
Welding is a widely used joining method in 
shipbuilding and construction of offshore 
structures and steel bridges. The endurance 
of these structures is typically limited by 
fatigue strength of welded connections. 
High-frequency mechanical impact (HFMI) 
has recently emerged as an efficient and 
user-friendly method for improving the 
fatigue strength of welded steel structures. 
One of the benefits of HFMI is that the level 
of fatigue strength improvement increases 
with increasing steel strength. This offers 
potential for high-strength lightweight 
design. So far, HFMI has most often been 
used in conjunction with repair welding, but 
today the method has become a part of 
industrial processes for new constructions. 
As commercial applications are becoming 
more common, there is a need to standardize 
the procedure. Particularly, better 
understanding of the effectiveness 
limitations of HFMI is needed to develop a 
solid basis for fatigue recommendations. 
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Abstract 
High-frequency mechanical impact (HFMI) has recently emerged as an efficient and user-
friendly method for improving the fatigue strength of welded steel structures. Further benefit 
from the treatment can be obtained by using high-strength steels, as the level of improvement 
depends on steel strength. As a result, HFMI offers potential for high-strength lightweight 
design of welded structures. This is of interest in industries like shipbuilding and bridge 
construction, where welding is a widely used joining method. However, for standardizing 
HFMI as a weld toe improvement method, the limitations of the technology need to be 
understood. 

HFMI-treatment introduces compressive residual stresses at the weld toe, improves the local 
geometry and strain hardens the treated surface region. However, the effectiveness of the 
treatment is considered to rely on the existence of compressive residual stresses. This means 
that high mean stresses and high peak loads during variable amplitude loading, which might 
relax these stresses, can limit the benefit from HFMI. Therefore, this work focuses on the 
effectiveness limitations of HFMI under different loading histories. The aim is to understand 
the influence of different loading histories on fatigue improvement and to evaluate proposed 
fatigue assessment guidelines for HFMI-treated joints. 

First, available fatigue data was analysed statistically to investigate the effects of high mean 
stresses and variable amplitude loading with respect to expected fatigue strength improvement. 
To study the behaviour of residual stresses further, the local material behaviour at the weld toe 
needs to be known. This was determined by strain-controlled fatigue tests of thin HFMI-
treated steel sheet specimens. The resulting data was used in simulations of local stress-strain 
response at an HFMI-treated transverse attachment to investigate the effects of stress ratio 
and peak loads on fatigue damage. Finally, allowable peak stresses in HFMI-treated welded 
joints were discussed based on the numerical results and available experimental data. 

The statistical analysis showed that the proposed fatigue assessment guidelines fit the 
current high mean stress and variable amplitude loading data. However, in some cases the 
proposed allowable stress limits were too conservative. This occurred even when residual 
stress relaxation was expected based on previous measurements and the current numerical 
results. The simulations indicated fatigue improvement due to weld toe geometry improvement 
and strain hardening as the reason. A maximum stress range of 1.2 times yield strength for 
negative stress ratios and maximum stress ratio of 0.7 were suggested as new design limits. 
However, further experimental and numerical work is recommended to confirm these limits. 

Keywords high-frequency mechanical impact (HFMI), fatigue improvement, high-strength 
steel, residual stress, strain hardening, notch stress 
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Tiivistelmä 
Suurtaajuusvasaroinnilla (high-frequency mechanical impact – HFMI) parannetaan 
hitsattujen teräsliitosten väsymislujuutta. HFMI on tehokas ja käyttäjäystävällinen 
menetelmä, jonka vaikuttavuus on erityisen suuri lujilla teräksillä. Käsittelyä voidaan siten 
hyödyntää suunniteltaessa entistä lujempia ja kevyempiä hitsattuja rakenteita. Tämä on 
tarpeellista eri teollisuudenaloilla, kuten laivan- ja sillanrakennuksessa, joissa hitsaaminen on 
yleinen liittämismenetelmä. HFMI-käsittelyn käytettävyyden rajat on kuitenkin ymmärrettävä 
ennen kuin menetelmä voidaan standardoida. 

HFMI luo puristavia jäännösjännityksiä hitsisauman rajaviivalle, parantaa paikallista 
geometriaa ja muokkauslujittaa käsitellyn pintakerroksen. Käsittelyn tehokkuuden katsotaan 
kuitenkin riippuvan jäännösjännitysten olemassaolosta. Korkeat keski- ja maksimijännitykset, 
jotka voivat laukaista nämä jännitykset, rajoittavat siten käsittelystä saatavaa hyötyä. Tämä 
työ keskittyy HFMI-käsittelyn vaikuttavuuden rajoituksiin eri kuormahistorioilla. Tavoitteena 
on ymmärtää eri kuormahistorioiden vaikutukset liitoksen väsymislujuuteen ja arvioida 
HFMI-käsitellyille hitsausliitoksille esitettyjen väsymislujuusluokkien oikeellisuus. 

Korkeiden keskijännitysten ja vaihtuva-amplitudisten kuormien vaikutuksia arvioitiin ensin 
aiempien väsytyskoetulosten perusteella. Väsymislujuudet analysoitiin tilastollisesti eri 
tapauksille, ja tuloksia verrattiin esitettyihin lujuusluokkiin. Jäännösjännitysten 
käyttäytymisen tutkimiseksi määritettiin HFMI-käsittelyn vaikutus teräksen mekaanisiin 
ominaisuuksiin. Väsytyskokeet tehtiin ohuilla HFMI-käsitellyillä koekappaleilla. Koetulosten 
avulla mallinnettiin paikallista jännitys-venymä –käyttäytymistä poikittaisliitoksessa. 
Tulosten perusteella arvioitiin ylikuormien ja eri keskijännitysten vaikutuksia 
väsymisvaurioon hitsisauman rajaviivalla. Lopuksi tarkasteltiin HFMI-käsitellyissä 
hitsausliitoksissa sallittavia maksimijännityksiä. 

Tilastollisen analyysin perusteella esitetyt väsymislujuusluokat eri keskijännityksille ja 
vaihtuva-amplitudisille kuormille sopivat aikaisempiin koetuloksiin. Jossain tapauksissa 
väsymislujuudet olivat selvästi odotettua korkeampia, vaikka sekä aiemmat mittaukset että 
nykyiset simulaatiot viittasivat jäännösjännitysten laukeamiseen. Numeerisen analyysin 
perusteella hitsin rajaviivan geometrian parantaminen ja muokkauslujittuminen johtavat 
odotettua korkeampaan väsymislujuuteen. Suurimmaksi jännityksen vaihteluväliksi 
negatiivisilla jännityssuhteilla voitaisiin sallia 1,2 kertaa teräksen myötöraja. Kuormasyklin 
minimijännityksen taas esitetään olevan korkeintaan 0,7 kertaa sen maksimijännitys. Näiden 
rajojen varmistamiseksi suositellaan kuitenkin lisäkokeita ja –analyyseja. 
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List of Abbreviations and Symbols 

Symbols 

a, Q Characteristic coefficients for isotropic hardening, where Q gives 
the maximum change in yield surface size due to cyclic hardening 
or softening and a determines the rate at which the yield surface 
size changes 

b Fatigue strength exponent 

c Fatigue ductility exponent 

C, γ Characteristic coefficients for kinematic hardening, where C is the 
initial kinematic hardening modulus and γ describes the decrease 
in C with increasing plastic deformation 

dv Volume-weighted average grain size 

D Damage sum 

e Nominal strain 

E Elastic modulus 

f Testing frequency 

fu Ultimate tensile strength 

fy/fy’ Monotonic/cyclic yield strength at 0.2% plastic strain 

F Yield criterion 

h Hardening modulus 

H Heaviside step function 

J2 Second invariant 

k Number of data points 

ky Initial yield stress in tension at zero plastic strain 

K/K’ Monotonic/cyclic strength coefficient 

Kn Notch stress factor 

Kt Stress concentration factor 

m/m’ S-N curve (inverse) slope below/above the knee point 

n/n’ Monotonic/cyclic strain hardening exponent 

N Number of cycles 

2Nf Number of reversals to failure 
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p Accumulated plastic strain 

PSWT Smith-Watson-Topper damage parameter 

r Notch radius 

R Stress ratio (Smin/Smax)

Re Strain ratio (emin/emax)

s Standard deviation in log(N)

S Nominal stress 

t Plate thickness 

T Temperature 

XI/K Isotropic/kinematic hardening variable 

α Thermal expansion coefficient 

ε Strain 

ε’f Fatigue ductility coefficient 

dλ Plastic multiplier 

ν Poisson’s ratio 

σ Stress

σ’f Fatigue strength coefficient 

Subscripts and modifiers 

c Characteristic value 

e Elastic

eq Equivalent value 

i/j Value below/above S-N curve knee point 

max/min Maximum/minimum value 

mean Mean value 

n Notch value 

p Plastic

Δ Range

Abbreviations 

BM Base material 

CA Constant amplitude 
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CT Compact tension 

