reduced overall resource consumption. Compared to
conventional treatment techniques such as grinding, HFMI
significantly improves the fatigue strength of welded joints.
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These advantages make HFMI an attractive technique for
application in OWT structures.

However, there are still considerable challenges regard-
ing the durability of corrosion protection systems on HFMI-
treated weld toes. Since direct studies on coating adhesion
on HFMI-treated weld toes are scarce, insight can be gained
from investigations on related mechanical surface strength-
ening processes. Recent studies have shown that shot peen-
ing can significantly improve the adhesion of organic paint
coatings on steel substrates. These improvements are mainly
attributed to changes in surface topography and surface
roughness, which enhance mechanical interlocking between
the coating and the substrate. Experimental investigations
demonstrate that peening-induced surface texture parameters
strongly influence coating adhesion strength, while compres-
sive residual stresses play a secondary role for organic sys-
tems [1-3].

It should be noted, however, that the surface modifica-
tions introduced by shot peening are not directly compa-
rable to those generated by HFMI treatment. Shot peening
typically produces a finely distributed surface roughness
that is considerably lower than the roughness achieved by
conventional clean blasting, which is commonly required as
standard surface preparation to ensure sufficient adhesion
of organic coating systems. In contrast, HFMI introduces a
localised, linear geometric indentation at the weld toe rather
than a two-dimensional increase in surface roughness. As a
result, the HFMI-treated zone may locally promote coating
accumulation due to the geometric notch, while at the same
time HFMI can generate relatively smooth or shiny surface
areas depending on the device and parameters used. Such
surface characteristics may locally reduce coating adhesion
strength if not followed by appropriate surface preparation.
Therefore, while findings from shot-peening studies support
the assumption that HFMI does not inherently impair coat-
ing adhesion, a direct transfer of these results is not possible.
Careful validation of the combined effects of HFMI-induced
geometry and subsequent surface preparation—particularly
under offshore-relevant clean blasting procedures—is there-
fore required. The results of the present study indicate that
HFMI treatment combined with conventional clean blast-
ing does not adversely affect fatigue performance and can
be successfully integrated into standard coating procedures.

In addition, no specific guidelines or systematic quality
requirements currently exist to ensure the process reliability
and long-term performance of HFMI-treated weld toes in
combination with corrosion protection systems. The com-
bined assessment of HFMI treatment and offshore-relevant
coating systems therefore represents a critical research
gap, as offshore monopile foundations rely simultaneously
on mechanical fatigue resistance and long-term coating
durability. The present study directly addresses this gap by
linking fatigue testing of HFMI-treated details with their
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compatibility with conventional surface preparation (clean
blasting) and subsequent coating procedures.

A particular challenge arises from the production of
monopile shell sections, which are manufactured by bend-
ing flat steel plates into a cylindrical shape and welding them
longitudinally. These longitudinal welds run parallel to the
main axis of the structure and thus to the dominant loading
direction, making them essential for the structural integrity
of the monopile. Despite their importance, the fatigue behav-
iour of HFMI-treated longitudinal butt welds (LB) has not
yet been thoroughly investigated. While the applicability
of HFMI treatment in OWT structures to improve fatigue
strength is generally recognised, systematic investigations
are required to ensure its reliable integration into the design
and manufacturing process chain over the entire service life.

This study presents the results of the research project P
1454 [4] aimed at integrating HFMI treatment into the pro-
cess chain of manufacturing OWTs, thereby enabling more
economical designs. The study focuses on the application
of HFMI to the primary support structure of OWTs—the
monopile foundation. The results show the compatibility
of HFMI-treated welds with corrosion protection systems,
the achievable fatigue performance under offshore-relevant
loading conditions of single-sided TS, longitudinal butt
joints, and T-butt joints as well as the effects on fatigue
design and quality assurance.

1.1 Potential of HFMI treatment in monopile
foundation structures

The monopile represents the most widely deployed founda-
tion concept for OWTs. It comprises a single cylindrical
pile upon which the turbine structure is mounted. The shell
segments are manufactured from hot-rolled flat steel plates,
which are cold-bent into a cylindrical or conical shape and
subsequently joined along longitudinal seams. These longi-
tudinal welds are typically applied from both the inside and
outside. These sections are subsequently joined by circum-
ferential butt welds to produce larger segments, which are
then welded together along the “growing line” to assemble
the complete monopile structure. Normal strength steels in
accordance with DIN EN 10025-1 [5] and EN 10025-3 [6]
are predominantly used for the primary support structure
[7]. Monopiles are considered the most economical founda-
tion solution for water depths of up to approximately 50 m.
Hybrid construction methods that combine monopiles with
floating foundation technologies have extended the feasible
installation depth to around 100 m. With increasing water
depths, the stresses acting on the supporting structures also
rise significantly. The combination of cyclic mechanical
loading with environmental influences such as temperature
fluctuations, UV radiation, and corrosive seawater exposure
subjects these welded structures to a severe fatigue loading.
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As aresult, increased wall thicknesses are often adopted in
the design process to meet the fatigue strength requirements
of welded joints.

However, the use of higher strength steels in conjunction
with post-weld treatment techniques such as high-frequency
mechanical impact (HFMI) offers a viable approach in order
to reduce the resource consumption and optimise the mate-
rial utilisation while maintaining or improving fatigue per-
formance [8—11]. Recent studies have demonstrated that
HFMI treatment is effective in significantly improving the
fatigue strength of uncoated welded joints exposed to cor-
rosive environments under short-term laboratory conditions
[8—11]. These exposure durations overlap with typical off-
shore wind turbine (OWT) inspection intervals and have
been correlated with real marine corrosion scenarios based
on previous experimental research [8]. The initial findings
suggest that applying HFMI to welded joints in offshore
structures is a safe strategy for reducing material usage, as
the increased fatigue strength allows for thinner plate sec-
tions or a reduced weld reinforcement. This benefit remains
relevant even in cases where protective coatings may fail
unexpectedly between inspection and repair intervals. There-
fore, the use of HFMI in OWT applications shows consider-
able potential. Additionally, research work in recent years
has increasingly focused on improving the efficiency and
reproducibility of HFMI treatment, particularly regarding
its integration into automated fabrication processes. Wendler
et al. [12] investigated the use of robotic systems for HFMI
treatment of welded joints. These findings demonstrate that
automation can significantly enhance process accuracy and
ensure consistent quality of HFMI-treated welds, thereby
further increasing the efficiency and industrial applicability
of HFMI.

Parallel to the advancement of automation, efforts have
been made to establish quality assurance procedures for
HFMI treatment. Early recommendations, originally devel-
oped for conventional hammer peening processes [13], were
adapted for HFMI [14, 15]. Experimental studies have con-
firmed that both under- and overtreatment within defined
boundaries lead to only moderate reductions in the effec-
tiveness of HFMI [16, 17]. However, due to the variety of
available HFMI devices and treatment parameters, standardi-
sation based solely on equipment parameters is not feasible.
Instead, quality assurance must rely on the visual inspection
of the treated weld toe [16—18]. A smooth surface finish and
an adequate indentation depth are regarded as indicators of
a proper treatment [16-20]. In most recent work, the HFMI
treatment’s impact energy has been also applied as a quality
assurance indicator [20].

