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Abstract
The potential of HFMI treatment to increase fatigue life under service loading remains in debate. However, some recent 
studies show that even under variable amplitude loading (VAL), fatigue strength is increased compared to untreated welds. 
Discussions generally focus on the stability of initial compressive residual stresses, which may be reduced during VAL due 
to high peak stresses. In this context, the potential of HFMI treatment is often only attributed to residual stress stability. 
This study presents further results on the effect of VAL with a P(1/3) and a linear load spectrum on the residual stress stabil-
ity of HFMI-treated transverse stiffeners (TS) made of mild steel (S355) and high-strength steel (S700M). The impact of 
random, High-Low and Low-High loading sequences on the fatigue strength as well as on the residual stress behaviour of 
HFMI-treated joints will be discussed.

Keywords  Fatigue of welded joints · High Frequency Mechanical Impact (HFMI) – treatment · Constant and Variable 
amplitude loading · Random · High-Low · Low-High · Linear spectrum · P(1/3) spectrum · Transverse attachments · 
Sequence effect · Residuals stresses stability

Nomenclature
AW	� as welded
CAL	� constant amplitude loading

fy	� nominal yield strength
H0	� spectrum length
HFMI	� high-frequency mechanical impact treatment
HL	� high-Low loading sequence
I	� irregularity factor
LH	� low-high loading sequence
LS	� longitudinal stiffener
MPa	� megapascal
Ps	� survival probabilitiy
R	� stress ratio
random	� radomly distributed loading sequence
TS	� transverse stiffeners
VAL	� variable amplitude loading
Δσ50%	� fatigue strength at 2*106 cycles with Ps= 50 %
σa,max	� maximum applied stress amplitude during VAL
σRS,ini	� maximum inital residual stress level
σRS,sp	� residual stress reduction after first spectrum pass
σT

RS	� transverse residual stresses
M0,1..,i	� measuring points, on which fatigue tests were 

interrupted for the continuous residual stress 
analysis
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1  Introduction

The strength-increasing and thus fatigue life-extending 
impact of High-frequency mechanical impact (HFMI)-
treatment is based on an improvement of the weld toe 
geometry, a local surface hardening and the induction of 
compressive residual stresses. The potential for fatigue 
life improvement of welds by HFMI-treatment has already 
been confirmed for various welded details made of dif-
ferent steel grades in numerous studies. Guidelines pub-
lished in 2016 [1] and 2019 [2] summarise the results of 
these studies and assess the fatigue strength improvement 
depending on the steel grade, welded detail and stress 
ratio. As mentioned in [3, 4] these guidelines are mostly 
based on the results of fatigue tests under constant ampli-
tude loading (CAL). Further research focuses on the influ-
ence of near-service VAL with different spectra on the 
fatigue performance of HFMI-treated welds [4–10].

Yildirim et al. examined in their study [8] the fatigue 
behaviour of HFMI-treated longitudinal stiffeners (LS) 
made of S700 under VAL. Fatigue test results under 
fully reversed (R = -1), randomly distributed VAL with a 
straight-line spectrum, show that the beneficial compres-
sive residual stresses induced by HFMI are significantly 
reduced during service loading. Although the fatigue 
strength was increased by HFMI treatment, the degree of 
improvement is significantly lower compared to CAL. This 
outcome is in line with the results of Leitner et al. [9] and 
Marquis [11]. Fatigue tests in [9] incorporate LS of S355 
and S700 at a stress ratio of R = 0.1 and R = -1 applying 
a straight-line distribution. Marquis [11] performed fully 
reversed (R = -1) VA fatigue tests on LS made of steels 
S700 and S960 utilizing a straight-line spectrum as well. 
In [4, 5], studies focus on the sequence effect of VAL (R = 
-1) with different spectrum shapes on the fatigue behaviour 
of transverse stiffeners (TS) made of S355 and S700. The 
results of these studies reveal that under VAL the fatigue 
strength improvement due to HFMI treatment is compara-
ble to CAL.

