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Abstract Research has been initiated on the effects of high frequency peening methods on the fatigue strength of
welded connections. The investigated methods combine an improvement of weld toe profile with an initiation of
compressive residual stresses and surface hardening. The results of two different procedures, High Frequency
Impact Treatment (HiFIT) and Ultrasonic Impact Treatemnt (UIT) are compared. Laser measurements of the
weld seam prove that these methods increase the overall weld toe radii. Further, residual stress measurements
verify the introduction of compressive residual stresses at least up to a depth of | mm. The values meet the yield
strength combined with an increase of the surface hardness. These material mechanical effects cause an
increased crack resistance. Applied crack detection methods prove that the material mechanical effects yield to a
retarded crack initiation. Fatigue tests show that these effects lead to a significant increase of the fatigue strength
and reduced slopes of the SN-curves. Design methods which consider the positive effects of the improvement
methods have to be developed. As an alternative to new generated experimental SN-curves, local concepts can
be adapted to describe the effects of post weld treatments for various details. In this paper a concept based on the
notch stress method is presented. The change of the weld toe geometry is respected by simulating the shape of
the measured weld toe. The material mechanical effects are also incorporated in the model. For the fatigue
strength calculation the effect of the residual stresses is compared to mean stresses, taking into account the
residual stress relaxation under fatigue loading. As another simple method a local concept is presented, which
considers the mechanical effects by applying reduction factors to the local fatigue strength. The concept has been
developed for heat treated material but will be quantified in further fatigue tests for welded details treated by
high frequent peening methods.

1 INTRODUCTION

The percentage of fatigue loaded structures in mechanical and civil engineering is high. Therefore, the
fatigue strength of structural details are of great importance regarding the design. Due to the fact that welding
has become one of the most important joining methods for steel constructions the reduced fatigue strength of
welded connections has to be considered during design and often becomes decisive for welded constructions, i.
e. for steel bridges, cranes or wind energy plants. In order to produce more economical constructions the fatigue
strength of these details has to be increased. Secondly, the use of high strength steel is limited because the
fatigue strength of welded high strength material is not higher than for common steel according to design codes.
Therefore, methods which can increase the fatigue strength of welded structures have been investigated in the
last decades. The results show that various weld improvement methods may have different beneficial effects.
Recently, investigations focused on the effect of high frequency peening methods which seem to be very
promising combining a geometrical improvement with an increase of the material resistance. In order to include
these beneficial effects into the design rules, new SN-curves have to be derived by broad fatigue tests for various
details. Alternatively local concepts are required so that the fatigue strength can be calculated for various details
without conducting extensive tests. This paper describes the effects of high frequency peening methods and
proposes design approaches based on finite element calculations and local fatigue strength approaches.

2 HIGH FREQUENCY PEENING METHODS

During the application of high frequency peening methods like the High Frequency Impact Treatment
(HiFIT), Ultrasonic Impact Treatment (UIT) or Ultrasonic Peening (UP) hardened metal pins bounce with
frequencies higher than 200 Hz against the metal surface and cause plastifications. The treatment is usually
applied at the weld toe so that the weld toe is smoothened. Furthermore, the surface hardness is increased and
compressive residual stresses are introduced. The pin diameters range between 2 and Smm. The devices differ in
their acceleration: the HiFIT device is an air driven tool using only one pin whereas two to four pins of the UIT
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(Figure 2y and UP-devices are-acceterated by ultrasound: The statement of the manufacturers that the ultrasound
‘also influence the material structure could not be proved yet. :

2.1 Fatigue strength

Recently research has been initiated on the effect of UIT and HiFIT on the fatigue strength of different
welded details. The results proved that these methods combine a geometrical improvement with material
mechanical improvements of the weld toe (1, 3, 12, 15). These effects lead to a high increase of the fatigue
strength.

Several tests on 8 to 30 mm thick specimens of steel grade S355J2G3, S460TM and S690Q with butt
welds and welded transverse stiffeners have been conducted by Ummenhofer et al. (15, 16). The fatigue strength
could be doubled by applying UIT at the weld toe. Further more, it could be shown that the slope of the SN-
curves of the UIT-treated specimens for the lower steel grades is noticeable flatter than for as welded specimens.

Tests of UlT-treated cruciform fillet welded specimens of steel grade S460 and S690 (7), showed that
TIG-dressing and UIT can increase the fatigue strength of these details especially for high load cycles
respectively smaller stress ranges. The improvement rates raised with higher yield strength of the basic material.
First tests on full scale girder specimens indicate that the increase of the fatigue strength of transverse stiffeners
is about 35% lower in comparison to the small test specimens.