EBSD Electron backscatter diffraction 

FAT Characteristic fatigue class in MPa corresponding to 2x106 cycles 
at  failure  with  a  survival  probability  of  95%  and  based  on  two-
sided confidence limits at a confidence level of 75% 

FE Finite element 

HAZ Heat-affected zone 

HCF High-cycle fatigue (> 104 cycles) 

HFMI High-frequency mechanical impact 

LCF Low-cycle fatigue (< 104 cycles) 

OL Overload 

PIT Pneumatic impact treatment 

RS Residual stress 

TIG Tungsten inert gas 

UIT Ultrasonic impact treatment 

UNP Ultrasonic needle peening 

UP Ultrasonic peening 

UPT Ultrasonic peening treatment 

VA Variable amplitude 
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Original Features 

The benefit of high-frequency mechanical impact (HFMI) as a fatigue strength 
improvement method is based on induced compressive residual stresses, im-
proved local geometry and strain hardening at the affected weld toe region. 
However, effectiveness of the treatment is considered to rely on the existence of 
compressive residual stresses. Previous research on the topic has focused on de-
termining the level of compressive residual stresses induced by the treatment, 
the local weld toe geometry and the resulting fatigue strength improvement un-
der constant amplitude (CA) loading and low mean stresses. There is limited 
understanding on the strain hardening effect of HFMI and the influence of load-
ing conditions on relaxation of the compressive residual stresses and subse-
quent fatigue strength improvement. In this thesis, currently available fatigue 
data on HFMI-treated welded steel joints subjected to high stress ratios and 
variable amplitude (VA) loading were first statistically analysed and compared 
to proposed fatigue assessment guidelines (Mikkola et al., 2015). In the experi-
mental part of the work, strain-controlled fatigue tests were run to determine 
the effect of HFMI-induced strain hardening on yield strength and cyclic re-
sponse of high-strength steel (Mikkola et al., 2016). The obtained cyclic material 
behaviour was used to simulate local stress-strain response at an HFMI-treated 
weld toe. Residual stress relaxation and resulting fatigue damage were esti-
mated based on the simulated local stress-strain response. The simulations fo-
cused on critical loading conditions based on the available fatigue data on 
HFMI-treated welded joints. The author realized the fatigue tests, constructed 
the finite element model and carried out the numerical and statistical analyses 
presented in the thesis in addition to being a second author in the publication 
by Marquis et al. (2013). The following features of the thesis are considered orig-
inal:

1. Current fatigue data with high stress ratios and VA loading were over-
viewed and analysed statistically. Based on this, the proposed fatigue 
assessment guidelines for HFMI-treated welded joints were reviewed 
and the need to re-evaluate the limits for allowable stresses was shown. 

2. The effect of HFMI-treatment on cyclic stress-strain and strain-life be-
haviour of high-strength steel was determined by fatigue testing. Thin 
steel sheet specimen technique was used to exclude material property 
gradient effects in HFMI-treated specimens. In addition to HFMI-
treated steel, high-strength steel base material and simulated heat-af-
fected zone condition were investigated to determine the behaviour of 
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all critical material conditions in the vicinity of an HFMI-treated weld 
toe. It was shown that HFMI-treated steel has higher yield and high-
cycle fatigue strength in comparison to base material and heat-affected 
zone (HAZ) conditions. 

3. The experimentally determined cyclic material properties were used to 
model the elasto-plastic response in as-welded (AW) and HFMI-
treated weld toes under cyclic loading. The data were fitted to a com-
bined nonlinear isotropic-kinematic hardening model to take into ac-
count the nonlinear hardening of the steel and the different phenom-
ena that occur in cyclically loaded metals. As opposed to most previous 
works on HFMI-treated welded joints, the model considers the varia-
tion in local material behaviour by taking into account the local HAZ 
and HFMI regions in the weld toe area. In addition to local material 
behaviour, the modelling approach considers also the local weld toe 
geometry and initial residual stress distribution in the joint. The dif-
ferent beneficial effects of HFMI have been separated by considering 
four different weld toe states in an axially loaded transverse attach-
ment: 1) AW state, 2) intermediate HFMI state with compressive re-
sidual stresses, 3) intermediate HFMI state with compressive residual 
stresses and improved weld toe geometry and 4) full HFMI state in-
cluding also the strain hardening effect. 

4. Different stress ratios and peak stresses were applied in the simula-
tions to investigate the influence of loading condition on residual 
stress relaxation. The resulting fatigue damage was estimated with 
Smith-Watson-Topper parameter that considers the influence of mean 
stress on fatigue. As a result, the effects of loading condition, initial 
residual stress state, local geometry and local steel strength on residual 
stress stability and fatigue damage in HFMI-treated welded joints have 
been determined qualitatively. The simulated stress-strain response 
and estimated fatigue damage indicate that geometry improvement 
and strain hardening are critical in providing fatigue improvement af-
ter residual stress relaxation for high stress ratios and VA loading. 

5. Allowable stress limits for peak stresses were discussed based on avail-
able experimental data and the current numerical work. Notch stresses 
were estimated for the available VA loading data and the simulated full 
HFMI case and compared to experimentally observed and simulated 
residual stress behaviour. Based on the observed fatigue strength im-
provement after residual stress relaxation, the design limits for maxi-
mum allowable stress and maximum stress ratio have been suggested 
to be increased to ΔSmax = 0.6fy and R = 0.7. 
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1. Introduction 

1.1 Background 

Fatigue is progressive and permanent change that occurs in a material due to a 
combination of local stress concentration and cyclic loading and that may lead 
to crack initiation and, ultimately, structural failure. Welded joints have rela-
tively low fatigue strength in comparison to notched or smooth components as 
shown by the S-N curve in Figure 1. This is due to high local stress concentration 
combined with high local mean stresses. Welding defects, such as lack of pene-
tration and undercuts, and localized stress peaks due to local weld toe geometry 
are the reason for high stress concentration, whereas residual stresses induced 
by the welding process increase the local mean stress. These decrease the fatigue 
life by reducing the fatigue crack initiation period. Despite the relatively poor 
fatigue strength, welding is a widely used joining method in cyclically loaded 
structures such as ships, offshore structures, steel bridges and railway vehicles. 
Fatigue endurance of welded structures is therefore continually a topical issue, 
especially as new and more demanding applications for welded structures 
emerge. 

Figure 1. Dependency of fatigue strength on component type according to (Haagensen, 2011). 
fu is ultimate tensile strength and Kt is stress concentration factor. 
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Good weld design is the first step in ensuring structural performance (Radaj, 
1990). In addition, special welding methods can be considered for improving 
the fatigue strength of the joint (Haagensen, 2011). However, these do not al-
ways provide enough benefit. A widely used way of improving welds is different 
post-weld treatment methods. Typically, these are categorized as either residual 
stress methods or weld geometry improvement methods (Haagensen, 2011). 
Weld toe geometry improvement methods include techniques like TIG dressing 
and burr grinding. These methods rely on decreasing the stress concentration 
at the weld toe. Residual stress methods, such as shot peening, hammer peening 
and, more recently, high-frequency mechanical impact (HFMI), create com-
pressive residual stresses at the weld toe in addition to improving the local ge-
ometry. 

The fatigue strength of welded joints is approximately independent of steel 
strength. This limits the use of high-strength steels and thus lightweight design 
in welded structures. One of the benefits of HFMI is that the level of fatigue 
strength improvement is dependent on steel strength: with increasing steel 
strength,  the  level  of  fatigue  strength  improvement  due  to  HFMI  has  been  
shown to increase (Weich, 2008; Yıldırım and Marquis, 2012a). This is expected 
to be because the residual stresses induced by the treatment are proportional to 
yield strength (Kirkhope et al., 1999). In addition, HFMI is considered more ef-
fective and user-friendly than the more conventional peening methods 
(Kirkhope et al.,  1999) and it produces a uniform treatment region with good 
repeatability. 

So far, HFMI treatment has most often been used in conjunction with repair 
welding, but today the method has become a part of industrial processes for new 
constructions. As commercial applications are becoming more common, there 
is a need to standardize the procedure and provide recommendations for fatigue 
design. Particularly, better understanding of the limitations of fatigue strength 
improvement due to HFMI is needed to develop a solid basis for fatigue assess-
ment guidelines. 