Based on these developments, the International Insti-
tute of Welding (IIW) published comprehensive guidelines
for the application, quality control, and fatigue design of
HFMI-treated welds [21]. Improved FAT classes for nominal

stress approaches are provided based on the stress ratio and
the base material; the size and thickness effects for plates
thicker than 25 mm are presented by Hobbacher [22]. Com-
plementary national regulations such as the German DASt
Guideline 026 [23] specify the requirements for fatigue
assessment of welded joints treated with qualified HFMI
methods (HiFIT, PIT, UIT). The guideline covers specific
detail categories, including transverse attachments and butt
welds, and outlines additional fabrication requirements to
ensure the feasibility of the post-weld treatment.

One critical aspect not yet fully addressed in existing
guidelines is the treatment of certain weld details beyond
the scope of DASt Guideline 026 [23], such as LB and
TB as shown in Fig. 6. Furthermore, the effect of a sur-
face preparation following a post-weld treatment, such as
blast cleaning after HFMI treatment, remains an open topic.
According to DASt Guideline 026, blast cleaning is permit-
ted after HFMI treatment to achieve the surface conditions
required for the long-term performance of organic corro-
sion protection systems. Preliminary studies [24] suggest
that blast cleaning may be compatible in order to maintain
the improved fatigue performance of HFMI-treated welds,
but further research is needed to confirm whether current
fatigue design approaches for HFMI-treated welds remain
valid following standard surface preparation procedures used
in offshore steel construction.

1.2 Corrosion protection for offshore wind energy
turbines

Offshore wind energy turbines are exposed to extreme
weather conditions. These include environmental influ-
ences such as marine or industrial atmospheres, extreme
temperature fluctuations, intense UV radiation, and high
humidity. As a result, the highest corrosivity category CX
according to DIN EN ISO 12944 [25] applies. Accord-
ingly, suitable measures are required to ensure the dura-
bility of these structures. These measures are critical to
guarantee the intended service life and efficiency of the
installations. The selection of a suitable corrosion protec-
tion system is a complex task that requires a combination
of various technologies and strategies as well as the con-
sideration of numerous location factors. One such factor
is the exposure location on the structure. Depending on
the position relative to the waterline, wind energy instal-
lations are divided into four corrosion zones. These zones
are illustrated using the example of a monopile in Fig. 1
[26]. The highest corrosive erosion occurs in the splash
water zone (swz). The alternating wet-dry cycles in this
area lead to high corrosion rates [27, 28]. For this reason,
special attention must be paid to these areas when design-
ing corrosion protection systems. Additionally, a distinc-
tion is made between the internal and external surfaces of
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Fig. 1 Illustration of the external corrosion zones of an offshore
monopile

the structure. Among the various approaches available,
passive corrosion protection is the most applied method.
This preference is due to its proven long-term durabil-
ity, compatibility with large-scale steel structures, and the
ability to be standardised and quality-controlled in both
manufacturing and field conditions.

Passive corrosion protection includes strategies that
prevent corrosion without the need for electrical or electro-
chemical interventions. The core principle lies in creating
a physical barrier between the steel surface and the cor-
rosive environment, primarily using coatings and surface
treatments.

For offshore structures, organic coatings, such as epoxy
or polyurethane systems, are widely used. These are typi-
cally applied in multiple layers to achieve an optimal
performance:

e The primer ensures adhesion to the metallic substrate and
provides the base for the entire coating system.

¢ Anintermediate layer enhances corrosion resistance and
reinforces the adhesion of the topcoat.

e The topcoat serves as the outermost protective layer,
resisting weathering, UV radiation and mechanical
impacts.

Another widely used passive protection technique is ther-
mal metal spraying (metalising), particularly suited for large,
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exposed surfaces. In this process, molten metal—typically
zinc or aluminium—is sprayed onto the prepared steel sur-
face, forming a durable and corrosion-resistant layer.

An effective performance of passive protection systems
depends heavily on proper surface preparation, which typi-
cally involves dry blast cleaning. This process removes con-
taminants such as rust, old coatings and grease, while also
roughening the surface to ensure mechanical adhesion of
the coating. Standards such as ISO 8501-1 [29] and ISO
8503-1 [30] specify the required cleanliness grade (Sa 2%2)
and roughness level (“medium (G)”), respectively. For off-
shore applications, steel grit at a pressure of 6 to 8 bar is
commonly used to meet these requirements. After surface
preparation, coating systems are applied and tested regarding
performance and durability. Standards such as ISO 12944-4
[25], ISO 12944-5 [31], and ISO 12944-9 [32] provide
guidance on the design, application, and testing of corro-
sion protection systems under offshore conditions. Given the
extreme corrosivity of marine environments, passive corro-
sion protection remains the standard approach for OWTs due
to its low maintenance requirements, broad in situ experi-
ence, and cost-effective implementation over the service life
of these structures. Significant challenges remain regarding
the long-term effectiveness of corrosion protection systems
applied to HFMI-treated welds. The adhesion of organic sur-
face coatings on these HFMI-treated zones has not yet been
sufficiently investigated, leading to uncertainties concerning
their long-term durability. Moreover, there are currently no
specific regulations or systematic quality requirements to
ensure process reliability and effectiveness of HFMI treat-
ments throughout the service life of offshore structures.

2 Experimental work

To support the integration of HEMI treatment into industrial
fabrication processes for offshore wind structures, a series
of experimental investigations were carried out, focusing
on selected aspects relevant to production and design. The
study examined the surface characteristics of HFMI-treated
weld zones with respect to their compatibility with subse-
quent blast cleaning and the adhesion of organic coating
systems. In addition, the fatigue performance of welded and
HFMI-treated TS after surface preparation by blasting was
evaluated to assess the combined effect of a mechanical post-
weld treatment and coating-related processing steps. Beyond
this, two additional welded joint types commonly used in
offshore structures, which are not yet covered by existing
fatigue design recommendations and for which no HFMI-
related experimental data is available, were investigated in
order to assess their performance for fatigue design and for
standardisation work in future.
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All HFMI treatments conducted in this study followed the
qualified methods HiFIT and PITEC. The specific treatment
parameter variations for each specimen type, including pin
diameter, operating frequencies, and application angles, are
described in the corresponding subsections.

2.1 Corrosion protection of HFMI-treated welds

2.1.1 Corrosion tests in artificial atmospheres

Salt spray test The salt spray test according to DIN EN ISO
9227 [33] is a widely used method for evaluating the corro-
sion resistance of metallic materials, with or without perma-
nent or temporary corrosion protection. In the neutral salt
spray (NSS) test, a 5% sodium chloride solution is sprayed
on the specimen in a controlled environment. The pH value
and temperature inside the salt spray chamber are monitored
in accordance with the specifications of DIN EN ISO 9227
[33]. The corrosion exposure duration of the test specimens
in the chamber (Fig. 2) depends on the expected corrosion
resistance of the material or corrosion protection system
being tested. During the exposure period, the specimens are

Fig.2 Salt spray chamber, located in the laboratory of the Institute
for Steel, Timber, and Masonry Structures

regularly inspected for indications of corrosion. After corro-
sion exposure, the specimens are rinsed with deionised water
to remove loosely attached corrosion products. The assess-
ment of corrosion attack can be done qualitatively visually,
but it can also be quantified, measuring the reduced mass or
respective dimensions. The number, the condition, and the
geometry of the test specimens must be determined regard-
ing the intended future application. Particular attention has
to be paid to the positioning of the specimens in the salt
spray chamber. The specimens are arranged at an upward
angle of 20° from the vertical direction to ensure that they
are not directly hit by the salt spray jet. To achieve this,
appropriate holders—e.g. made of polypropylene material—
must be fabricated, taking the respective specimen geometry
into account.