When comparing these studies, no overall conclusive 
statement can be provided on the fatigue behaviour of 
HFMI-treated welds under VAL. While the studies in [8, 
9, 11] on LS show that fatigue strength increase relative 
to the as-welded (AW) state is reduced by VAL, studies in 
[4, 5] on TS prove the enormous potential of this treatment 
method. It is evident that the fatigue strength improvement 
under VAL is predominantly affected by the notch effect of 
the welded detail, the quality of the HFMI-treatment, the 
steel grade and the service loading characteristics, such as 
spectrum shape, stress ratio and peak stresses. It is there-
fore not surprising that the effectiveness of HFMI treatment 
under VAL remains highly debated.

Deviations occur for the damage accumulation calcula-
tion as well. Based on the evaluation of fatigue tests on TS 
of different steel grades (S355, S690, S960) with a stress 
ratio of R=0.1 under blocked VAL real damage sums of 
Dreal = 0.5 for high strength steels to Dreal = 1 for mild 
steels are evaluated, taking into account the experimentally 
derived SN curves [7]. The analysis of the results from the 
experiments in [4, 5] shows that, based on the experimental 
SN curves, a damage sum of Dreal < 0.5 is calculated for 
specimens made of both S355 as well as S700. These devi-
ations in the calculations of real damage sums indicate the 
sensitivity in the assessment of HFH-treated welds under 
VAL applying a linear damage accumulation method. In 
continuation of the work already mentioned [8, 9], a sub-
sequent study [10] focuses on the fatigue assessment of 
HFMI-treated steel joints under VAL respecting the FAT 
class for HFMI in [1]. It was concluded that applying the 
recommended value of the specified damage sum of D = 
0.5 leads to a conservative fatigue assessment in all cases 
relied to. Even increasing the value to D = 1.0 still leads to 
a conservative assessment. As mentioned before, the effi-
ciency of such treatments within the scope of the guideline 
[1] is mainly attributed to the compressive residual stresses 
induced. It is often argued that due to service loading, e.g. 
under VAL, especially due to high peak stresses, the ini-
tial residual stresses may be reduced when the local yield 
strength is exceeded. Consequently, it is assumed that the 
initial benefit of such a treatment method is reduced or 
completely dissolved with the relaxation of compressive 
residual stresses [8]. For this reason, the increase of FAT-
classes in [1, 2] is related to the applied stress ratio and the 
allowable peak stresses of the service loading are limited 
according to the material’s yield strength.

Mikkola et al. [12] have shown that compressive peak 
stresses of 0.6*fy (nominal yield strength) resulted in full 
residual stress relaxation on treated LS. However, they 
observed, that fatigue improvement could be expected even 
after significant residual stress relaxation. Leitner et al. [13] 
observed that the residual stresses of TS are already signifi-
cantly reduced during the first load-cycles. Results are in 
common with the study on butt welds in [14].

However, the beneficial effect of the strain-hardened 
surface layer due to the HFMI treatment is not necessar-
ily affected [15]. Preliminary investigations on TS in [4, 5] 
shows that even at high peak stresses of VAL, the fatigue life 
remains increased by HFMI compared to the as welded state. 
Even a significant impact of the loading sequence between 
High-Low- and Low-High ordered block loading on the ser-
vice life could not be observed on HFMI-treated specimens. 
Assuming that the fatigue behaviour is mainly influenced by 
the initial residual stresses, the following may be concluded. 
Either the residual stresses are stable when subjected to VAL 
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or, if relaxation is occurring, the fatigue performance may 
not be mainly affected by the residual stress state.

Therefore, it is interesting when and how residual stresses 
may be reduced when subjected to service loads. In addition, 
it is appropriate to question which benefit regardless of the 
initial residual stresses, may extend the fatigue life. This 
study focuses on the effect of VAL on the initial residual 
state. Therefore, uniaxial fatigue tests with constant and 
variable amplitude loading on transverse attachments were 
performed. Results were published in [4, 5]. Along with 
the previous work, the effect of VAL on the stability of the 
residual stresses and the influence of the loading sequence 
on the relaxation behaviour is shown in this paper. Further-
more, the correlation between the fatigue improvement and 
the residual stress stability will be discussed.