Roy (12) showed a beneficial effect of UIT on the fatigue strength for cover plates and transverse
stiffeners in small and large scale specimens that. An increase of the US-FAT-classes of these details for the
infinite life by 1 to 2 classes (50 to 100%) and for the finite life by 0 to 1 class (meaning an improvement of 0 to
50%) has been proposed depending on the stress range and structural detail.

Investigations on one-sided and two-sided longitudinal attachments (8) proved that the fatigue strength at
2 Mio. load cycles based on a fixed slope of the S-N-curve of three can be increased by 45-50% applying UIT.

2.2 Design

Commonly, the fatigue design of welded structures is performed by the nominal stress approach, which is
based on experimentally verified SN-curves. Regarding the ITW-Recommendations improvement factors for
welds improved by different weld improvement methods are given, which linearly increase the fatigue strength.
Besides this fatigue design concept design approaches based on the calculation of local notch stresses have been
developed. Here, the structural stress concept, the notch stress approach and the notch strain approach can be
named. The local stress- and strain approach respect for the local weld seam geometry so that local notch stresses
can be calculated. These methods can be applied for any detail. For as welded details a fictive radius of lmm has
been proposed by Neuber (9) for any notch (i.e. at the weld toe and the weld root) in order to consider the
smallest possible notch sizes. Studies by Olivier, Kottgen and Seeger (11) showed that this fictive radius of Imm
is in good agreement with the real mean of weld toe radii of weld specimens. The local stress approach is based
on linear elastic finite element calculations. A FAT class of 225 for the local fatigue strength of welded details
has been determined by Olivier, Kottgen and Seeger (11) in various tests.

Alternatively, the local strain approach considers the local strains based on the cyclic stress strain curves
of the base material. The fatigue life until crack initiation is calculated. In order to define the final fatigue life,
fracture mechanics has to be applied. The influence of surface hardening has been investigated by Seeger, Heuler
(14). They included the influence of residual stresses by applying inherent strains to a thin surface layer. The
surface hardness has been respected by considering the material properties of the hardened material for the
surface layer.

Studies on the application of local approaches for welds which have been improved by high frequency
peening methods have been published.

Roy (12) proposed a simplified stress life approach in order to respect the effects of UIT. Assuming linear
elastic material behaviour the critical notch stresses have been determined by finite element calculations,
respecting the local weld geometry. The residual stresses have been considered as mean stresses. :
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g Thie tiotehstraitrapproacty coribinied with -fracture mechanics has beerrapplied by Dt (3)-and Tihavaiern
(8) in order to calculate the fatigue life of UIT-treated stiffeners. The cyclic material behaviour has been assumed
based on the uniform material law. The notch factor has been estimated by a finite element model using
Neuber’s notch radius. The residual stresses have been considered by Neuber’s approach, including the inherent
strains before loading. The crack propagation model is based on experimentally determined crack propagation
rate. In his study residual stresses are also valuated like mean stresses.

Nitschke-Pagel and Wohlfahrt (10) proposed a local fatigue strength approach for welds improved by
post weld treatments based on a model developed for heat treated non welded steel. This existing model
considers that every local element of a structure has its own fatigue strength which is correlated to the ultimate
tensile strength and the residual stresses. Taking into account that the ultimate strength depends linearly on the
hardness, Nitschke-Pagel and Wohlfahrt (10) proposes to adapt this model to post weld treated details,
calculating the local fatigue strength depending on the depth beneath the treated weld toe. The influence of the
hardness and of the residual stresses shall be weighted by influence factors.

3 RESULTS

3.1 Mode of functioning

Investigations on butt welds out of S355J2 and S690Q allowed to systematically analyzing the local
effects of high frequency peening methods.

The geometric effect of the UIT and HiFIT procedure on the weld toe radius has been analysed by
measuring the weld profile with a laser triangulation sensor system. Both methods cause plastic deformations
which yield to a weld toe radius which strongly depends on the pin diameter. The commonly used 3mm pins
yield to notch radii of 2 to 3mm and cause a smooth transition. Fig. 1 left shows the weld toe geometry in the as
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Figure 1. Weld toe profile before and after the treatment with different pin diameters (left),
weld toe after UIT(upper right) and HiFIT (lower right)

welded state and after HiFIT treatment with various pin diameters. 2mm pins lead to deeper indents and
smaller radii. Fig. 1 right shows pictures of the weld toe after HiFIT and UIT treatment. UIT causes single
indents which may lead to single flaking of the surface material. But because these cracks are oriented parallel to
the surface they do not cause an early crack initiation. HiFIT produces a smooth groove. The plastically
deformed microstructure of the material edge layers after both treatments is similar.