Fabrication of small-scale specimens In total, specimens for
three test series were manufactured. As presented in Table 1,
series 1 and 2 differ in the sequence of manufacturing steps.
In series 1, after welding a blind seam using a GMAW pro-
cess, the HFMI treatment was performed by the respective
HFMI device manufacturer. Therefore, appropriate inten-
sity settings for the steel grade S355 J2 were applied. Sub-
sequently, the corrosion test sides of the plates were blast
cleaned with angular abrasive material in order to reach at
least a surface preparation grade Sa 2Y2, as defined in ISO
8501-1 [29]. The surface profile on the corrosion test side of
each plate corresponded to grade “medium (G)” according to
ISO 8503-1 [30], which was verified using a comparator as
described in ISO 8503-2 [34]. In series 2, the manufacturing
steps were performed in a reverse order compared to series 1
after welding the blind seam. Finally, a corrosion protection
system was applied according to the manufacturer’s speci-
fications. In series 3, the blind seam was ground flush after
welding. The corrosion test sides were then blast cleaned to
a surface preparation grade Sa 2 and the corrosion protec-
tion system was applied. Regarding the corrosion protection
systems used, an organic coating system with and without
a primer as well as thermal zinc spraying was investigated.
Figure 3 shows small-scale specimens without and with the
respective corrosion protection systems. The coating sys-
tems used are presented in Table 1. In total, a number of 24
small-scale specimens (8 specimens for each series) were
manufactured. The corrosion protection systems used in the
experimental programme are summarised in Table 2.

Suitability testing of the selected coating systems and
surface preparations To evaluate the corrosion resist-
ance of the selected coating systems and surface prepara-
tion methods, the small-scale specimens were exposed to
a corrosive atmosphere in a salt spray chamber according
to DIN EN ISO 9227 [33]. The salt spray chamber, located
in the KIT Steel and Lightweight Structures laboratory and
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Fig.3 Small-scale specimens (AW and HFMI-treated) without a coating (a), with organic coating (b), and thermal zinc spray (c)

Fig.4 Polypropylene holder for the small-scale specimens

manufactured by Erichsen (Hemer-Sundwig), is approved
exclusively for neutral salt spray (NSS) testing. The respec-
tive salt concentration required by DIN EN ISO 9227 [33] is
regularly monitored. To position the corrosion test surfaces
of the specimens at the specified angle to the spray mist,
holders made of a polypropylene material were fabricated.
This holder, including its dimensions and final shape, is
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shown in Fig. 4. The duration of corrosion exposure was
set to 4200 h, based on the corrosivity category C5-M as
defined in DIN EN ISO 12944-6 [35] and DIN EN ISO
12944-9 [32]. Visual inspections were carried out at three-
week intervals during the corrosion exposure. Since no signs
of corrosion have been observed at any inspection, the dura-
tion of exposure was extended. Finally, the specimens were
removed from the salt spray chamber after 30 weeks, or
210 days, corresponding to 5040 h. (Tables 3, 4, 5, 6, 7, 8,
9,10, 11, 12, and 13)

After the corrosion exposure period, all specimens were
cleaned and visually inspected for indications of corro-
sion. Both the organic coating systems (with and without
primer) and the thermally sprayed zinc coatings fulfilled the
performance criteria referenced in Table 5 of DIN EN ISO
12944-9 [32]. As seen in Fig. 5, no evidence of rust forma-
tion, cracking, or coating delamination has been observed.
Importantly, no significant differences in coating adhesion
or durability were identified with respect to the sequence of
surface preparation (blast cleaning) and HFMI post-weld
treatment. These findings indicate that the application of
HFMI treatment does not compromise the performance of
the investigated coating systems. On the contrary, it may be
considered compatible with standard corrosion protection
procedures for welded joints exposed to high mechanical
demands.

Because no scribes were applied, the absence of cor-
rosion after 5040 h reflects the barrier performance of the
intact coating systems. Modern offshore coating systems are
known to withstand such exposure durations without degra-
dation, and therefore, the present results do not allow con-
clusions regarding coating adhesion or rust creep behaviour
under damaged conditions. Further work involving scribed
specimens would be required to evaluate the interaction
between HFMI-induced surface profiles and coating adhe-
sion in the presence of coating defects.
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Fig.5 Specimens in salt spray
chamber after 2688 h of cor-
rosion exposure (a) and after
removing from the chamber
after 5040 h and cleaning (b
and ¢)

2.1.2 Surface quality requirements

The blast cleaning process effectively removes surface
contaminants and increases the surface roughness, thereby
enhancing the adhesion of subsequently applied coatings.
The required level of surface roughness depends on the spe-
cific coating system used. Surface preparation by blasting
can thus be flexibly integrated into the production process
either prior to or following HFMI treatment. Considering
the manufacturer-specific requirements for surface prepa-
ration and application of the selected corrosion protection
systems, both adhesion and durability were confirmed in the
HFMI-treated weld toe zone—regardless of the sequence
of blasting and HFMI treatment. This applies to both the
organic coating systems and the thermally sprayed zinc coat-
ing investigated in this study.

2.2 Specimen design for fatigue tests and weld
geometry

2.2.1 Materials, fabrication, and specimen geometry

The specimens used for the fatigue tests were manufactured
from normalised rolled plates of steel grade S355J2 +N
according to EN 10025-2 [38] and from thermomechani-
cal rolled plates of the steel grades S355ML and S500ML
in accordance with EN 10025-4 [39]. The chemical

T-butt joint

composition and the corresponding mechanical material
properties, as stated in the material test certificates 3.1
according to DIN EN 10204 [40], are summarised and out-
lined in Tables 3 and 4.

The welded detail longitudinal butt joint (LB) and T-butt
joint (TB) were fabricated using rolled plates of the steel
grades S355J2+N, S355ML, and SS500ML. The plates were
cut to shape using waterjet cutting and subsequently welded
using a double-V-groove weld configuration. For the T-butt
joint detail, metal arc welding (GMAW) was applied, while
the longitudinal butt joint was welded using submerged arc
welding (SAW). For weld preparation, a groove angle of
60° and a root gap of 2 mm were applied. The final geom-
etry of the specimens, as shown in Fig. 6, was produced by
waterjet cutting as well. The cutting surfaces and edges were
grinded (respectively polished and rounded) using a flap disc
to mitigate potential undesired effects that could lead to early
crack initiation, as such artificially cut surfaces do not occur
in the vicinity of actual weldments in offshore wind turbine
(OWT) structures. The single-sided TS were GMAW-welded
on rolled plates of steel grades SSOOML and S355J2 +N.
The specimens were cut to their final geometry, as shown
in Fig. 6, using a sawing process. The cutting edges were
finished by grinding with a flap disc. The welding process
parameters are given in Table 5.

longitudinal butt joint transverse stiffener

Fig. 6 Specimen geometry of T-butt joints, longitudinal butt joints, and TS
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2.2.2 HFMI treatment and surface preparation

HFMI treatment was carried out using the two qualified
methods HiFIT and PITEC [23]. All specimens were treated
with appropriate parameters as specified by the respective
equipment manufacturers. Table 6 summarises the applied
treatment parameters as a function of material/steel grade,
notch detail and selected treatment intensity level. For the
PIT treatment, a pin diameter of 4 mm was used, whereas
the HiFIT device operated with a pin diameter of 3 mm. The
HFMI process produced a burr at the edge of the specimens,
which was removed prior to testing by grinding.