2 � Experimental work

2.1 � Load sequences, specimen, and testing 
procedure

The impact of service loads on the residual stress stability 
HFMI-treated joints was studied by performing uniaxial 
fatigue tests with constant and variable amplitude loading 
on TS. The VAL tests were performed with different load 
sequences — random (R), High-low (HL) and Low-high 
(LH) — of a P(1/3) and linear shaped spectrum. The differ-
ent sequences as well as the spectrum shapes are qualitatively 

explained in Fig. 1. The spectrum length of the random load 
sequence is set to H0 = 200,000 load-cycles with an irregular-
ity factor of I = 0.99 and a stress ratio of R = −1. The genera-
tion of the random and blocked (HL, LH) loading sequences 
is based on the approach outlined in [4, 5].

The different load sequences are supposed to provide 
information about when and how residual stresses relax 
during the VAL and how the relaxation behaviour affects 
the corresponding fatigue behaviour. The stress ratio of 
R = -1 is set to reduce the impact of fluctuating mean 
stresses on the test results and on damage accumulation. 
In addition, the use of a stress ratio of R = -1 enables the 
effects of compressive and tensile peak stresses on fatigue 
behaviour of HFMI treated welds to be examined. Fur-
thermore, the influence of tensile and compressive peak 
stresses during service loading up to 0.9*fy on residual 
stress relaxation is studied in scope of this work.

A transverse attachment was chosen as the weld detail 
to be investigated due to extensive test results under CAL 
and the relative high notch effect. The design and dimen-
sions of the specimens are shown in Fig. 2 and have been 
chosen according to [17] so that cracking from the round-
ing should be avoided. The joints were fabricated out of 
mild (S355J2+N) and high strength steel (S700M). The 
chemical composition and the corresponding material 
properties as well as the welding process and HFMI-treat-
ment parameters are outlined in [4, 5, 16].

The fatigue tests were performed under alternating uni-
axial load at the Institute of Joining and Welding of the 

Fig. 1   Studied sequences and 
stress spectrum [16]
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University of Braunschweig and at the Laboratory for Steel 
and Lightweight Structures of the Munich University of 
Applied Sciences. While CAL fatigue tests were conducted 
on servo-hydraulic and resonance testing machines, VAL 
tests were carried out entirely on servo-hydraulic machines. 
X-ray diffraction measurements and macro-hardness anal-
yses were performed. To evaluate the residual stress sta-
bility under different loading conditions and to determine 
the influence of service loading and loading sequence on 
the condition of the HFMI-treated boundary layer, surface 
residual stress profiles were recorded by X-ray diffraction 
measurements.

3 � Investigation on residual stress stability

3.1 � Procedure

The surface residual stresses of the welded specimens were 
determined by X-ray diffraction. Important measurement 
and evaluation parameters can be found in Table 1. The 
longitudinal (welding direction) and transverse residual 
stresses (loading direction) were measured. The evaluation 
was performed using the sin2ψ method.

The residual stresses were measured on different speci-
mens to determine the influence of the material and the 
treatment process. The measurements were obtained in 
the centre of the specimen from the weld toe to the base 
material. As no significant differences in the residual stress 
profiles of both sides have been expected due to the sym-
metry, the measurement results of one side are presented 
in the following. Figure 3 illustrates the measuring path on 
the specimens with the individual measuring points. The 
first point per measurement sequence is located directly at 
the weld toe in the AW state and the middle of the treated 
zone for HFMI-treated specimens. The increment between 
the two consecutive points was enlarged with increasing 
distance to the weld toe from 0.5 to 5 mm.

Fig. 2   T-joint specimen dimensions [16]

Table 1   Parameters of the X-ray residual stress measurement

Parameter Value

Radiation Cr-Kα
Diffraction line Fe α {211}
2Θ 156°
Collimator size 2 mm
Counting time 60 s
DEK s1=-1.27×10−6 MPa−1 

and ½ s2=5.8×10−6 
MPa−1

Fig. 3   Measuring points at the 
weld toe of the specimens
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First, the residual stress states of transverse stiffeners 
in the AW state and the HFMI-treated state are compared. 
Subsequently, the investigations regarding the residual stress 
stability under quasi-static, cyclic CAL and VAL of different 
spectrum shapes are presented. Table 2 shows the experi-
mental matrix of the residual stress measurement conducted.