Secondly, the treatment results in an increased surface hardness. This leads to an increase of the crack
initiation resistance. Fig. 2 left shows the Vickers hardness after HiFIT and UIT-treatment of a weld toe of the
S690 and S460TM butt weld specimens. The hardness is increased from 225HV to 325 HV (S460TM) and from
250 HV to 350 HV (S690Q). Furthermore, the treatment produces compressive residual stresses in the surface
layers. These compressive residual stresses increase the crack resistance and retard crack propagation. Both
methods induce high compressive residual stresses. The UIT-treatment causes compressive transverse residual
stresses up to 450 MPa (steel S460 TM) respectively 500 to 700 MPa (steel S690Q). The results of the HiFIT
procedure show transverse residual stresses of 450 to 600 MPa (steel S690Q). The maximum of the residual
stresses occur due to the Hertzian stress approximately 0.2 to 0.4mm underneath the surface. Results of the
whole drilling method prove that HiFIT and UIT produce transverse residual stresses higher than 200 MPa up to
1.2 mm for steel grade S690Q. For the butt weld S460TM nearly constant residual stresses after UIT-treatment
could be shown up to a depth of 0.5mm, up to Imm depth residual stresses of 100 MPa have been measured.
Investigations of the residual stress relaxation prove that under practical relevant cyclic loading no residual stress
relaxation occurs.
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Figure 2 Vickers hardness (left) and residual stress profile (right)

3.2 Fatigue Strength

The effects of the peening methods on the fatigue strength have been analyzed by fatigue tests which
have been performed on butt welds, transverse and longitudinal stiffeners. The test results showed that the
fatigue strength could be doubled by applying high frequency peening methods. Fig. 3 shows exemplarily the
SN-curves for as welded and UIT / HiFIT-treated butt welds steel grade S460TM and S690Q compared to the
FAT class in the Eurocode. The SN-curves have been calculated with a free adjusted slope for a survival
probability of 95% with a confidence level of 75%. The calculated fatigue strength could be increased from 90
MPa (S460) respectively 106 MPa (S690) for the as welded both details to 200 MPa after the treatment. The
cracks of the as welded specimens as well as the UIT-treated specimens occurred at the weld toe in the treated
zone. Single cracks in the UIT- and HiFIT-treated S690Q butt welds occurred in the basic material. The UIT-
treated S460TM specimens feature a flatter slope of the SN-curve, with a calculated slope m=7.5. For the S690
specimens a slope of m=3 has been calculated. The influence of the steel grade on the slope of the SN-curves has
to be analysed more detailed. The different slopes depending on the steel grade have also been determined by
Diirr (3) for transverse stiffeners. In his study he determined a slope of m=5.2 for transverse stiffeners with UIT-
treated welds out of steel grade S460 and a m=3 for the same details out of S690. In the experiments published in
this paper the applied maximum load stresses do not cause notch stresses larger than the yield strength for the
S690Q but are at least close to the yield strength for the S460TM. Analyses for treated specimens out of S690Q
prove that the induced residual stresses are nearly constant for comparable load levels. Therefore, the
improvement rates of the HiFIT or UIT-method are independent of the load level and therefore result in a slope
similar to the slope of the as welded state. For the S460TM the assumption arises that due to plastification a
residual stress relaxation may occur, so that the beneficial influence of the improvement methods is limited for
higher upper load levels. This may lead to the flatter SN-curves.
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Figure 3. Experimentally derived SN-curves for butt welds S460TM (left) and S690Q
(right)

4 DESIGN
4.1 Adaptation of existing design rules

In order to consider the beneficial effect of the peening methods in the design of structures different
approaches can be used. Of course the experimentally derived SN-curves for tested details can be used and the;
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design-can-be based on-the nominal-stress approach: For-different detaits for-which no-tests are available an
approach would be to derive fixed improvement factors. This approach is already manifested in the ITW:
recommendations for postweld treated details (5). Improvement factors which shift the SN-curves parallel to
higher strengths are given depending on the improvement method. High frequency peening methods are not
especially named. For hammer peened welds a factor of 1.6 for steel grade higher than 355 MPa and a factor of
1.3 for lower grade steel are proposed. The maximum FAT class is limited to 125 respectively to 112 for lower
grade steel. As a first approach the given data for hammer peened details are applied to the tested butt welds. For
both steel grades this results in a FAT class of 142, but has to be reduced to the maximum allowed class of 125.
The experimentally derived SN-curves are compared to the [IW-recommendated curves assuming a slope of
m=3 and also of m=5 in order to account for the change of the slope due to the treatment. For the S460TM
specimens an SN-curve with a slope of m=3 underestimates the improvement for low stress ranges but
overestimates the fatigue strength for higher stress ranges due to the small gradient of the experimental SN-
curve. Regarding the results for the S460TM butt welds the assumption of a FAT-class of 125 is conservative up
to a stress range of 300 MPa. Applying a slope of m=5 to the improved FAT-classes both assumptions show
conservative results. The fatigue life is underestimated 4 to 8 times depending on the load level. Regarding the
results for the S690Q butt welds the assumption of the IIW recommendations with a slope of m=3 are
conservative for the experimental derived SN curves with free calculated slopes of 3 (Fig. 4). It is obvious that
the assumed slope has a significant influence on the correctness of the fatigue life assumption.