Fatigue tests on the TS made of S355J2+ N and
S500ML—after HFMI treatment followed by blast clean-
ing—were conducted to verify the assumption that a surface
preparation, as required prior to the application of corro-
sion protection systems, does not adversely affect the fatigue
strength of HFMI-treated components. To this end, twelve
specimens of each material, previously treated with suitable
HFMI parameters, were subjected to manual blast clean-
ing using a circular nozzle. Table 7 summarises the blasting
parameters and the abrasive medium used.

Although no coating system was applied, the blasting pro-
cess was carried out to meet the surface preparation require-
ments typically specified for corrosion protection systems.
According to the requirements associated with the coating
systems in the test programme (Section 2.1), a cleanliness
of S, 2% was specified. In addition, an average surface
roughness of R,>70 um was required to ensure sufficient
adhesion. Compliance with these parameters was verified
by tactile roughness measurements in accordance with DIN
EN ISO 3274 [41], with measured R, values ranging from
72 to 141 ym.

Figure 7 illustrates the blasted surface and the weld toe
area of the specimens. In some cases, grooves of the HFMI
treatment remained visible after blasting. However, no cor-
relation was found between the visibility of these marks and
the HFMI method used.

2.2.3 Local weld geometry

The weld toe geometry of the TS was measured in both the
AW and HFMI-treated condition using laser triangulation.
A 3D profile sensor (Keyence LJV-7080) was used to cap-
ture the surface contour. The resulting point clouds were

Fig.7 HFMI-treated specimens of the TS detail after blast cleaning

Throat thickness [mm] Flank angle [°]

[]s355 183 1170

[]ssoomL 18 160
7.5

£ 150

140

Weld toe radius [mm]

Weld reinforcement [mm]

+2.75

$355 | S500 $355 | S500

$355 | S500 $355 | S500

Fig.8 Distribution of weld geometry parameters (AW) based on kernel density estimation
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exported and evaluated in MATLAB using the curvature
method [42]. Mean values, standard deviations, and vari-
ances of the measured geometry parameters are summarised
in Table 8.

Figure 8 shows the measured weld geometry in the
AW condition based on a kernel density function. For the
specimens made of SSOOML, the measured throat thick-
ness exceeds the target range of 4-5 mm by approximately
1-2 mm. Compared to the specimens made of S355J2+ N,
the SSOOML specimens exhibit a significantly sharper weld
toe transition, reflected in steeper weld flank angles. In some
cases, the flank angle falls below the required value of 110°
for quality level B according to ISO 5817 [43]. In contrast,
the weld toe radius and the measured weld reinforcement are
comparable for both material grades.

Figure 9 presents the weld toe radii and indentation
depths after HFMI treatment for both materials and two dif-
ferent pin diameters. The HFMI-induced weld toe geom-
etries show largely comparable characteristics for both steel
grades S355J2 + N and S500ML under the applied treatment
parameters. Slightly smaller radii are observed for S500
when treated with the larger pin diameter (Rp=2.0 mm)
compared to S355. When using the smaller pin diameter
(Rp=1.5 mm), TS made of S500 show a tendency towards
slightly deeper indentations than specimens made of S355.

Following blast cleaning, no significant changes in
HFMI-induced weld toe geometry were observed. While
the HFMI groove was no longer clearly visible due to the
loss of surface gloss, the measured geometry at the weld toe
remained unaffected, or changes were not detectable respec-
tively. The resulting HFMI-induced indentation geometries
are summarised in Table 9.

Although the SSOOML specimens exhibit a sharper weld
toe flank angle than S355J2+ N specimens, this difference
is not expected to significantly affect the geometric notch
severity for the present detail. Previous numerical studies

Radius rHFMI[mm] Indentation depth t [mm]
[ |
/1325 []Rp=1,5mm 10.225
( 13 L IRp=2,0mm |02
N 1275
AN 95 /
N /
275 — [
i (
1.5 \
11.25
$355 | S500 $355 | S500

Fig.9 Distribution of indentation depth and weld toe radius after
HFMI treatment, based on kernel density estimation

[44] have shown that flank angle effects are most pronounced
only at very shallow weld toe transitions (€ =~ 30°), whereas
steeper transitions do not lead to a meaningful increase in
the stress concentration. This is consistent with our observa-
tions, as the fatigue performance of the SSO0ML specimens
remained high despite the lower flank angle.

The notch stress level at welded joints is primarily gov-
erned by local weld geometry parameters [45]. High local
stress concentrations typically occur when steep flank angles
coincide with very small weld toe radii. A literature review
by Baumgartner [46] confirms that welded joints such as
longitudinal and transverse stiffeners or cruciform joints
generally show a high geometric notch severity dominated
by the weld toe radius. Accordingly, the influence of the
flank angle becomes most pronounced only when the weld
toe radius is very small and is of minor relevance once a
sufficiently large radius is present.

HFMI treatment further modifies the local geometry by
introducing a rounded weld toe profile. Studies by [43] have
shown that, once the HFMI indentation depth is sufficient
to fully reach and reshape the weld toe region, the result-
ing geometric notch effect becomes largely independent of
the original flank angle. Although these investigations were
performed on butt welds, the underlying mechanism is trans-
ferable. In the present study, the HFMI-treated weld toes
exhibited radii of approximately r ~ 1.5 mm and indenta-
tion depths in the range of 0.04-0.20 mm—values consist-
ent with the threshold at which the toe geometry becomes
governed by the HFMI imprint rather than the as-welded
flank angle.

This combination of a comparatively large weld toe
radius and sufficient HFMI indentation provides a plausi-
ble explanation for the high fatigue strength of the SSOOML
specimens, despite their sharper flank angle in the as-welded
condition. Under such geometric conditions, the contribution
of the flank angle to the resulting notch stress is expected
to be minimal.

2.3 Fatigue strength of HFMI-treated
and clean-blasted transverse stiffeners

To evaluate the influence of HFMI treatment in combina-
tion with blast cleaning on fatigue performance, systematic
fatigue tests were conducted on TS. The testing programme
aimed to verify whether the beneficial effects of HFMI on
fatigue life are maintained despite the subsequent mechani-
cal surface treatment. All specimens were treated using
specific HFMI parameters and then blasted under surface
conditions representative of typical coating preparation in
offshore construction. The results provide valuable insights
into the interaction between post-weld treatment and surface
conditioning in terms of an increase in fatigue strength.
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2.3.1 Fatigue test procedure and interpretation of failure
modes

Fatigue tests were performed using a high-frequency
resonance pulsator with a maximum load capacity of
F, max =600 kN at a test frequency of 60 Hz. Additional tests
were carried out on a servo-hydraulic testing machine with a
maximum load of F, .., =1000 kN at a frequency of 7 Hz.
The fatigue load was applied hydraulically via wedge grip
clamping mechanisms at a stress ratio of R=0.1. The areas
of the specimens to be clamped were cleaned by blast clean-
ing to ensure a consistent load transfer. During testing, a fre-
quency deviation of Af= +0.15 Hz and a stiffness reduction
of 20% were defined as termination criteria, as empirical
indicators of an initiated fatigue crack. The run-out limit for
the fatigue tests was set to 5x 10° load cycles. The test rigs
are shown in Fig. 10. Fatigue tests were terminated once the
defined criteria were reached, or a visible crack appeared.