1.2 State of the art 

1.2.1 High-frequency mechanical impact (HFMI) 

The term HFMI has been used by the International Institute of Welding (IIW) 
to refer to several related technologies. The method has various commercial 
names such as ultrasonic impact treatment (UIT), ultrasonic peening (UP), ul-
trasonic peening treatment (UPT), pneumatic impact treatment (PIT), and ul-
trasonic needle peening (UNP). The different technologies use ultrasonic piezo-
electric elements, ultrasonic magnetostrictive elements or compressed air as 
power sources. However, all of these technologies are based on accelerating cy-
lindrical indenters against the component surface with high frequency (> 90 Hz) 
as shown by Figure 2a). This deforms the treated region plastically resulting in: 
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Figure 2. a) Principle of HFMI-treatment and b) the resulting beneficial effects at the weld toe. 

1. Compressive residual stresses 
2. Improved weld toe geometry 
3. Strain-hardened surface 

These are indicated in Figure 2b). Compressive residual stresses decrease the 
local mean stress at the weld toe, geometry improvement decreases the local 
stress concentration and strain hardening increases the local hardness and fa-
tigue strength (Revilla-Gomez et al., 2013; Soady, 2013). 

The weld toe geometry improvement and the change in local residual stress 
state have been measured in various studies, see for example Weich et al. (2009) 
and Yıldırım and Marquis (2013). There is a fundamental understanding of the 
influence of HFMI on local weld toe geometry and stress state. The strain hard-
ening  effect,  on  the  other  hand,  is  less  well  known.  So  far,  the  increase  in  
strength due to HFMI-induced strain hardening has been shown qualitatively 
by hardness measurements. According to Weich et al. (2009) HFMI-treatment 
increases hardness up to 0.3-0.5 mm and produces compressive residual 
stresses up to 1.0-1.5 mm depth. Weich et al.  (2009) also showed that the in-
crease in hardness depended on steel strength i.e. the potential for strain hard-
ening: for higher-strength steel, the increase in surface hardness was lower than 
for lower-strength steel. Other hardness measurements have shown that HFMI-
treatment increases the hardness up to 0.3-1.0 mm (Abdullah et al., 2012; 
Leitner et al., 2014; Tehrani Yekta et al., 2013; Togasaki et al., 2010; Yıldırım et 
al., 2015). Previous studies have also reported a deformed layer with changed 
grain shape up to 0.1-0.3 mm depth (Abdullah et al.,  2012; Le Quilliec et al.,  
2011; Tehrani Yekta et al., 2013; Togasaki et al., 2010; Yin et al., 2010). How-
ever, systematic quantification of the strain hardening effect, especially in terms 
of yield strength and cyclic stress-strain response, is currently missing for 
HFMI. 

1.2.2 Fatigue strength improvement due to HFMI 

HFMI-treatment increases the fatigue life of a welded structure by increasing 
the number of cycles to initiate a macrocrack. This is expected to be mainly be-
cause of the compressive residual stresses that decrease the local mean stress 
(Kirkhope  et  al.,  1999).  However,  after  the  fatigue  crack  grows  outside  the  
HFMI-affected zone, the remaining crack growth life is similar to that of an AW 
joint. This is shown as an increase in S-N curve slope coefficient m in compari-
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son to AW condition. In the AW condition, fatigue life comprises mainly of fa-
tigue crack growth life, whereas in HFMI-treated condition, fatigue crack initi-
ation period increases the fatigue life for low nominal stress ranges. Fatigue 
strength improvement due to HFMI has also been shown to increase with in-
creasing steel strength (Weich, 2008; Yıldırım and Marquis, 2012a). 

Recently, fatigue assessment guidelines (Marquis et al., 2013) together with 
procedures and quality assurance guidelines (Marquis and Barsoum, 2014) for 
HFMI-treated welded steel structures have been proposed. The proposed fa-
tigue assessment guidelines are mainly based on small scale specimen fatigue 
data under CA loading and R = 0.1 (Yıldırım and Marquis, 2012a, 2012b) and 
the existing IIW recommendations for post-weld improvement of steel and alu-
minium structures (Haagensen and Maddox, 2013). The current proposal in-
cludes three fatigue assessment methods: nominal stress method, structural 
stress method and effective notch stress method. These are defined and de-
scribed by the IIW guidelines on fatigue assessment of welded joints and struc-
tures (Hobbacher, 2009). The proposal considers the combined effects of load-
ing type, steel strength and plate thickness. The nominal and structural stress 
methods do not take into account the local effects of HFMI as they include only 
the global geometry effects. Yıldırım and Marquis (2014) considered the local 
weld toe improvement in their elastic notch stress analysis but concluded that 
the local HFMI-groove could also be ignored to simplify the analysis. Other 
methods for fatigue assessment include linear elastic fracture mechanics 
(LEFM) and strain-based approaches. For example, Lihavainen and Marquis 
(2006) proposed fatigue life calculation in an HFMI-treated welded joint using 
first local strain approach to calculate the fatigue crack initiation life and then 
LEFM to estimate the remaining fatigue crack propagation life. They accounted 
for residual stresses and geometry improvement in their analysis but not the 
strain hardening effect, as only monotonic hardening behaviour of the base ma-
terial was considered due to lack of data. Tehrani Yekta (2013) used a strain-
based fracture mechanics model to estimate the effects of treatment parameter 
variations on fatigue improvement from UIT. They considered the effects of re-
sidual stress distribution, local stress concentration at the weld toe and micro-
hardness in their analysis. Most commonly, the fatigue strength improvement 
for HFMI-treated welded joints is presented, however, in terms of the nominal 
stress method. 

In the IIW guidelines, fatigue class (FAT) is determined as the fatigue strength 
at 2x106 cycles with a survival probability of 95% based on two-sided confidence 
limits at a confidence level of 75% (Hobbacher, 2009). Figure 3 shows an exam-
ple of the proposed fatigue strength improvement for AW FAT 71 joint (number 
in parenthesis) depending on steel yield strength. Based on CA loading fatigue 
data with stress ratio R = 0.1, the slope coefficient increases from m = 3 for AW 
joints to m = 5 for HFMI-treated welded joints (Yıldırım and Marquis, 2012b). 
Stress ratio is defined as R = Smin/Smax, where Smin is minimum nominal stress 
and Smax is maximum nominal stress. For steels with specified yield strength fy

≤ 355  MPa,  the  proposed  fatigue  strength  improvement  due  to  HFMI  corre-
sponds to an increase of four fatigue classes. For specified yield strengths fy >
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Figure 3. Characteristic nominal S–N curves for HFMI-improved and AW FAT 71 welded joints 
for various steel grades when R  0.15. 

355 MPa, the number of fatigue classes increases by one for every 200 MPa in-
crease in yield strength. The knee point is at 107 cycles, after which the assumed 
slopes are m’ = 22 for CAL and m’ = 9 for VA loading (Marquis et al., 2013). For 
high stress ranges (as in Figure 3), AW curve gives the minimum fatigue 
strength, as it is highly improbable that HFMI-treatment would deteriorate the 
joint. 

The effects of loading conditions on fatigue strength improvement in HFMI-
treated welded joints are assumed similar to those observed for hammer peened 
joints due to the similar nature of these post-weld treatment methods. Here 
loading condition refers to characteristics of the applied loading history, as il-
lustrated in Figure 4. These histories correspond to those typically used in fa-
tigue testing i.e. CA and VA loading with a constant stress ratio. The most sig-
nificant difference to service loading is that under service loading both the ap-
plied stress ratio and maximum stress fluctuate from one cycle to the next. 

Following the current IIW recommendations on post-weld improvement 
(Haagensen and Maddox, 2013), the influence of stress ratios greater than R > 
0.15 is expressed as penalties with respect to fatigue strength improvement 
(Marquis et al., 2013) as shown in Table 1. Allowable maximum stresses are also 
limited. The proposed guideline for HFMI-treatment states that no benefit can 
be claimed from HFMI without testing if the maximum nominal stress in the 
load history is Smax > 0.8fy. In terms of the maximum nominal stress range de-
pending on stress ratio R, this equals 

 max

max

0.8 1 for 0.125 0.52
0.9 for 1 0.125
y

y

S f R R
S f R

     
      

 , (1)

where ∆Smax ≤ 0.9fy limits large compressive reversals (Marquis et al., 2013). 
For VA loading, maximum stress range corresponds to the largest cycle, as in-
dicated in Figure 4. The maximum stress range limits are illustrated in Figure 
5. 
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Figure 4. Illustration of typical a) CA and b) VA loading histories in fatigue testing with constant 
R-ratio. In general, R-ratio can change from one cycle to the next. 

Table 1. Minimum reduction in the number of FAT classes with respect to fatigue strength im-
provement for HFMI-treated welded joints based on R-ratio (Marquis et al., 2013). 