460, UIT
——IW ki=1.6 m=3
—— IIW FAT125 m=3

- = IW ki=1,6 m=5
- = IW FAT125 m=5
— - 1S690, HIFIT /UIT

stress range [MPa]

100
10000 100000 1000000 10000000

load cycles [N]

Figure 4. Calculated SN-curves respecting IIW improvement factors

As shown above besides the nominal stress approach local approaches based on finite element
calculations can be used to compute the fatigue life. In this case the notch stress approach is used respecting the
measured weld toe radius after the treatment assuming a FAT class of 225. An averaged weld toe radius after the
treatment of r=2.5mm is applied and leads to a notch factor of 1.9. Based on a slope of m=3 and a slope of m=5
the load cycles are calculated and plotted versus the nominal stress. Fig. 5 left (slope m=5) and right (slope m=3)
present a comparison between the calculated SN-curves and the experimental results. Fig. 5 shows that the
calculated SN-curve with a slope of m=3 is very conservative for the S690Q UIT and HiFIT treated specimens.
Due to the flatter slope of the S460TM treated welded details the fatigue strength is calculated assuming a slope
of m=5. This leads to very conservative results (see Fig. 5).

As discussed already in chapter 3 the beneficial effect of the high frequency peening methods is not only
based on the geometrical effect but also on the introduction of residual stresses and an increase of the surface
hardness. Therefore, this effect also has to be respected in the simulation. The compressive residual stresses are
calculated by simulating the peening process assuming elastic plastic material behaviour. In a second step the
fatigue loading is applied. Usually mean stresses are not considered in the design of fatigue loaded welded
details in order to respect that during welding tensile stresses are induced so that even under compressive loading
tensile effective stresses might occur. As the peening methods induce defined compressive residual stresses a
consideration of mean stresses in the treated zone seems to be acceptable. In this case the mean stresses result
from the superposition of the residual stresses and the load stresses assuming that no stress relaxation occurs.

Due to the minor influence of compressive stresses on the fatigue strength the EUROCODE (2) proposes
to consider only 60% of compressive stresses for unwelded or stress relieved details. This approach is adopted to
the HiFIT-/UIT-treated case considering the FAT-class 225 as local fatigue strength for the calculated notch
stresses (see Fig. 5). The calculated load cycles are plotted versus the nominal stress range. The slope of this
calculated SN-curves differs from the slope used for the FAT class 225 because in this concept for each load
level only 60 % of the compressive stresses are considered. The results very well fit for the S460TM details.
The results for the S690Q details fit very well the experimentally determined SN-curve of the HiFIT/UIT-treated
specimens.
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Figure 5: Calculated SN-curves based on notch stresses and experiment, butt weld S460TM
m=5 (left), butt weld S690Q m=3(right)

Alternatively the concept of the IIW recommendations (6) which respect the mean stresses by regarding
the applied stress ratio are analyzed. For base material as well details with negligible residual stresses it is
recommended to apply the following improvement factors:

f(R)=1.6 for R <-1 (1)
f(R)=-04xR+1.2 for-1<R<0.5 )
f(R)=1.6 for R > 0.5 3)

In the experiments a stress range of R=0.1 has been applied. Up to an upper nominal load stresses of 350
MPa the effective stress range for the effective notch stresses R’ at the weld toe is smaller than -1 so that an
improvement factor of 1.6 can be applied to the FAT class 225 for the local fatigue strength. The results also
very well match the experimentally determined results for the S690 Q, being slightly less conservative as the
results calculated based on the Eurocode (Fig. 5). The fatigue strength of the S460TM estimated with a slope of
m=5 is overestimated for load stress ranges higher than 225 MPa due to the very flat slope of the experimentally
derived SN-curve (Fig. 5).