Fig. 10 Servo-hydraulic test rig (left) and resonance test rig (right)

Fig. 11 HFMlI-treated TS with
a fatigue crack at the weld toe
(top) and with a fatigue crack at
the grip area (bottom)
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Failure at the HFMI
treaed weld toe

Base material failure
at the clamping area

Typical failure modes of the HFMI-treated TS observed at
the end of testing are shown in Fig. 11.

Several specimens exhibited cracks in the base material
near the clamping area. The failures observed in the clamp-
ing region were purely mechanical in nature; no indications
of fretting corrosion, surface damage, or discoloration typi-
cal of fretting processes were detected. The clamping force
had been verified prior to testing and was sufficient to pre-
vent slip between the specimen and the grips. The failures
are therefore attributed to local stress concentrations at the
rounded specimen edges within the grip region rather than to
insufficient clamping or fretting-related mechanisms.

It was initially decided to shorten the affected specimens
and to continue the tests. However, the first shortened speci-
men failed at the weld toe after only a few cycles, rendering
this procedure impractical. Consequently, no further speci-
mens were retested in this manner. For consistency and to
avoid bias, the failures occurring in the clamping area were
conservatively treated as equivalent to weld-toe failures and
included in the statistical evaluation. Although these failures
generally occurred at slightly higher numbers of cycles than
weld-toe failures, they did not influence the statistical analy-
sis, as they fell within the scatter band of the weld toe data.

2.3.2 Test results and statistical evaluation

The statistical evaluation of the fatigue test results was car-
ried out according to the procedure described in [47] and
[48]. Based on a regression analysis of the test data, mean
S—N curves were determined for each series at a survival

probability of Ps=50%, along with the corresponding mean
fatigue strength at N=2x 10° cycles. The characteristic
fatigue strength for a survival probability of Ps=95% was
subsequently derived using a single-sided prediction bound.
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Fig. 12 Fatigue test results of HFMI-treated TS made of S355 (left) and S500 (right), with and without blast cleaning

Specimens classified as runouts or outliers were excluded
from the statistical evaluation.

The results of the statistical evaluation for the speci-
mens made of steel grade S355 without blast cleaning are
presented in Fig. 12 in an S—-N diagram. These specimens,
which serve as a reference in the present study, are based on
fatigue tests previously conducted by Wendler et al. [12].
According to the I[IW recommendations [21], a fatigue
strength of Ac-=140 MPa is specified for HFMI-treated,
non-load-carrying TS made of S355 at a stress ratio of
R=0.1. A corresponding reference S—N curve is included
in the diagram for comparison. Subsequently, the results
obtained from specimens subjected to additional blast clean-
ing after HFMI treatment are compared with these reference
values to evaluate the influence of surface preparation on
fatigue performance. The corresponding reference datasets
for S355 and S500, used for all subsequent comparisons, are
listed in Table 10.

The actual slope of the test series with blasted specimens
(Q_HFMI_S355_Blast) is determined to be m=7.3, which
is identical to the slope of the reference series (Q_HFMI_
S355_Ref.) The characteristic fatigue strength reaches
222 MPa, which is significantly higher than that of the ref-
erence series and the FAT class specified in [21]. Compared
to the reference series, the scatter is reduced, with a ratio
of Ty=1:2.7. During testing, no failure was observed for
specimens subjected to a stress range of Ac, <280 MPa.
These specimens were subsequently tested again at higher
stress levels until a failure occurred. Following this, the prior
loading history is not considered in the statistical evaluation,
as a conservative approach.

As no fatigue test data for single-sided TS made of
S500ML are available in the literature, a dedicated refer-
ence series (TS_HFMI_S500) was tested and analysed.
The actual inverse slope of the data is determined to be
m=17.6, which is shallower than the slope defined by IIW
[21] (m=15). The mean fatigue strength for this series is
calculated to 258.9 MPa, with a corresponding character-
istic value of 217.2 MPa—well above the FAT class limit.
The blasted specimens are evaluated in direct comparison
with this reference series. The corresponding results are
illustrated in detail in Fig. 12 and highlight the influence
of a surface preparation following HFMI treatment on
the fatigue performance. The S—N curve of the blasted
S500ML specimens runs nearly parallel to the reference
series, with an actual slope of m=7.5. The mean fatigue
strength is Aoy =265.2 MPa, slightly exceeding that of
the reference series. The characteristic fatigue strength
is Ao-=228.8 MPa, and the scatter ratio is Ty=1:3.8,
which is notably lower than that of the reference series
(T'y=1:5.6). The results of the statistical evaluation for
all tested series are summarised in Table 11.

2.4 Fatigue strength of longitudinal butt welds

The test series includes the welded joint type of LB (see
Fig. 6), which is representative of typical applications in
offshore wind energy structures. The investigated steel
grades S355J2 + N and S500ML were selected in accord-
ance with DIN EN 10225-1 [49]. Fatigue tests were carried
out in both the AW and the HFMI-treated conditions. The
AW specimens serve as a reference, enabling an evaluation
of the effectiveness of HFMI treatment for each series and
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allowing the specific improvement to be quantified. The
HFMI treatment was performed using the HiFIT device.
All tests were conducted under pulsating tensile loading at
a stress ratio of R=0.1. The nomenclature of the test series
is defined based on the plate thickness and the condition
of the weld toe (AW or HFMI-treated).

2.4.1 Fatigue test procedure and interpretation of failure
modes

The LB with a plate thickness of =25 mm were tested on
the resonance testing rig at a frequency of 32 Hz. Fatigue
tests were terminated once a displacement increase of
0.5 mm was reached. The LB with a plate thickness of
t=35 mm were tested using a 1 MN servo-hydraulic test-
ing machine at a frequency between 1 and 3 Hz, depend-
ing on the applied load level. In this series, testing was
stopped when a stiffness reduction of 10% was detected.

Fig. 13 Experimental setups
used for fatigue testing of LB
with different plate thicknesses
(25 mm and 35 mm)

Fig. 14 Failure locations of LB
specimens in AW and HFMI-
treated conditions (S35J2+N 5,

The experimental setups used for fatigue testing are illus-
trated in Fig. 13.

In the AW series using the steel grade S355J2 4+ N and
a plate thickness of 25 mm (LB_AW_S355_25), fatigue
cracks initiated either at the rounded cut edge of the speci-
men or in the base material near the clamping area. Under
the applied loading conditions, the longitudinal butt welds
can therefore be considered non-critical with regard to
fatigue performance. Although no detailed weld toe geom-
etry measurements were carried out for the LB specimens,
the failure behaviour clearly indicates that the weld toe
was not the fatigue-critical location in the AW condition.
The observed failure locations suggest that the AW weld
geometry produced by the SAW process did not exhibit a
pronounced notch effect under axial loading.