R-ratio Minimum FAT class reduction 

R  0.15 No reduction due to stress ratio 

0.15 < R  0.28 Reduction by one FAT class 

0.28 < R  0.4 Reduction by two FAT classes 

0.4 < R  0.52 Reduction by three FAT classes 

R > 0.52 No data available. The degree of im-
provement must be confirmed by testing. 

Figure 5. Limits on the applied maximum nominal stress range Smax (Marquis et al., 2013). 
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For VA loading, the equivalent stress range concept is used to describe a com-
plex load spectrum 

1
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In Equation (2), ∆Sk is the stress range associated with the knee point in the S-
N curve, ∆Si and Ni are the stress range and number of cycles for cycles with 
stresses higher than the knee point stress, and ∆Sj and Nj are the stress range 
and number of cycles for cycles with stresses lower than the knee point stress. 
D is the damage sum, e.g. 0.5 or 1.0 (Hobbacher, 2009), and m and m’ are the 
above and below knee point S-N curve slopes. Equation (2) correlates CA and 
VA loading data and makes it possible to use the nominal S-N curves described 
earlier also for VA loading. 

1.2.3 Mechanisms affecting fatigue strength improvement 

Welded structures in service frequently experience high mean stresses due to 
dead loads and peak stresses during service loading. So far, the applicability of 
the proposed fatigue assessment guidelines have been confirmed for CA loading 
under R = 0.1. The effect of high mean stresses and VA loading on the level of 
fatigue strength improvement still need to be confirmed. Previous studies on 
shot and hammer peening show that the beneficial effect of residual stress meth-
ods decreases with increasing stress ratio (Booth, 1981; Branco and Infante, 
2007; Maddox, 1982; Sonsino, 2009). This is because of an increase in mean 
stress increases also the local mean stress at the weld toe and counteracts the 
beneficial effect of compressive residual stresses. Overloads, as single incidents 
or as a part of service loading, can have the same effect due to possible shake-
down of the compressive residual stresses (Ghahremani and Walbridge, 2011; 
Manteghi and Maddox, 2004). Tai and Miki (2011) observed that a tensile static 
load of approximately 40% of the steel’s nominal yield strength decreased the 
compressive residual stresses induced by hammer peening. A similar effect was 
observed during VA loading with the result that the fatigue strength improve-
ment due to hammer peening decreased. Ishikawa et al. (Ishikawa et al., 2013) 
reported that a compressive overload decreased the fatigue strength of welds 
treated to have compressive residual stresses at weld toe. As with other residual 
stress based methods (Haagensen and Maddox, 2013; Sonsino, 2009), the fa-
tigue strength improvement due to HFMI is assumed to rely on the presence of 
compressive residual stresses. 

McClung (2007) states that compressive loads tend to relax compressive re-
sidual stresses in proportion to their magnitude. However, as discussed in 
Yıldırım and Marquis (2012a), sufficiently high local tensile stresses at the weld 
toe may result in reversed local yielding and reduction of the beneficial com-
pressive stresses as well. High tensile stresses may also change the self-equili-
brated tensile stresses outside the compressive residual stress zone and force 
the compressive stresses to relax. Single overloads, whether applied inde-
pendently or as part of a spectrum loading, typically have the largest effect on 
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fatigue life through residual stress relaxation (McClung, 2007). Gradual cyclic 
relaxation seems not as effective in changing the residual stress state unless the 
applied stress amplitudes are very large, as might happen for high mean 
stresses. According to McClung (2007), however, the induced compressive re-
sidual stresses rarely relax to zero. 

It is understood that high stress ratios and peak stresses can reduce the benefit 
from HFMI-treatment. However, when residual stress relaxation occurs or what 
is the level of fatigue improvement for different stress ratios and peak stresses 
is not as clear. This is because also geometry improvement and strain hardening 
are expected to affect these. It is well known that the stress concentration at the 
weld toe plays a major role in fatigue of any type welded joint, as discussed in 
the beginning of Section 1.1. Due to the decrease in stress concentration at the 
weld toe, HFMI might be effective in increasing the fatigue strength even with-
out the compressive residual stresses. Strain hardening may also have some 
positive influence on the fatigue strength improvement due to the expected in-
crease in local yield and fatigue strength. In any case, the stress concentration 
and the local yield strength at the weld toe affect the relaxation of the residual 
stresses, as residual stress relaxation depends on the relationship of the local 
stresses and the local yield strength (Farajian-Sohi et al., 2010). Therefore, un-
derstanding the combined effect of residual stresses, local weld toe geometry 
and strain hardening is crucial for determining the influence of high stress ratios 
and peak stresses on fatigue improvement in HFMI-treated structures. 

1.3 Aims of the work 

Previous studies have shown the benefit of HFMI in increasing the fatigue 
strength of welded steel joints under low stress ratio CA loading and the poten-
tial for lightweight design using high-strength steels in HFMI-treated welded 
joints. However, there is limited knowledge on the effects of high stress ratios 
and VA loading and the mechanisms - i.e. residual stress relaxation, geometry 
improvement and strain hardening - affecting the level of fatigue strength im-
provement. Improved understanding of these would further promote the imple-
mentation of HFMI in different industries as well as advance the standardiza-
tion of the procedure and development of fatigue design guidelines. Therefore, 
this thesis focuses on the effectiveness limitations of the treatment. 

Available high stress ratio and VA loading data on HFMI-treated welded steel 
structures are first analysed statistically. The aim is to review the fatigue assess-
ment proposal for HFMI-treated joints (Marquis et al., 2013) with respect to 
these loading conditions. To understand the mechanisms affecting fatigue 
strength improvement requires information on the local strength at the HFMI-
treated weld toe. Therefore, one of the objectives of this work is to determine 
the cyclic strength of the strain-hardened layer in HFMI-treated steel. This is 
done by fatigue testing thin steel sheet specimens in different material condi-
tions. The experimentally obtained cyclic material response is then used for nu-
merical analysis of the local stress-strain response at the HFMI-treated weld toe 
under different loading conditions. In addition to local material behaviour, the 
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constructed finite element (FE) model takes into account the residual stress dis-
tribution in the weld toe region and the local HFMI-groove geometry. Relative 
fatigue damage is estimated from the simulated stress-strain response using a 
Smith-Watson-Topper parameter. The objective is to understand how loading 
condition, local geometry and strain hardening affect residual stress stability 
and the resulting fatigue damage, i.e. provide mechanics-based input to the ac-
ceptable limits for high stress ratios and VA loading. Allowable stresses are then 
discussed based on available experimental results and the numerical results ob-
tained in this study.  

In summary, the aims of this thesis are to 

1) Review the currently proposed fatigue classes and allowable stress lim-
its for HFMI-treated welded steel joints subjected to high stress ratios 
and VA loading 

2) Determine the strain hardening effect of HFMI on cyclic response of 
steel

3) Provide mechanics-based input for allowable stresses in HFMI-treated 
welded joints 

1.4 Scope and limitations of the work 

The statistical analysis of available fatigue data includes three of the most com-
mon axially loaded small-scale specimen types. This is due to limited number of 
data for other test conditions and joint types. The fatigue tests focused on ob-
taining the stress-strain and strain-life response of HFMI-treated S700 steel. 
Therefore, the effect of different treatment parameters on the level of strain 
hardening or the resulting microstructural characteristics were not systemati-
cally studied. S700 was chosen as base material, as high-strength steels are of 
special interest with respect to fatigue strength improvement and lightweight 
design. The simulations focused on a selected combination of residual stresses, 
geometry and material properties based on experimental data. This is because 
the work does not aim to quantitatively predict the fatigue life. The current qual-
itative characterization is meant as a first step in understanding the benefit from 
compressive residual stresses, improved weld toe geometry and strain harden-
ing under different loading conditions. In addition, a simplified combination of 
a peak load and CA loading was used in the simulations instead of an actual VA 
loading. This is because the objective was to simulate the effect of peak stresses, 
as these were considered critical with respect to residual stresses relaxation. 
Both the statistical analysis and the simulations consider VA loading under R = 
-1 only. This is because of availability of experimental data and the fact that R = 
-1 was considered critical with respect residual stress relaxation. Finally, the 
current work discusses failure from weld toe. However, this may not always be 
the case, as fatigue failure may also initiate from the untreatable weld root side. 
This was not considered in the current investigation, as the focus of the work is 
on the characteristic behaviour at the weld toe and its impact on fatigue strength 
improvement under high stress ratios and VA loading. 
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1.5 Outline of the work 

The thesis presents experimental and numerical work done to characterize 
HFMI-treated high-strength steel welded joints under different loading condi-
tions. Severe loading conditions with high mean stresses and high peak stresses 
are emphasized as these are considered to limit the effectiveness of HFMI as a 
fatigue strength improvement method. The outline of the work is illustrated in 
Figure 6. 