A more detailed evaluation regarding the effects of the 
HFMI treatment on the surface layer depth profiles of the 
initial residual stress state was recorded for both materials 
to analyse the depth impact of the HiFIT or PITec treatment. 
For this purpose, X-ray residual stress measurements were 
carried out on the surface layer after stepwise electrolytic 
abrasion to a depth of about 0.5 mm.

For the evaluation of residual stress stability, many differ-
ent measurements were conducted. The studies are divided 
into measurements after quasi-static and cyclic loading. The 
change of the residual stress profiles according to differ-
ent loads were measured exclusively for specimens in the 
HFMI-treated state.

Since the residual stress state in loading direction is of 
primary interest only the transverse residual stress profiles 
are shown in the following chapter. Figure 4 shows an over-
view of the different loading scenarios applied to the speci-
mens to analyse the residual stress stability.

Residual stress stability after quasi-static loading is ana-
lysed by stepwise increasing the load by about 20% of the 
yield strength and recording the residual stress profiles after 
each load step. The studies on residual stress stability due to 
VAL are divided into three categories. In addition to random 
loading, the collectives of the two spectrum shapes were 
tested in descending (HL) and ascending (LH) order. Tests 
were carried out for each spectrum (P1/3 and linear) and 
each material (S355J2+N and S700M). The spectrum length 
of each shape was set to about 200,000 cycles. During the 

fatigue test with random VAL, the residual stresses were 
measured at the end of a fully passed spectrum. For sorted 
(HL, LH) VAL tests, measurements were taken at four points 
to check the effect of individual stress levels on the residual 
stress profile. For this purpose, the sorted VAL tests were 
interrupted several times to repeatedly measure the residual 
stress distribution. Interruptions were made after passing 
through all amplitudes equivalent to 95, 80 and 60% of the 
maximum spectrum amplitude. Figure 5 shows the spots of 
the sorted VAL sequences where the tests were interrupted 
for the measurements (M1-4).

3.2 � Results and effect of different loading scenarios 
on the residual stress state

This chapter first compares the residual stress state of trans-
verse stiffeners in the AW state and HFMI-treated state. Fol-
lowing, the studies regarding the effect of quasi static load 
on the residual stress relaxation of HFMI-treated weld toes 
are presented. In the end results of measurements describ-
ing the influence of cyclic CAL and VAL on the residual 
stress distribution of HFMI-treated transverse attachments 
is shown.

3.2.1 � Initial residual stress state

To prepare the specimens for the fatigue tests, the HFMI-
treatment methods were assigned to the two different materi-
als. Specimens made of S355J2+N were treated exclusively 
with the HiFIT device. The PITec device was used for treat-
ment of the S700M-welds Fig. 6 compares the transverse 
residual stresses at the weld toe area of the specimens made 
of S355J2+N and S700M before and after HFMI-treatment. 
The residual stress state is measured on one side of the 
transverse stiffener in the centre of the specimen from the 
weld toe to 25 mm into the base metal. The area plastically 
deformed by HFMI-treatment at the weld toe is highlighted 
in grey.

For specimens made of S355J2+N, the HFMI treatment 
induces transverse residual compressive stresses of −100 
MPa in the centre of the treated zone. This value increases 
to about –350 MPa at the edge of the treated zone and 
decreases subsequently to the initial residual stress level 
to about –200 MPa at the base material. Measurements on 
specimens of S700M also show a comparable result. In the 
transverse direction, residual compressive stresses of −200 
MPa appear at the centre of the treated zone. The maximum 
residual compressive stress of −450 MPa is located outside 
the transition area at 1.5 mm from the centre of treatment.