In the HFMI-treated series with S355 J2+4+ N and a
plate thickness of 25 mm (LB_HFMI_S355_25), failures
typically occurred in the form of cracks initiating at the
weld cap. This was confirmed by macrosections of the

S500ML; t=25/35 mm) show-
ing cracks at weld cap, base

material, and clamping area
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specimens, as illustrated in Fig. 14a—c. One specimen was
excluded from the evaluation due to the presence of an
internal inclusion (e). For the HFMI-treated series of the
steel grade S355J2 + N and a plate thickness of 35 mm
(LB_HFMI_S355_35), failures predominantly occurred
in the base material or the clamping area (d). Only one
specimen exhibited a crack at the weld toe.

Since HFMI primarily improves fatigue performance by
mitigating geometric notch effects and introducing beneficial
compressive residual stresses, its effectiveness is inherently
limited when the weld toe is not the governing fatigue hot-
spot. This explains why the HFMI-treated and as-welded LB
specimens exhibited comparable fatigue performance. The
observed behaviour therefore reflects the inherently favour-
able AW geometry of the SAW butt welds under the given
loading configuration, rather than a lack of effectiveness of
HFMI for LB details in general.

Test results and statistical evaluation Figure 15 presents the
results of the fatigue tests on LB for various steel grades
and plate thicknesses. The diagram on the left shows the
S—N curves of the results for S355 with a plate thickness of
25 mm in both the AW and HFMI-treated conditions. The
right diagram includes results for HFMI-treated specimens
made of S355 with =35 mm and S500ML with =23 mm.
The statistical evaluation of the fatigue test results for the
LB, including slopes, mean values, and characteristic fatigue
strengths, is summarised in Table 12.

The statistical evaluation shows that the characteris-
tic fatigue strengths Ao gsq Of all HFMI-treated series
exceed the fatigue strength class FAT 160 defined for the
base material in [IW-Recommendations [22], even when a
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thickness correction is applied for specimens with a thick-
ness t>25 mm. For the reference series LB_AW_S355_25,
the characteristic fatigue strength is Ao 959, =245.6 MPa
based on a free slope of m=35,9. For the HFMI-treated series
with the same plate thickness, the characteristic value is
Ao 959, =242.1 MPa with a slope of m=6.5.

For the HFMI-treated series with an increased plate thick-
ness of t=35 mm (LB_HFMI_S355_35), the characteristic
value is Aoc o594, =202.7 MPa, based on a slope of m=3.6.
According to [22], the influence of plate thickness on fatigue
strength must be considered (see Eq. (1)). The assignment
of FAT class 160 with a slope of m=5 according to the [TW
Recommendations (Quelle) remains on the safe side, even
when the thickness correction is applied.

tref "
f = <I—> )]

eff

Due to the limited number of data points in the SSOOML
series, no statistical evaluation was performed. However, the
test results indicate that failure occurred only at compara-
tively high stress amplitudes. The corresponding nominal
stress ranges were 344 MPa (failure at the clamping area),
376 MPa and 432 MPa (failure at the weld cap). Overall,
the longitudinal butt weld detail exhibits fatigue strengths
that exceed both the FAT classes for base material defined
in the ITW Recommendations [22] and the highest improved
detail class FAT 180 specified for HFMI-treated welds in
the ITW guideline on HFMI treatment [21]. For the tested
configurations, HFMI treatment did not provide a signifi-
cant additional benefit. Consequently, HFMI treatment of
LB under uniaxial loading may be omitted, unless the detail

LB-S355-35 and LB-S500-23 | HFMI
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Fig. 15 Fatigue test results of longitudinal butt joints in HFMI-treated and AW conditions made of S355 (left) and S500 (right)
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is part of a complex joint region (e.g. T-joints) or subjected
to multiaxial loading conditions.

Fatigue strength of T-butt welds Fatigue testing of the TB
specimens was carried out under the same loading condi-
tions and evaluation criteria as applied to the LB. All tests
were performed at a stress ratio of R=0.1. Both AW and
HFMI-treated specimens were tested to assess the effective-
ness of mechanical post-weld treatment for improving the
fatigue strength of this geometrically more complex detail.
Fatigue tests on TB were conducted under axial tensile load-
ing using multiple test setups, depending on plate thickness
and required load levels. Specimens with a plate thickness
of r=23 mm were tested at frequencies of 110 Hz and
32 Hz on a high-frequency pulsator and resonance testing
machine, respectively. A displacement increase of 0.5 mm
was defined as the failure criterion. For the thicker speci-
mens (=34 mm), three tests were initially performed at a
frequency of 1 Hz with a displacement-based stop criterion
of 0.1 mm. Due to the high loads required, the remaining
specimens were tested on a servo-hydraulic testing rig at fre-
quencies between 1 and 3 Hz, with a failure criterion defined
to a 10% reduction in specimen stiffness.

Based on the failure modes shown in Fig. 16, it can be
concluded that without HFMI treatment (series TS_AW_
S500_23), the transverse butt weld becomes the critical
location and not the longitudinal butt weld. Except for
two failures observed in the intermediate layer, all cracks
initiated at the weld toe of the butt weld. In the HFMI-
treated series with both—HFMI-treated longitudinal and
butt welds—but untreated intermediate layer (TS_HFMI_
S500_23) failure predominantly occurred in the untreated
intermediate layer. This failure mode changed in the series

Fig. 16 Failure modes of T-butt
joints in AW condition, partial
HFMI treatment (without inter-
mediate layer), and full HFMI
treatment (including intermedi-
ate layer)

i y “"l'"rl'nﬁﬂf’n"r'wm. .

4.5 _s.23
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where the intermediate layer was also HFMI-treated (TS_
HFMI_S500_34). A variety of failure modes was observed.
Figure 16 shows representative examples, including cracks
at the weld toe of the butt weld, in the intermediate layer of
the transverse weld, and at the weld cap of the longitudinal
weld.

In the partially treated configuration (TS_HFMI_
S500_23), only the outer weld toes at the transition to the
base material of the transverse and longitudinal welds were
subjected to HFMI treatment, while the intermediate weld
layer remained in the AW condition. Because the untreated
intermediate layer retains its original weld toe geometry and
residual stress state, this area represents a potential fatigue-
critical zone. Furthermore, the longitudinal weld causes an
additional stress concentration in this region.

Although no direct measurements of the residual stress
state or hardness were conducted in this study, the fatigue
lifetimes of the partially treated specimens provide sufficient
support for this interpretation. In particular, one specimen
exhibited a lifetime within the scatter band of the as-welded
series (see Fig. 17.). This indicates that the untreated inter-
mediate layer behaves similarly to an as-welded weld toe,
which is consistent with the absence of HFMI-induced geo-
metric modification and compressive residual stresses.

In contrast, when all accessible weld toes, including the
intermediate layer, were treated (TS_HFMI_S500_34), crack
initiation no longer concentrated in a single critical region
but shifted between the weld toe, the weld cap, and the base
material. This redistribution of failure locations is consist-
ent with the expectation that HFMI reduces notch severity
and introduces beneficial compressive residual stresses in all
treated zones, thereby eliminating the dominant weak point
present in the partially treated configuration.