Chapter 2 presents statistical analysis of available fatigue data from HFMI-
treated welded joints subjected to high mean stresses and VA loading. The re-
sults summarise current knowledge on the effect of loading conditions on fa-
tigue strength improvement due to HFMI and the applicability of the proposed 
fatigue assessment guidelines. The overview provides also information on criti-
cal loading conditions for the numerical characterization and the discussion on 
allowable stresses. 

The experimental characterization of critical material conditions in the vicin-
ity of an HFMI-treated weld toe is described in Chapter 3. Four different mate-
rial conditions were investigated: S700 high-strength steel base material, Glee-
ble-simulated heat-affected zone condition and two different HFMI-treated 

Figure 6. Outline of the work. 
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base material conditions. The cyclic stress-strain response and strain-life be-
haviour were determined by strain-controlled fatigue tests. To support the fa-
tigue tests, the different microstructures were investigated by microhardness 
measurements and electron backscatter diffraction (EBSD) analysis. In addi-
tion, residual stresses in the specimen surface were measured with X-ray. 

The numerical characterization of AW and HFMI-treated joints is presented 
in Chapter 4. The effects of compressive residual stresses, weld toe geometry, 
strain hardened surface region and loading condition on local stress-strain re-
sponse at the weld toe were investigated by FE analysis. The applied residual 
stress distributions and local notch geometry were based on previous measure-
ments (Suominen et al., 2013; Yıldırım and Marquis, 2013), whereas the local 
material properties were based on the fatigue tests described in Chapter 3. The 
experimental stress-strain responses were fitted to a combined nonlinear iso-
tropic-kinematic hardening model to take into account the different cyclic phe-
nomena that occur in metals during fatigue. The cyclic loading conditions ap-
plied in the simulations represent different mean stress and peak load condi-
tions based on the investigation in Chapter 2. 

Relative fatigue damage is estimated by a Smith-Watson-Topper parameter 
from the simulated stress-strain behaviour, as this approach is considered suit-
able for elasto-plastic analyses where local mean stresses are critical. Smith-
Watson-Topper parameter was chosen as it has been successfully used for ana-
lysing welded structures, see e.g. Remes (2013) and Karakas (2013). Finally, al-
lowable stress limits are discussed based on the simulation results and existing 
fatigue data using effective notch stress analysis. Focus is on the behaviour of 
residual stresses and the expected effect on fatigue strength improvement. 

Chapter 5 discusses the outcomes of the work. First, results of the experi-
mental and numerical characterization are reflected with respect to state-of-the-
art. The observed fatigue improvement for different loading histories and the 
allowable stresses in HFMI-treated structures are then discussed based on the 
overview of available fatigue data and the effective notch stress analysis. Finally, 
Chapter 6 presents main conclusions of the thesis and proposes future work on 
the topic. 
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2. Overview of available fatigue data 

This section provides an overview of available fatigue data on HFMI-treated 
welded joints subjected to loading conditions that might lead to residual stress 
relaxation. The data were analysed statistically to determine the effect of high 
mean stresses and VA loading on fatigue strength improvement. The fatigue 
data and the obtained characteristic S-N curves were then compared to the pro-
posed improvement for HFMI-treated welded joints depending on loading con-
dition as well as the AW condition fatigue strength. These results have been pre-
sented and discussed in (Mikkola et al., 2015). 

2.1 Statistical analysis of existing experimental data 

Experimental data with high stress ratios and VA loading were taken from liter-
ature and the recently completed European RFCS project “FATWELDHSS - Im-
proving the fatigue life of high strength steel welded structures by post weld 
treatments and specific filler material” (Vanrostenberghe et al., 2015). A sum-
mary of the fatigue test data with the corresponding references is given in Table 
2  -  Table  5.  The  summary  provides  the  used  steel  grades  and  corresponding  
yield strengths, main plate thicknesses, applied stress ratios and the applied 
HFMI technology. The yield strengths ranged from 355 MPa to 960 MPa and 
the applied stress ratios from R = -1 to R = 0.75. 

Three different axially loaded joint types were investigated: longitudinal at-
tachments, non-load-carrying transverse attachments and butt joints, see Fig-
ure 7. In the case of longitudinal and transverse attachments, only double-sided 
joints were included in the analysis, due to possible secondary bending effects 
observed in one-sided joints. Wherever possible, only toe failures were consid-
ered. However, the failure location was not consistently reported in all cases. In 
Maddox et al. (2011) all specimens failed from root. Therefore, these data points 
were analysed separately from the rest of the data. In some cases (Deguchi et 
al., 2012; Mori et al., 2012), numerical values of stress range and cycles to failure 
were not provided. The data were extracted from the S-N plots using open-
source software. 

The data are predominantly from CA loading tests under stress ratio R = 0.5, 
but some tests have been conducted with stress ratios up to R = 0.75. The cur-
rently available VA loading data are with constant stress ratios of R = -1 or 0.1 
for each cycle. Details of the applied spectra are given in Table 6. Both Smin and 
Smax change between blocks in the loading sequence applied by (Huo et al., 
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2005).  Damage sum of  D =  1.0 is  used to  compute the equivalent  stress  ΔSeq

using Equation (2), as this is considered a conservative assumption when eval-
uating  test  data.  In  the  studies  by  Maddox  et  al.  (2011),  Mori  et  al.  (2012),  
Kuhlmann et al. (2006) and the research initiative REFRESH (Ummenhofer et 
al., 2011), a number of specimens were HFMI-treated under a static stress rep-
resenting dead load stress in an existing structure. In Maddox et al. (2011), the 
specimens were also pre-fatigued to ~10% of the estimated fatigue life before 
HFMI-treatment. The fatigue lives used in the analysis include these pre-fatigue 
cycles.

Figure 7. Axially loaded a) longitudinal attachment, b) non-load-carrying transverse attachment 
and c) butt joint. 

Table 2. CA loading longitudinal attachment data. HFMI FAT values depend on yield strength and 
stress ratio. 

Ref. Steel 
grade

fy
(MPa) Method t

(mm) R AW 
FAT

HFMI 
FAT

(Maddox et al., 2011) S355J2 390a UIT 30 0.50-0.69 63 71

(Mori et al., 2012) SBHS500 572b UIT 12 0.17-0.25 71 125 

(Mori et al., 2012) SBHS500 572b UIT 12 0.32-0.37 71 112 

(Mori et al., 2012) SBHS500 572b UIT 12 0.42-0.51 71 100 

(Mori et al., 2012) SBHS500 572b UIT 12 0.52-0.75 71 90

FATWELDHSSc S700MC 700a UIT 5/10 0.5 63 90

FATWELDHSSc S690QL 690a UIT 20 0.5 63 90

FATWELDHSSc S960MC 960a UIT 5 0.5 63 112 

FATWELDHSSc S960QL 960a UIT 10/15 0.5 63 112 
afy is a nominal value 
bfy is a measured value 
c(Vanrostenberghe et al. 2015) 

Table 3. CA loading transverse attachment data. HFMI FAT values depend on yield strength and 
stress ratio. 

Ref. Steel 
grade

fy
(MPa) Method t

(mm) R AW 
FAT

HFMI 
FAT

(Deguchi et al., 2012) KA36 355a UP 16 0.25 80 112

(Deguchi et al., 2012) KA36 355a UP 16 0.5 80 90

(Kuhlmann et al., 2006) S690QL 812.8b UIT 12 0.5 80 125

(Okawa et al., 2013) AH36 392b UIT 20 0.5 80 100
afy is a nominal value 
bfy is a measured value 



Overview of available fatigue data 

25

Table 4. CA loading butt joint data. HFMI FAT values depend on yield strength and stress ratio. 

Ref. Steel 
Grade 

fy
(MPa) Method t

(mm) R AW 
FAT

HFMI 
FAT

(Ummenhofer et al., 2011) S690QL 719a HiFIT/UIT 16 0.5 90 125

(Ummenhofer et al., 2011) S690QL 719a HiFIT 16 0.7 90 112

(Ummenhofer et al., 2011) S355J2 434a HiFIT/UIT 16 0.5 90 112
afy is a measured value 

Table 5. VA loading longitudinal attachment data. HFMI FAT values depend on yield strength and 
stress ratio. 