4.2 Local approach

Another approach has been in general described by Nitschke-Pagel and Wohlfahrt (10) for post weld
treated welds. Here, the effects of the treatment are respected by increasing the material resistance. The
compressive residual stresses as well as the increase of the surface hardness are respected by improvement
factors which are applied to the general endurance limit, resulting in a local fatigue endurance limit. The general
formula is given underneath:

Ry MR =R, +h-AHV —m.-c® —t- AR,
“4)

In this formula the surface roughness is included besides the influence of the hardness and residual
stresses. The influence factor for the residual stresses has to take into account the residual stress sensitivity of the

material. This sensitivity strongly depends on the material properties. Consulting the Goodman correlation (4)
for the influence of mean stresses on the fatigue strength:

R,"=R,° - (1-0,/R,) (5)

RDm local fatigue strength respecting mean stresses
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mean stress

m
The factor m for the mean stress influence can be assumed as
m=R,°/R, (6)
The ultimate strength R, depends on the measured surface hardness can be calculated as follows:
R =3.29-HV —47 Q)

Using this approximation the material the effect of the treatment on the ultimate strength due to surface
hardening on the mean stress sensitivity can be respected. The influence of the residual stresses is considered in
the same way as mean stresses would be. This assumption can only be made in case no stress relaxations occurs
during fatigue loading. Due to pure tensile fatigue loading nearly constant compressive residual stresses can be
assumed for this load case because no material nonlinearities due to the addition of compressive load and
residual stresses can occur. Own experimental results prove this for test specimens treated with the HiFIT
method. In other cases a possible residual stress reduction during loading has to be considered.

Scholtes (13) also describes the influence of edge layer hardening on steel with different initial surface
hardness. The positive effect of a certain increase of the surface hardness is higher for material with lower initial
hardness. A correlation between the surface hardness and the endurance strength of welded details has to be
investigated more detailed.

In this study the local fatigue strength concept is applied to the experimental results. An endurance limit
of 166 MPa for the FAT class 225 is included into the calculations. First the experimentally determined residual
stresses at the surface are respected. The following minimum transverse residual stresses could be found after the
treatment: S460 TM UIT: -200 MPa, S690Q HiFIT/ UIT: -380 MPa. This leads to local endurance limits of S460
TM UIT: 210 MPa, S690Q HiFIT / UIT: 222 MPa. Extending this approach into the finite fatigue life with a
slope of m=3 local for the S690 fatigue strengths S690Q HiFIT / UIT: 301 MPa are derived. The assumption of
flatter SN-curves would lead to smaller fatigue strengths. Due to the experimentally investigated flatter SN-
curves for UIT treated of S460TM butt welds, which have also been published by Diirr (3) for this steel grade,
the fatigue strength for this detail is calculated with a slope of m=5, resulting in a fatigue strength of 252 MPa.
The resulting SN-curve compared to the nominal stresses are plotted in Fig. 6.
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Figure 6. Calculated SN-curve based on the local fatigue strength

It can be seen that this approach is still a very conservative estimation, underestimating the fatigue strength by 20
to 30 % for the S690Q and of 50% for the S460TM.

In order to realistically respect for the increased material resistance due to the surface hardening an improvement
factor has to be derived as Nitschke and Wohlfahrt (10) already proposed.

In both cases the surface hardness is increased by 100 HV 0.1. First approaches are made in order to improve the
fatigue life assumptions considering the hardness effect. In these cases an increase of the local endurance
strength of 40 MPa leads to very good results (Fig. 6). Further investigations have to analyze the residual stress
relaxation behaviour for different steel grades and load levels. Above that the influence of the surface hardening
has to be scientifically studied.
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o  COUNCLUSION

Tt can be concluded that high frequency peening methods can highly increase the fatigue strength of welded
structures. Their beneficial effect is based on a geometrical improvement as well as on material mechanical
effects, which lead to higher material resistance. Different design approaches are presented. It is shown that the
ITW recommendations given for hammer peened joints which parallel shift the SN-curves to higher strength lead
to conservative results in case the correct slope is considered. Especially for steel grade S460 a slope of m=3
would lead to uncertain assumptions for high stress ranges. The notch stress approach leads to very conservative
results in case only the geometric effect is considered. Including the residual stresses and weighting the minor
influence of the compressive stresses on the fatigue like the EC and IIW recommendations propose for base
material and details with negligible residual stresses also lead to very realistic fatigue life estimation in case of
adapted slope.

The local concept which has been generally proposed by Scholtes (13) and Nitschke-Pagel, Wohlfahrt (10)
allows to consider the influence of the increase of the surface hardness as well as the residual stresses on the
fatigue resistance. The influence of the surface hardness has to be analysed more detailed.

The investigations show that a realistic approach for the slope of the defined SN-curves is of major
importance for reasonable fatigue life estimation.
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