Figure 7 shows the transverse residual stress depth profiles 
in the centre of the HFMI-treated weld toe of S355J2+N and 
S700M. Whereas for specimen of S355 the transverse resid-
ual stresses ( �T

RS
 ) increase from −180 to −230 MPa and then 

Table 2   Experimental matrix of the residual stress measurements

Loading/state S355J2+N S700M

AW HFMI (HiFIT) AW HFMI 
(PITec)

Initial/surface X X X X
Initial/depth X X
Quasi-static X X
CAL X X
VAL
Spectrum sequence
P(1/3) Random X X

High-Low X X
Low-High X X

Linear Random X X
High-Low X X
Low-High X X
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decrease consistently to −100 MPa, for specimen of S700M 
the reduction of �T

RS
 from −300 to −200 MPa at a depth of 0.5 

mm is noticeable consistently.

3.2.2 � Quasi‑static loading

Figure 8 shows the transverse residual stress profiles after 
quasi-static tensile (left) and compressive loading (right) of 

HFMI-treated weld toes of the steel grade S355. In the ini-
tial state, compressive residual stresses in the middle of the 
treatment are approx. −100 MPa. To investigate the residual 
stress stability due to quasi-static loading, the load is pro-
gressively increased by about 20% of the yield strength and 
the residual stresses are measured after each load step. No 
change in the residual stress state is visible up to a load level 
of about 80 % of fy.

Fig. 4   Simplified load-time histories of the different loading types

Fig. 5   Representation of the 
spectrum interruption for the 
continuous residual stress 
analysis of High-Low (left) or 
Low-High VAL tests (right)
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Figure 9 illustrates the effect of quasi-static loads on 
the residual stress state of transverse stiffeners made of 
S700M. The high-strength S700M shows a more differen-
tiated response. Due to quasi-static tensile loading, there 
is a sequential reduction of the maximum residual com-
pressive stresses in the transition area of the HFMI-treated 
zone from −400 to −300 MPa. In the centre of the treated 
area, the initial residual stresses are slightly compres-
sive or even tensile. The residual stresses in this zone are 
initially almost completely relieved from +125 to −150 
MPa by quasi-static loading. In the case of compressive 
stress, a significant change in the residual stress can only 
be observed at a stress level of −550 MPa, whereas the 

residual stress relaxation due to tensile loading becomes 
evident above a level of +690 MPa.

3.2.3 � Cyclic constant amplitude loading

Figure 10 shows the residual stress profiles near the weld toe 
after different load cycles due to CAL at a stress ratio of R = 
−1. The plots show the residual stress profiles after 1, 1000 
and 100,000 load cycles. The number of cycles for the meas-
urements were chosen to investigate a change of residual 
stresses with increasing number of cycles, as observed in 
[13, 18] even for comparatively low stress levels. The stress 
amplitudes were set to 189 MPa (S355) and to 250 MPa 

Fig. 6   Initial residual stress 
state before and after HFMI-
treatment, S355 (left) and 
S700M (right)

Fig. 7   Initial residual stress 
depth profiles after HFMI-treat-
ment, S355 (left) and S700M 
(right)

Fig. 8   Transverse residual stress 
profiles of HFMI-treated trans-
verse stiffeners made of S355 
after quasi-static tensile (left) 
and compressive loading (right)
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(S700M). Neither the specimen made of S355 nor the speci-
men of S700M show a significant change in residual stress 
state due to CAL. According to the results obtained from 
quasi-static loading, the change in residual stress due to CAL 
appears predictable. Due to the low stress amplitude in rela-
tion to the material yield strength, a relaxation of residual 
stress is not observed. The duration and frequency of CAL 
with increasing number of cycles has no apparent impact on 
the residual stress profile.

3.2.4 � Cyclic variable amplitude loading

High‑Low and Low‑High blocked loading  Figures 11 and 12 
compare the residual stress distribution based on different 

loading sequences of P(1/3) and linear shaped spectrum 
for the steel S355. Residual stress relaxation is observed 
in all fatigue tests. Due to the High-Low sequence, resid-
ual stresses relax after the first interruption (M1), when all 
amplitudes greater than 95% of the maximum amplitude 
σa,max have been passed through. After the completion of 
the first block, residual stresses are almost stabilised at −50 
to −100 MPa. Within the Low-High sequence, a sequential 
residual stress relaxation is observed after each load incre-
ment until the full spectrum length is passed through. After 
passing through the full spectrum length for the first time, 
the residual stresses remain almost stable or hardly change 
compared to the initial relaxation. Due to the higher maxi-
mum stress amplitudes within the linear spectrum compared 