Ref. Steel 
Grade 

fy
(MPa) Method t

(mm) R AW 
FAT

HFMI 
FAT

(Y ld m and Marquis, 2013) S700 690a HFMI 8 -1 63 125

(Huo et al., 2005) 16Mn 390a UP 8 0.1 71 125

(Marquis and Björk, 2008) S700 700a UIT 8 -1 63 125

(Marquis and Björk, 2008) S960 969b UIT/UP 6 -1 63 160

FATWELDHSSc S700MC 700a UIT 5/10 -1 63 125

FATWELDHSSc S690QL 690a UIT 10 -1 63 125

FATWELDHSSc S960MC 960a UIT 5 -1 63 160

FATWELDHSSc S960QL 960a UIT 10 -1 63 160
afy is a nominal value 
bfy is a measured value 
c(Vanrostenberghe et al. 2015) 

Table 6. Details of the VA loading spectra. 

Ref. Spectrum type Spectrum 
length N R Smin

(Y ld m and Marquis, 
2013) Random log-linear 250 000 -1 0.16 Smax

(Huo et al., 2005) Block, 3 levels 120 000 0.1 Smax – 45 MPa 

(Marquis and Björk, 2008) Random log-linear/ 
Gaussian 100 000 -1 0.25 Smax

FATWELDHSSa Random log-linear 100 000 -1 0.15 Smax

a(Vanrostenberghe et al., 2015) 

The data were statistically analysed by linear regression (ASTM E739-10, 2010) 
as individual data sets and as larger groups based on joint type, yield strength 
and loading condition. ΔSc is determined at 2x106 cycles with 95% survival prob-
ability based on two-sided confidence limits at a confidence level of 75%. The 
calculated ΔSc values are based on a slope of m = 5. 

The data were assessed also in relation to the proposed fatigue assessment 
guidelines for HFMI-treated steel structures (Marquis et al., 2013) and the cur-
rent recommendations of the IIW (Hobbacher, 2009) using the nominal stress 
method (described in Section 1.2.2). Table 2 - Table 5 give the fatigue classes 
assumed for as-welded joints (AW FAT) and the fatigue classes computed ac-
cording to the proposed guidelines for HFMI-treated joints (HFMI FAT). The 
assumed AW fatigue classes are FAT 90 for butt joints, FAT 80 for non-load-
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carrying transverse attachments and FAT 63 or 71 for longitudinal attachments, 
depending on specimen geometry (Hobbacher, 2009). For R = 0.5 and fy = 355 
MPa, the computed characteristic strengths for HFMI are FAT 100 for butt 
joints, FAT 90 for non-load-carrying transverse attachments and depending on 
the geometry FAT 71 or FAT 80 for longitudinal attachments, depending on the 
geometry. Following the proposed guideline, an increase of four FAT classes for 
HFMI-treated welds for fy = 355 MPa was assumed. Then, a decrease of three 
FAT classes for R = 0.5 was applied as proposed in (Marquis et al., 2013). The 
resulting increase in characteristic fatigue strength is one FAT class with respect 
to the AW state. FAT values for other stress ratios and yield strengths were com-
puted in the same way. The computed HFMI FAT values correspond to the ac-
tual measured yield strengths in all cases where these values were reported. 

2.2 Results 

2.2.1 Fatigue strength improvement under high R-ratios 

The calculated characteristic fatigue strengths ΔSc for  each  CA  loading  data  
group are shown in Table 7. The table references the original data indicating the 
figures, which show the data together with the calculated characteristic curves 
(Figure 8 - Figure 11). Estimated best-fit S-N curve slopes m, characteristic fa-
tigue strengths ΔSc and standard deviations s in log(N) for the individual data 
sets are given in Appendix A (Table A 1 - Table A 3). The calculated ΔSc values 
in each case are based on a slope of m = 5 and corresponding standard deviation 
values.

For longitudinal attachments under CA loading, the average best-fit slope was 
estimated to be m = 5.2. The average slopes for transverse attachment and butt 
joint data were calculated to be m = 6.8 and m = 9.7, respectively. The slopes for 
the individual data sets varied between m = 2.7 and m = 15.0. All best-fit slopes 
are summarized in Appendix A. Based on the calculated best-fit slopes, the as-
sumed S-N slope of m = 5 fitted the data well. In addition, the estimated best-
fit  slopes  were similar  to  those observed by Yıldırım and Marquis  (2012b)  in  
their overview of HFMI-treated welded joints. As there was only one data point 
beyond the knee point corresponding to N = 107 cycles, the suitability of the as-
sumed slope m’ = 22 for CAL remains a topic for further investigation. 

Figure 8 - Figure 11 show the currently available high R-ratio data from Table 
2 - Table 4 and the corresponding calculated characteristic curves (ΔSc) from 
Table 7. The data are also compared to the characteristic curves for AW joints 
and the proposed characteristic curves following HFMI-treatment (HFMI FAT). 
For high stress ranges, when the proposed HFMI curve is below the AW curve, 
the fatigue strength is read from the AW curve. Run-outs are indicated with ar-
rows. Data referenced as FATWELDHSS are from the recently finalised RFCS 
project “Improving the fatigue life of high strength steel welded structures by 
post weld treatments and specific filler material” (Vanrostenberghe et al., 2015).  
A reduction of four fatigue classes for 0.52 < R ≤ 0.7 was used in the analysis, as 
suggested in Mikkola et al. (2015) based on the available fatigue data. 
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Table 7. Calculated characteristic fatigue strengths at 2x106 cycles based on m = 5 for different 
specimen types under CA loading depending on yield strength and stress ratio. 

Specimen type AW FAT fy (MPa) R Sc (MPa) Fig. 

Longitudinal FAT 63 550-750 0.5 92a Figure 8a) 

attachment FAT 63 > 950 0.5 97a Figure 8b) 

FAT 71 550-750 0.4 < R  0.52 91b Figure 9b) 

FAT 63 355-550  0.52 78c Figure 8c) 

FAT 71 550-750 0.15 < R  0.28 84b Figure 9a) 

FAT 71 550-750 0.28 < R  0.4 117b Figure 9a) 

FAT 71 550-750  0.52 82b Figure 9c) 

Transverse FAT 80 355-550 0.5 100d, e Figure 10a) 

attachment FAT 80 750-950 0.5 143f Figure 10b) 

FAT 80 355 0.25 118e Figure 10c) 

Butt joint FAT 90 355-550 0.5 109g Figure 11a) 

FAT 90 550-750 0.5 142g Figure 11b) 

FAT 90 550-750 0.7 113g Figure 11c) 
a(Vanrostenberghe et al., 2015) 
b(Mori et al., 2012) 
c(Maddox et al., 2011) 
d(Okawa et al., 2013) 

e(Deguchi et al., 2012) 
f(Kuhlmann et al., 2006) 
g(Ummenhofer et al., 2011) 

Comparison of the data and the proposed characteristic curves for HFMI in Fig-
ure 8 - Figure 11 shows that most of the data points fall clearly above the pro-
posed  HFMI  curves.  The  exceptions  are  one  data  point  from  FATWELDHSS  
(Vanrostenberghe et al., 2015) in Figure 8a), three data points from Mori et al. 
(2012) in Figure 9b) and c) and one data point from Ummenhofer et al. (2011) 
in Figure 11a). In Figure 9c) the data point below the HFMI curve is from a spec-
imen subjected to a stress ratio of R = 0.75. According to both Marquis et al.  
(2013) and Mikkola et al. (2015) no improvement can be claimed from HFMI-
treatment for this stress ratio due to lack of experimental data. In Figure 11a), 
on the other hand, the specimen was subjected to a stress range higher than the 
maximum allowable stress range. In some cases, the curves may be considered 
overly conservative with respect to the current data. This is shown by the run-
out data in Figure 8, Figure 9a) and b), Figure 10, Figure 11 and the test series 
where HFMI-treatment was applied under load, see Figure 8c), Figure 9b), Fig-
ure  10b)  and  Figure  11b)  and  c).  In  addition,  it  is  expected  that  the  fatigue  
strength of the HFMI-treated weld toes in the study of Maddox et al. (2011) is 
higher than that given in Figure 8c), as all specimens failed from weld root. The 
study shows that failure location can change because of HFMI-treatment, which 
reduces the benefit from the treatment. Applying the treatment under load had 
no significant effect on fatigue strength in the investigated high stress ratio con-
ditions, as shown by Figure 8c), Figure 9b), Figure 10b) and Figure 11b) and c). 
Previous studies (Ghahremani, 2010; Ummenhofer et al., 2005) have, however, 
shown further benefit from needle peening and UP-treatment under load when 
R = 0.1. The work of Maddox (1998) indicated benefit from hammer peening 
under load even for R = 0.39 – 0.57. 
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Figure 8. High R-ratio data (from Table 2) on HFMI-treated AW FAT 63 longitudinal attachments 
under CA loading for a) R = 0.5 and 550 MPa < fy  750 MPa, b) R = 0.5 and fy > 950 MPa and 
c) R > 0.52 and 355 MPa < fy  550 MPa. 