HFMI HFMI

treated intermediate layer

e

HFMI
treated intermediate layer
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Fig. 17 Fatigue test results of transverse butt joints in HFMI-treated and AW conditions made of S500 with r=23 mm (left) and t=34 mm

(right)

It should be noted that the term “intermediate layer” in
this context refers exclusively to the outer weld passes (i.e.
the surface layers) on the accessible side of the joint. These
represent separate weld toes at the surface which were left
untreated in the partially treated configuration. The finding
does not imply that internal weld beads or root layers must
be treated, nor does it require inter-pass HFMI treatment
during fabrication. Only those surface-accessible weld toe
transitions in the area of the adjacent longitudinal weld that
remain after completion of the multi-pass weld influence the
fatigue behaviour as observed in this study.

The results of the fatigue tests on T-butt joints under axial
tensile loading and evaluated using a free slope are presented
in Fig. 17. For the reference series TB_AW_S500_23, the
characteristic fatigue strength confirms the conservative-
ness of the assigned fatigue class FAT 90 [22]. When evalu-
ated with a free slope of m=3.7, the characteristic value is
Ao 954, =138.2 MPa.

The HFMI-treated series TB_HFMI_S500_23
shows a significantly higher fatigue strength. With a
free slope of m=6.0, the characteristic value reaches
Ao g5, = 180.5 MPa. The characteristic value exceeds the
reference fatigue strength FAT 160 for HFMI-treated butt
welds of the IIW-Recommendations [21], which assumes a
comparable slope of m=5. While this indicates a substantial
improvement, the limited number of specimens suggests that
further validation is necessary before generalisation.

In the case of the HFMI-treated series with an increased
plate thickness of =34 mm (TS_HFMI_S355_34), the char-
acteristic fatigue strength is Ao 54, =207.3 MPa with a free
slope of m=35.1. Considering the thickness correction for
plates with #>25 mm as previously described (Eq. (1)), the

adjusted characteristic value is Ao gs¢, =193.8 MPa. This
still exceeds the FAT 160 defined in [21] for transverse-
loaded, HFMI-treated butt welds. An overview of the cor-
responding results is given in Table 13.

2.5 Recommendations for design practice

The findings presented in this research project [4] pro-
vide a basis for evaluating the practical relevance of
HFMI treatment in the design of welded joints for off-
shore steel structures. While the experimental results con-
firm the potential for increasing the fatigue strength by
HFMI treatment, they also indicate that, for some details,
the expected benefit may be limited under the investi-
gated loading conditions. In addition, the compatibility
of HFMI-treated welds with standard blast cleaning pro-
cedures was confirmed, if surface quality requirements
for subsequent corrosion protection are met. Overall, the
research results support a differentiated approach to the
use of HFMI treatment and surface preparation in offshore
design practice. These recommendations are consistent
with the principles outlined in the IIW-Recommendations
[21] and DASt-Guideline 026 [23], while extending them
to offshore-specific details such as T-butt joints and their
associated corrosion protection requirements.

e LB: Under axial tensile loading, LB demonstrated a
fatigue strength that exceeds both the FAT classes defined
for the base material and those currently assigned to
HFMI-treated welds. No significant benefit was observed
from HFMI treatment. For typical applications in off-
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L2>3*%t
t = plate thickness

Fig. 18 Recommended HFMI treatment zones for the T-butt joint:
intermediate transverse weld layer and adjacent longitudinal weld

shore monopile structures, HFMI treatment of LB can
therefore be omitted—except in areas where the detail
merges into a T-joint or is subjected to complex loading
conditions.

TB: The HFMI treatment of TB resulted in a notable
improvement in fatigue strength. However, the effective-
ness of the treatment strongly depends on whether the
intermediate layer of the transverse weld is also included.
For full benefit, HFMI treatment should be applied not
only to the weld toes of the butt weld, but also to the
intermediate and longitudinal weld layers within the
T-joint region. A full HFMI treatment including the
intermediate layer of the transverse butt weld and the
adjacent longitudinal weld is therefore recommended for
T-butt joints, as shown in Fig. 18. The recommendation
to include the intermediate layer applies only to surface-

Table 1 Fabrication steps of small-scale specimens

Table 3 Mechanical material properties of steel grades S355J2C+N,
S355ML, and S500ML; EN ISO 6892-1 [36] and EN ISO 148-1 [37]

Material Thickness t  Yield Ultimate  Elongation at
(mm) strength strength  fracture A (%)
f,(MPa)  f,(MPa)
S355]2+N 20,0 424 559 28,6
S355]2+N 25,0 431 543 35,0
S355ML 25,0 472 538 31,0
S355ML 35,0 427 523 30,0
S500ML 23,0 579 650 22,0
S500ML 34,0 596 695 23,0

accessible weld toe regions of the multi-pass T-joint
in the area of the adjacent longitudinal weld. No inter-
pass treatment or interruption of the welding sequence
is required; HFMI can be carried out after completion
of all external weld passes, provided that the geometry
allows access to the respective weld toes. Consequently,
no significant time or cost implications are expected for
monopile production.

Surface preparation (blast cleaning): Blast cleaning
after HFMI treatment did not adversely affect the weld
toe geometry or fatigue performance but even slightly
increases the mean fatigue strength and reduces the scat-
ter. Surface roughness and cleanliness levels required for
coating adhesion can be achieved without compromis-
ing the beneficial effects of HFMI treatment, if blasting
is conducted under controlled conditions. The surface
preparation can be applied either before or after HFMI

Small-scale specimens, steel grade S355 J2; plate thickness =5 mm, dimensions 300 X 300 mm

Series 1

Series 2

Series 3

1

2 HFMI- Treatment 2

Welding the blind seam (Welding quality 1
level B, ISO 5817)

Surface preparation Sa 2%z 3 HFMI-Treatment

Welding the blind seam (Welding quality
level B, ISO 5817)

Surface preparation Sa 2Y2

1 Welding the blind seam (Welding quality
level B, ISO 5817)

2 flush grinding of the weld
3 Surface preparation Sa 2Y2

Application of corrosion protection coating 4 Application of corrosion protection coating 4 Application of corrosion protection coating

(Coating thickness measurements accord-

ing to ISO 2808) ing to ISO 2808)

(Coating thickness measurements accord-

(Coating thickness measurements accord-
ing to ISO 2808)

Table 2 Corrosion protection
systems used for preparation of
small-scale specimens

Corrosion protection system Product Coating thickness Manufacturer
Organic coating without primer SikaCor® SW-501 500 pm SIKA
Organic coating with primer SikaCor® Zinc R, Sika- 60 pm, 500 pm SIKA

Cor® SW-501
Thermal zinc spray ZnAllS 200 pm GRILLO
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Table 4 Chemical composition of plates, steel grades S355J2+N, S355ML, and SS500ML

Material C Mn Si P S Cr Ni Mo Cu Al N \'% Nb Ti

S$355J2+N (t=20mm) 0.16 141 023 0.015 0.004 0.086 0.069 0.015 0.178 0.035 0.007 0.004 0.011 0.002
S355]2+N (t=25mm) 0.15 159 023 0.018 0.004 0.036 0.026 0011 0025 0.030 0002 0.002 0.018 0.002
S355ML (1=25 mm) 0.079 154 0383 0.013 0.007 0.048 0.056 0.025 0.026 0.020 0.0053 0.001 0.020 0.002
S355ML (1=35 mm) 0.080 1.54 0368 0.013 0.001 0.037 021 0.004 0.019 0.010 0.006 0.001 0.021 0.001
S500ML (=23 mm) 0.083 1.678 0.425 0.017 0.0008 0221 0309 0.048 0263 0.027 0.0054 0.002 0.022 0.002
S500ML (=34 mm) 0.086 1.695 0469 0.016 0.0007 0227 0377 0.056 0272 0.030 0.0068 0.001 0.022 0.003