Fig. 9   Transverse residual stress 
profiles of HFMI-treated trans-
verse stiffeners made of S700M 
after quasi-static tensile (left) 
and compressive loading (right)

Fig. 10   Residual stress surface 
distributions during CAL, S355 
(left) and S700M (right)

Fig. 11   Residual stress surface 
distributions of transverse 
stiffeners made of S355 during 
P(1/3) spectrum loading, High-
Low (left) and Low-High (right)
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to the P(1/3) spectrum, a higher residual stress reduction 
to zero or to even slight tensile stresses can be observed 
(Fig. 12).

Comparing the residual stress surface distributions of 
transverse stiffeners made of S700M in Figs. 13 and 14 
with the measurements on HFMI-treated specimens made of 
S355, the following can be observed. Due to the low maxi-
mum stress amplitude within the P(1/3) relative to the mate-
rial yield strength, no significant changes occur in the resid-
ual stress distribution due to the different load sequences. 
Whereas σa,max of the linear shaped spectrum equals 80% 
of the S700M’s yield strength. Thus, a change and reduc-
tion of the maximum residual compressive stresses occurs. 
Like the residual stress measurements on specimens made 

of S355, there are no further relevant residual stress changes 
on HFMI-treated transverse stiffeners made of S700M steel 
after the first full spectrum pass.

Random loading  The impact of random loading sequence 
of the P(1/3) and the linear shaped spectrum on the residual 
stress state of HFMI-treated TS of both materials is shown 
in Figs. 15 and 16. As described earlier, the residual stresses 
were measured at the end of a fully passed spectrum, after N 
= 200,000 cycles. After each measurement, the specimens 
were remounted in the testing rig and subjected to the same 
force signal as before. This procedure was repeated until 
failure of the specimen. In the case of the residual stress 
profiles displayed in Fig. 15 (P(1/3) spectrum), the last 

Fig. 12   Residual stress surface 
distributions of transverse 
stiffeners made of S355 during 
linear shaped spectrum loading, 
High-Low (left) and Low-High 
(right)

Fig. 13   Residual stress surface 
distributions of transverse 
stiffeners made of S700M dur-
ing P(1/3) spectrum loading, 
High-Low (left) and Low-High 
(right)

Fig. 14   Residual stress surface 
distributions of transverse stiff-
eners made of S700M during 
linear shaped spectrum loading, 
High-Low (left) and Low-High 
(right)
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measurement could even be obtained after the test had ter-
minated at 493,000 cycles, as the specimen did not fractured 
in the area of the measuring points.

As seen in the following figures, the effect of random 
loading sequence on the residual stress distribution remains 
comparable to the blocked High-Low and Low-High VAL. 
With the first full spectrum passed residual stress relaxa-
tion occurs in comparable height to the blocked spectrum. 
After the first full spectrum pass (M1, N = 200,000 cycles) 
residual stresses in loading direction seems to be almost sta-
ble. The higher maximum amplitudes of the linear shaped 
spectra compared to the P(1/3) has a significantly stronger 
impact on the residual stress relaxation.

4 � Discussion

The evaluation of surface residual stress distribution of 
HFMI-treated transverse stiffeners subjected to different 
loading conditions shows the impact on the residual stress 
state. Both treatment devices produce uniform plastic defor-
mations. At the weld toe, residual compressive stresses are 
present in loading direction, which adapt to the stress level 
of the base material with increasing distance from the weld 
toe. With increasing yield strength, higher residual stresses 
are obtained. For specimens made of S355, these residual 

stresses vary between −150 and −250 MPa, for specimens 
made of S700M they range between −200 and −450 MPa. 
For both materials a characteristic half W-shape of the 
transverse residual stress appears. The maximum residual 
compressive stresses are found at the edge or next to the 
HFMI treated zone. The appearance and shape of the char-
acteristic residual stress distributions may differ due to the 
treatment and preparation of the base material. The methods 
used, such as sandblasting and flame straightening, have a 
decisive impact on the stress distribution at the base mate-
rial. Sandblasting was used to remove corrosion and other 
impurities from the surface of the base material. The HFMI 
treated zone as well as the area 5 mm in front of the weld 
toe were left out. The steel plates of the material S700M had 
to be flame straightened before the production and weld-
ing of the transverse stiffeners due to the high distortion. In 
some cases, tensile residual stresses of up to 400 MPa were 
induced. These residual tensile stresses are located between 
10 to 15 mm from the weld toe. An influence of these tensile 
stresses on the fatigue behaviour has not been observed.