Overview of available fatigue data 

29

Figure 9. High R-ratio data (from Table 2) on HFMI-treated AW FAT 71 longitudinal attachments 
under CA loading for a) 0.15 < R  0.4 and 550 MPa < fy  750 MPa, b) 0.4 < R  0.52 and 550 
MPa < fy  750 MPa and c) R > 0.52 and 550 MPa < fy  750 MPa. 
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Figure 10. High R-ratio data (from Table 3) on HFMI-treated AW FAT 80 transverse non-load-
carrying attachments under CA loading for a) R = 0.5 and 355 MPa fy  550 MPa, b) R = 0.5 
and 750 MPa < fy  950 MPa and c) R = 0.25 and fy = 355 MPa. 
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Figure 11. High R-ratio data (from Table 4) on HFMI-treated AW FAT 90 butt joints under CA 
loading for a) R = 0.5 and 355 MPa < fy  550 MPa, b) R = 0.5 and 550 MPa < fy  750 MPa and 
c) R = 0.7 and 550 MPa < fy  750 MPa. 
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For most of the data sets, the calculated fatigue strengths were either in the 
range  or  clearly  in  excess  of  the  proposed  HFMI  FAT  values.  In  some  cases,  
however, the calculated fatigue strengths ΔSc are below the HFMI FAT values, 
see Figure 8b) and Figure 9. This applies to both individual data sets and data 
groups. The result can be at least partially attributed to the uncertainty in the 
computed standard deviations for small data sets. In addition, it is worth noting 
that the characteristic curves are intended to represent 95% survival probability. 
As a result, it is expected that some of the data will have low fatigue strength, 
when compared to the HFMI characteristic curve, whereas some of the data will 
have relatively high fatigue strength. However, only five of the analysed 265 data 
points were below the proposed characteristic curves. This gives confidence that 
that the proposed characteristic curves represent the 95% survival probability. 
For the case 0.52 < R ≤ 0.7, a reduction of four fatigue classes has been proposed 
(Mikkola et al., 2015). Although the available data are consistent with this pro-
posal  (see  Figure 8c),  Figure 9c)  and Figure 11c)),  more data  are  required to  
confirm this. 

For the longitudinal attachment data subjected to high stress ratios, the nom-
inal stress ranges remained below the maximum allowable stress range ∆Smax = 
0.8fy(1-R). For transverse attachments and butt welds, some of the test condi-
tions exceeded these limits. Figure 12 and Figure 13 indicate data with nominal 
stresses above and below the ∆Smax limit for R ≥ -0.125. The figures show that 
even though the given ∆Smax limits are exceeded in many cases, the data still fit 
the proposed curves: only one of these data points falls below the HFMI curve, 
see Figure 13a). One probable reason for this is the behaviour of the compressive 
residual stresses induced by HFMI-treatment, which have been observed to re-
main relatively stable during cyclic loading (Khurshid et al., 2014; Weich et al., 
2009; Yıldırım and Marquis, 2013). This is especially true for higher-strength 
steels under CA loading. These observations indicate that the proposed limit 
with respect to ΔSmax may in some cases be too conservative, especially as the 
applied stress ratio was within allowable limits according to (Mikkola et al., 
2015). However, the benefit of HFMI-treatment with respect to the AW state 
clearly decreases with increasing stress range until no improvement is observed 
as suggested by the given maximum stress range limit. 

Figure 8 - Figure 11 clearly show that increasing stress ratio limits the benefit 
obtained from HFMI-treatment. For R = 0.5, benefit from the treatment is gen-
erally obtained only for low applied stress ranges. For higher stress ranges, no 
improvement with respect to AW state is observed. However, the analysis shows 
also that some improvement may remain even for R > 0.5 under low stress 
ranges, especially for higher-strength steels. The effect of stress ratio on maxi-
mum improvement due to HFMI is illustrated in Figure 14. The maximum in-
crease of up to eight FAT classes with no stress ratio penalty is shown in green. 
0.52 < R ≤ 0.7 in red indicates the proposed extension of stress ratio penalties 
with respect to Table 1 (Mikkola et al.,  2015). Figure 14 clearly shows benefit 
from using higher-strength steels: for the lowest yield strength fy ≤ 355 MPa, no 
benefit is expected for R > 0.52, whereas for fy > 950 MPa benefit up to four FAT 
classes could be possible. Based on these results, the proposed penalties and the  
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Figure 12. Comparison of CA loading data from Figure 10 (Table 3) with nominal stress ranges 
above and below Smax for AW FAT 80 transverse attachments with a) R = 0.5 and 355 MPa fy
 550 MPa, b) R = 0.5 and 750 MPa < fy  950 MPa and c) R = 0.25 and fy = 355 MPa. 
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Figure 13. Comparison of CA loading data from Figure 11 (Table 4) with nominal stress ranges 
above and below Smax for AW FAT 80 butt joints with a) R = 0.5 and 355 MPa < fy  550 MPa, 
b) R = 0.5 and 550 MPa < fy  750 MPa and c) R = 0.7 and 550 MPa < fy  750 MPa. 
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Figure 14. Effect of stress ratio on fatigue strength improvement due to HFMI. 

maximum stress range limit of ΔSmax ≤ 0.8fy(1-R) can be used to describe the 
effect of high stress ratios R > 0.15 in HFMI-treated welded joints. However, the 
allowable maximum stress ratio is suggested to be increased from R = 0.52 to R
= 0.7 based on current fatigue data. In addition, the mechanisms, which lead to 
the remaining benefit for these stress ratios, should be investigated to provide a 
solid basis for the proposed penalties and allowable stress limits. 

2.2.2 Fatigue strength improvement under spectrum loading 

The calculated characteristic fatigue strengths ΔSc for each VA loading data 
group are shown in Table 8. The table references the original data as well as 
indicates the part of Figure 15, which shows the data together with the calculated 
characteristic curves. Estimated best-fit S-N curve slopes m, characteristic fa-
tigue strengths ΔSc and standard deviations s in log(N) for the individual data 
sets are given in Appendix A (Table A 4). The calculated ΔSc values are based on 
a slope of m = 5 and corresponding standard deviations. 

Figure 15 shows the currently available VA loading data from Table 5 and the 
corresponding calculated characteristic curves (ΔSc) from Table 8. The data are 
also compared to the characteristic curves for AW joints and the proposed char-
acteristic curves following HFMI-treatment (HFMI FAT). Run-outs are indi-
cated with arrows. Data referenced as FATWELDHSS are from the recently fi-
nalised RFCS project (Vanrostenberghe et al., 2015) “Improving the fatigue life  

Table 8. Calculated characteristic fatigue strengths at 2x106 cycles based on m = 5 for longitudinal 
attachments under VA loading depending on yield strength. 

Specimen type AW FAT fy (MPa) R Sc (MPa) Fig. 

Longitudinal FAT 63 550-750 -1 135a-c Figure 15a) 

attachment FAT 63 > 950 -1 154a, b Figure 15b) 

FAT 71 355-550 0.1 129d Figure 15c) 
a(Vanrostenberghe et al., 2015) 
b(Marquis and Björk, 2008) 
c(Y ld m and Marquis, 2013) 
d(Huo et al., 2005) 
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Figure 15. VA loading data (from Table 5) on HFMI-treated longitudinal attachments for a) AW 
FAT 63 R = -1 when 550 MPa < fy  750 MPa, b) AW FAT 63 R = -1 when fy > 950 MPa and c) 
AW FAT 71 R = 0.1 when 355 < fy  550 MPa. 
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Figure 16. Comparison of data from Figure 15 (Table 5) with nominal stress ranges above and 
below the allowed maximum stress range for HFMI-treated AW FAT 63 longitudinal attachments 
under R = -1 VA loading when a) 550 < fy  750 MPa and b) fy > 950 MPa. 

of high strength steel welded structures by post weld treatments and specific
filler material”. The HFMI curve corresponds to the CAL HFMI curve with R ≤
0.15, as the applied stress ratios were constant at R = -1 and 0.1 for the applied 
spectrum loads. Comparison of the data with the proposed HFMI design guide-
lines shows that all data points fall above the proposed HFMI curves. The cal-
culated characteristic fatigue strengths for the different data groups are close to 
the proposed HFMI FAT values for both individual data sets and data groups. 