Table 5 Welding process parameters for TB-, LB-, and TS-specimens of steel grades S355J2+N, S355ML, and SS00ML

Material Process (-) Filler material Diameter Current (A) Voltage (V) Polarity (-)  Wire feed Travel Heat input
(detail)(-) (-) (mm) (m/min) speed (cm/  (KJ/cm)
min)
S355J12+N 135 G505MG4Sil 1.2 290-310 29-31 DC+ 10-1 40-45 9-11.5
(TS)

SS00ML (TS) 135 GS505MM213Ni 1.2 280-285 30-31 DC+ 10-11 35-45 11.7

S355ML (LB) 121 Bohler Union S 4.0 580-780 26-33 DC+/AC~ N/A 60-80 19.4-38.6
3Si

S500ML (LB) 121 Bohler Union S 4.0 580-780 26-33 DC+/AC~ N/A 60-80 19.4-38.6
3Si

Table 6 HFMI treatment parameters

Detail (-) Material (-) Intensity (-) Frequency (Hz) Pressure Intensity Speed (mm/s) No. of
(bar) level (°) passes
)
LB/TB $355J24+N/S500ML As recommended! Approx. 250 6 360 10 1
TS S$355J2+N/S500ML As recommended! Approx. 250 6 360 10
TS S355J2+N As recommended? 90 5 - 6 3

LHIiFIT device, manufacturer-recommended settings | 2 PITEC device, manufacturer-recommended settings | application angle 70° and 90° in
welding direction

Table 7 Blast cleaning—abrasive medium and blasting parameters

Abrasive medium Manufacturer Shape Grain size Hardness Distance Angle Pressure  Abrasive flow Almen intensity
rate
Steel grit AMASTEEL hard angular G40 >700HV Im 45°  7.5kg/em? 0.8 kg/s L>320 ym
GRIT

Table 8 Mean value, standard

o : Material Throat thickness Flank angle (°) Weld toe radius AW  Weld reinforcement
de\{laFlon, and coefficient of (mm) (mm) (mm)
variation of the measured weld
toe geometry parameters (AW) u max Vv(%) pn max v (%) u max V(%) n max v (%)
c min c min c min c min

S355J)2+N 420 537 1042 13581 191.77 659 060 1.60 33.16 1.61 3.11 26.10

0.44 3.26 8.95 107.18 020 0.23 042 0.62
S500ML 6.00 720 8.01 11528 159.30 8.71 047 130 4086 1.60 3.50 33.31
048 4.17 10.04  84.60 0.19 0.16 053 0.78

@ Springer



Welding in the World

Table 9 Mean value, standard

o ; Material (-) Applied pin radius  Radius rypy (mm) Indentation depth t (mm)
deviation, and coefficient of R (mm)
variation of the measured P u max v (%) i max v (%)
indentation geometries of the c min c min
HFMI treatment
S355]2+N 1.5 1.71 2.71 6.7 0.04 0.11 44.2
0.11 1.40 0.01 0.00
2.0 2.94 3.69 6.5 0.11 0.28 36.1
0.20 2.05 0.04 0.01
S500ML 1.5 1.59 1.95 10.7 0.07 0.17 41.2
0.17 1.14 0.03 0.00
2.0 2.26 2.98 9.6 0.11 0.26 66.1
0.22 2.00 0.07 0.00
Table 10 Oyerview of reference Material Series Description
and comparison datasets used
for TS 355 Q_HFMI_S355_Ref Literature data from [12]
S355 Q_HFMI_S355_Blast actual study (HFMI-treated + blasted)
S500 Q_HFMI_S500_Ref actual study (HFMI-treated reference series)
S500 Q_HFMI_S500_Blast actual study (HFMI-treated + blasted)

Table 11 Statistical evaluation of fatigue tests on TS (S355 and S500) with and without blast cleaning

Series (-) Number of tests  Slope m (-) Mean fatigue strength Characteristic fatigue Scatter ratio 7,(-)
) A6y (MPa) strength Ac-(MPa)

Q_HFMI_S355_Ref” 30 7.3 233.0 202.6 1:4.15

Q_HFMI_S355_Blast 14 74 252.5 222.1 1:2.68

Q_HFMI_S500_Ref 12 7.6 258.9 217.2 1:5.65

Q_HFMI_S500_Blast 10 7.5 265.2 228.8 1:3.85

“Data by Wendler et al. [12]

Table 12 Statistical evaluation of fatigue tests on longitudinal butt joints in HFMI-treated and AW condition made of S355 and S500

Series (-) Number of tests  Slope m (-) Mean fatigue strength Characteristic fatigue Scatter ratio 7,,(-)
(-) Aoy, (MPa) strength Ac(MPa)

LB_AW_S355_25 12 5.9 308.3 245.6 1:3.74

LB_HFMI_S355_25 12 6.5 301.0 242.1 1:6.06

LB_HFMI_S355_35 9 3.6 231.9/216.8 (corr.) 182.7/170.8 (corr.) 1:2.88

LB_HFMI_S500_25 5 - - - -

Table 13 Statistical evaluation of fatigue tests on transverse butt joints in HFMI-treated and AW condition made of S500

Series (-) Number of tests  Slope m (-) Mean fatigue strength Characteristic fatigue Scatter ratio 7,,(-)
(-) Ao, (MPa) strength Ao-(MPa)

TB_AW_S500_23 9 3.7 153.1 138.2 1:1.59

TB_HFMI_S500_23 10 6.0 226.3 180.9 1:5.90

TB_HFMI_S500_35 9 5.1 244.7/227.6 (corr.) 207.3/193.8 (corr.) 1:2.55
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treatment. For the investigated corrosion protection sys-
tems, the adhesion and durability in the HFMI-treated
weld toe area were confirmed regardless of the treatment
sequence, provided that the manufacturer's surface prepa-
ration and application requirements were met.

3 Conclusions

This study investigated the fatigue performance of HFMI-
treated welded joints in offshore steel structures. The results
confirm the significant improvement in fatigue strength for
TB, particularly when all weld toes, including the interme-
diate layer, were treated. For LB welds under axial tensile
loading, the AW condition already showed a high fatigue
resistance, indicating a limited benefit of HFMI treatment
in such cases.

Blast cleaning after HFMI treatment did not reduce the
fatigue strength and was fully compatible with organic coat-
ings and thermal-sprayed zinc, if manufacturer’s specifica-
tions for surface preparation were followed.

Overall, the findings support a selective and detail-
specific application of HFMI treatment in offshore steel
structures.

Future work should focus on validating the combined
durability of HFMI treatment and surface treatment sys-
tems under realistic offshore exposure conditions, expand-
ing statistical evaluation to different stress ratios and joint
geometries, and using numerical simulations to refine local
treatment strategies for complex weld configurations.
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