The investigations indicate that the induced compressive 
residual stresses remain almost constant under quasi-static 
loading up to a stress level of about 80% of the yield strength 
of the base material. When subjected to constant amplitude 
loading, specimens made of S355 and S700M show no sig-
nificant residual stress relaxation. This is probably due to the 
low amplitude being applied. Even higher stress amplitudes 

Fig. 15   Residual stress surface 
distributions of transverse 
stiffeners made of S355 after 
random VAL, P(1/3) spectrum 
(left) and linear shaped spec-
trum( right)

Fig. 16   Residual stress surface 
distributions of transverse 
stiffeners made of S700M after 
random VAL, P(1/3) spectrum 
(left) and linear shaped spec-
trum( right)
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of 250 MPa (S355N) and 300 MPa (S700M), which corre-
spond to 65 and 40% of the yield strength of the base mate-
rial, cause only a slight change in the residual stresses, as 
described in [16]. The sequence effect on the residual stress 
stability for two different spectrum shapes is highlighted. 
The effect becomes visible within the first pass through 
the full spectrum length. While the residual stresses relax 
sequentially within the Low-High sequence with increasing 
stress level, the initial residual stresses are already reduced 
after all amplitudes greater than 95% of the maximum ampli-
tude have been passed through when applying the High-Low 
sequence. Subsequently, no further residual stress relaxa-
tion is observed in further spectrum passes, and the loading 
sequence seems to have no further impact on the residual 
stress curve in the following.

During the fatigue test with random VAL, the residual 
stresses were recorded at the end of a fully passed spectrum. 
It is observed that after passing the spectrum for the first 
time, the compressive residual stresses are decreased. Analo-
gous to the other loading sequences, no further significant 
relaxation occurs after further passes.

Figure 17 shows the ratio between the residual stress 
reduction after the first full spectrum pass and the initial 
maximum residual stress level in the HFMI-treated zone 
(σRS,sp/σRS,ini) versus the ratio between the maximum stress 
amplitude of the VAL and the yield strength of the base 
material (σa,max/fy). A linear correlation between residual 
stress relaxation and the applied maximum stress amplitude 
in relation to the yield strength of the base material can be 
seen. In Fig. 17, tests with different loading sequences (R, 
HL, LH) with the P(1/3) and linear shaped spectrum are 
plotted, in which residual stress profiles were recorded. With 
an increase of the maximum amplitude in relation to the 
yield strength, there is a more pronounced decrease of com-
pressive residual stresses. Significant relaxation of more than 
50% of the initial residual stresses is observed under cyclic 
loading regardless of the sequence at a maximum stress 
amplitude of at least 70% of the material yield strength.

Figure 18 shows the fatigue strength values with a sur-
vival probability of Ps= 50% at N= 2*106 load-cycles 
(Δσ50%) based on the statistical evaluation of the S-N data 
obtained by the VAL fatigue test in [4, 5]. The results of the 
experimental work confirm the fatigue improvement due to 
the HFMI treatment regardless of the level of residual stress 
relaxation. Both investigated steels showed a strong increase 
of the lifetime respectively the fatigue strength under all 
investigated spectra and load sequences. Figure 18 also pro-
vides a picture of typical fractures patterns of TS in the AW 
and HFMI-treated state. While in the AW state all specimens 
showed a typical fracture pattern in the weld toe, most speci-
mens of the HFMI series failed in the base material. This 
indicates that the fatigue strength was locally increased by 
the HFMI treatment to such an extent that the strength of the 
base material becomes decisive for the fatigue performance 
of the component.

The comparison of the initial integral widths in Fig. 19 
indicates a hardening of the S355 due to the HFH treat-
ment. The line “Initial AW” represents the integral widths 
of the untreated samples, the line “M0 Initial” correspond-
ingly those of the HFMI-treated weld toe. With the S700M, 
the difference between the two initial states is significantly 
greater compared to the S355. In fact, it is to be expected 

Fig. 17   Residual stress relaxation with respect to the applied maxi-
mum stress amplitude σa,max relative to the yield strength fy

Fig. 18   Failure locations (WT: 
Weld Toe, BM: Base Material) 
and Fatigue strength (Ps= 50%) 
of TS in the AW and HFMI 
treated state [4, 5]
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that a more significant difference will appear for the material 
S355. The reason for the larger difference between the initial 
states in the AW-state and the HFMI-state of the material 
S700M could be a local softening caused by the welding 
process. Nevertheless, for both materials, the distribution 
of integral widths shows a local strain hardening induced 
by the HFMI treatment.

Furthermore, the distributions shown in Fig. 19 indicate 
that random VAL does not significantly affect the initial 
hardening condition of the treated surface layer. Slight dif-
ferences between the curves with increasing number of load 
cycles can be attributed to the scattering of the measured 
values. Comparable results were received in VAL fatigue 
tests with HL and LH sequence [16].

Both investigated steels in the HFMI state show a strong 
increase of the fatigue strength under all investigated load 
conditions (Fig. 18). Concerning the observed significant 
residual stress relaxation, the increased fatigue strength of 
the S355-welds obviously is mainly related to the local notch 
improvement and strain hardening. The S700-welds appear 
to provide a reduced stress relaxation behaviour. Thus, the 
fatigue improvement can be related to compressive resid-
ual stresses, strain hardening and the improved weld toe 
geometry.

As mentioned above, studies [8, 9, 11] on longitudinal 
stiffeners show that the improvement factors by HFMI 
observed under VAL are much lower than under CAL. 
When the results of these studies are compared with those of 
this paper and those obtained by fatigue tests on transverse 

attachments in [4, 5] it can be concluded that the potential of 
HFMI treatment for fatigue improvement under VAL must 
be evaluated in relation to the underlying local notch inten-
sity of the component.

5 � Conclusion

The aim of the presented study was to determine the effect of 
typical service loading on the fatigue performance of HFMI-
treated transverse stiffeners made of different steel grades. In 
previous publications [4, 5], the evaluation of fatigue tests 
under VAL showed a strong increase in service life respec-
tively fatigue strength under all load conditions applied. 
However, commonly, the strength-increasing and thus life-
extending effect of HFMI treatment is mainly attributed to 
the induced residual compressive stresses. Therefore, in 
addition to the fatigue tests, the relaxation behaviour, i.e., 
residual stress stability under service loading, was moni-
tored to evaluate the interaction between the improvement 
in fatigue strength and the modified local material condition. 
The results shown in this paper highlight that the residual 
stresses may be affected by VAL. The most significant effect 
on the relaxation of residual stresses is the magnitude of the 
maximum applied stress of the load spectrum.

However, the HFMI-treated specimens of both steel 
grades show a strong increase in fatigue strength regardless 
of the level of residual stress relaxation [4, 5]. It appears that 
the increased fatigue life due to the HFMI treatment must 

Fig. 19   {211}-integral width 
distribution of transverse 
stiffener (S355, S700M) after 
random VAL, P(1/3) spectrum 
(left) and linear shaped spec-
trum( right)

spectrum 
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be almost equally attributed to the hardened surface layer 
and the improved notch geometry. A special phenomenon 
observed during this study was the failure of the HFMI-
treated specimens at the base material approx. 2–4 mm 
before the treated weld toe. This indicates that the fatigue 
strength was locally increased beyond that of the base mate-
rial by plastic deformation of the weld toe.

Further experimental studies on different weld details and 
different steel grades as well as on varying mean stresses are 
recommended. It should be considered that the evaluation 
of the potential of the HFMI-treatment is not based solely 
on the residual stress stability. Relying solely on the induced 
residual stresses may lead to underestimation of the potential 
of these post weld treatment methods.
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