For AW FAT 63 longitudinal attachments subjected to VA loading and R = -1, 
most of the test conditions exceeded the maximum allowable stress range ∆Smax

= 0.9fy as shown in Figure 16. However, it should be noted that the maximum 
stress range was considered to correspond to the largest individual cycle in the 
spectrum and that in the applied spectrums, the nominal stress ranges re-
mained clearly below the ∆Smax limit for most cycles. For example, in the study 
of Yıldırım and Marquis (2013), the number of cycles with stress ranges higher 
than ∆Smax was less than 1% of the total number of cycles in the applied spec-
trum. 
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As discussed in Section 2.2.1, it is possible that the applied peak stresses were 
not high enough to result in considerable residual stress relaxation. However, 
Yıldırım and Marquis  (2013)  observed relaxation of  the compressive  residual  
stresses in fy = 700 MPa welded and HFMI-treated steel joint under VA loading. 
Despite this, the resulting fatigue strength improvement due to HFMI was con-
siderable. The results indicate that the proposed allowable stress limit of ΔSmax

≤ 0.9fy when R < -0.125 is overly conservative for R = -1 VA loading as discussed 
in (Mikkola et al., 2015). The effects of peak loads on the level of residual stress 
relaxation and the resulting fatigue strength improvement should be investi-
gated further to determine an appropriate ΔSmax limit for negative stress ratios. 
For this, the strain hardening effect of HFMI on local material response is 
needed, as discussed in Section 1.2.3. 
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3. Experimental characterization of 
HFMI-treated steel 

To study the local stress-strain response in an HFMI-treated weld toe, the strain 
hardening effect of HFMI was investigated. Fully reversed strain-controlled fa-
tigue tests were carried out to determine fatigue strength and cyclic stress-strain 
response of HFMI-treated steel S700MC with respect to base material and Glee-
ble-simulated coarse-grain heat-affected zone (HAZ). To support the fatigue 
tests, the different microstructures were characterized with microhardness 
measurements and EBSD. X-ray diffraction was used to determine surface re-
sidual stresses in the specimens. The results of this investigation have also been 
presented in (Mikkola et al., 2016). 

3.1 Test specimens 

The material used was S700MC thermomechanically rolled structural steel with 
delivered sheet thicknesses of 3 mm and 8 mm and nominal minimum yield 
strength of 700 MPa. The chemical composition of the steel and the nominal 
mechanical properties are given in Table 9 and Table 10 (SSAB, 2015), respec-
tively. The fatigue test specimens represent four different material conditions: 
as-received base material (BM), coarse-grain heat-affected zone (HAZ), HFMI-
treated surface (HFMI-S) and HFMI-treated near surface region at 1 mm depth 
(HFMI-1). The specimen geometry shown in Figure 17 follows Stahl-Eisen-
Prüfblätter 1240:2006 (SEP 1240:2006, 2006). The middle section thickness t
is 3 mm for HAZ specimens and 1 mm for all  other specimens. t = 1 mm was 
chosen with the aim of minimizing residual stresses and inhomogeneity of 
through-thickness material properties for the HFMI conditions. 

Table 9. Chemical composition of S700MC based on ladle analysis. 

C (%) max Si (%) max Mn (%) max P (%) max S (%) max Al (%) min 

0.12 0.25 2.10 0.020 0.010 0.015

Table 10. Nominal mechanical properties of S700MC. 

fy (MPa) min fu (MPa) Elongation at fracture (%) min 

700 750 - 950 13 
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Figure 17. Test specimen geometry. All dimensions are in mm. t is 3 mm for HAZ specimens and 
1 mm for all other specimens. Plane for material characterization samples is indicated with a red 
line segment. 

The BM and HAZ specimens were cut and machined from 3 mm sheets accord-
ing to ASTM standard (ASTM E606/E606M-12, 2012). For the HAZ condition, 
3 mm steel sheets were first treated with Gleeble thermal simulator at Univer-
sity of Oulu Centre for Advanced Steels Research to produce a microstructure 
equivalent to the coarse-grain heat-affected zone in MAG welded S700MC steel. 
The treatment parameters shown in Table 11 were chosen based on comparison 
of simulated and welded microstructures. A detailed description of the actual 
welding process is given in Yıldırım and Marquis (2013). The treatments and 
manufacturing processes for the HFMI-treated specimens are illustrated in Fig-
ure 18a). The order of procedures is indicated with numbers. For the HFMI-1 
condition, 3 mm steel sheets were treated on both sides with HiFIT by Pfeifer 
Seil- und Hebetechnik GmbH in Germany (Pfeifer, 2015). A pin diameter of 4 
mm and air pressure of 6.5 bar were used. The treatment was performed along 
varying treatment paths until full coverage was reached based on visual inspec-
tion. For the HFMI-S condition, 8 mm steel sheets were treated on the pre-ma-
chined side with HiFIT at Lappeenranta University of Technology Laboratory of 
Steel Structures. In this case, the sheets were treated with 4 mm diameter pin 
along straight lines to reach full coverage. After the treatments, the steel sheets 
were cut. Finally, all specimens were machined according to ASTM standard 
(ASTM E606/E606M-12, 2012) and Figure 18a). 

Figure 18. Schematic view of the applied HFMI-treatments and corresponding specimen manu-
facturing processes for a) fatigue test specimens and b) steel sheet for material characterization. 
All dimensions are in mm. 
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Table 11. Gleeble treatment parameters. 

Maximum 
temperature (°C) 

Heating 
rate (°C/s) 

Holding time at 
maximum temperature (s) 

Cooling time from 
800°C to 500°C  (s) 

1385 300 0.2 15

3.2 Microstructural characterization 

3.2.1 Hardness measurements 

Hardness was measured with Vickers hardness HV0.5 according to (SFS-EN 
ISO-6507, 2005). One untested fatigue test specimen from each material con-
dition (BM, HAZ, HFMI-1 and HFMI-S) and an HFMI-treated 8 mm steel sheet 
(HFMI-Sref) were measured. For the HFMI-Sref condition, an 8 mm steel sheet 
was treated on one side with ultrasonic peening (UP) by Lets Global AB in Swe-
den (LETS Global, 2015). The manufacturing process for the HFMI-Sref speci-
men is shown in Figure 18b). The aim was to produce a specimen to investigate 
material gradient effects due to HFMI-treatment. Longitudinal cuts of the spec-
imens were mounted in an electrically conductive resin. The studied cross sec-
tion plane is indicated in Figure 17 with a line segment. The samples were first 
ground with P800-P2400 grit abrasive papers followed by polishing with 3 μm 
diamond paste. The final polishing was done with 1 μm diamond paste. 

3.2.2 EBSD analysis 

The samples of BM, HAZ, HFMI-1, HFMI-S and HFMI-Sref for EBSD analysis 
were first prepared in the same way as the samples for hardness measurements. 
However, additional polishing was done with 0.25 μm diamond paste and then 
with colloidal silica in a vibratory polisher. The measurements were performed 
using the Zeiss Merlin Compact VP field emission gun scanning electron micro-
scope (FEG-SEM) equipped with a Bruker e-FlashHR high-resolution EBSD 
camera. Bruker‘s QUANTAX CrystAlign EBSD analysis system was used for 
data acquisition and analysis. The EBSD analyses were performed using step 
sizes  0.1  μm,  0.2  μm  and  0.5  μm  and  magnifications  ranging  from  500x  to  
10,000x. The acceleration voltage was 16 kV or 17 kV depending on sample and 
the working distance was approximately 19 mm. Band contrast in the image 
quality maps was used to indicate the degree of residual plastic strain in the 
specimens (Wright  et  al.,  2011).  Grain boundaries  were ignored in  the image 
quality analyses to focus in the degradation of diffraction patterns and thus, the 
residual plastic strains in the grains. Volume-weighted average grain sizes dv

(Lehto et al., 2014) for the different samples were determined from the EBSD 
images with a Matlab measurement code (Lehto, 2015), using a grain boundary 
misorientation criterion of 10°. 
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3.3 Residual stress measurements 

Surface residual stresses were measured from untested fatigue test specimens, 
one specimen per material condition. As the HFMI-treated specimens were 
curved after the treatment and final machining, the stress state was measured 
both in unsupported and supported condition for these specimens. In the sup-
ported condition, the specimens were clamped and straightened. The measure-
ments were taken in the specimen longitudinal direction with X-ray diffraction 
using the 2θ-method (SFS-EN 15305, 2008). The stresses were measured with 
Xstress 3000 analyser with CrKα radiation and a circular collimator with a di-
ameter of 3 mm. Young’s modulus of 211 GPa and Poisson’s ratio of 0.3 were 
used in the analysis. 

3.4 Strain-controlled fatigue tests 

To determine the strain-life and cyclic stress-strain response of the different 
material conditions, the specimens were tested under constant amplitude strain 
with a strain ratio of Re = emin/emax = -1. A servohydraulic MTS machine with a 
dynamic load capacity of 100 kN was used. The first load reversal of the applied 
triangular waveform was always tensile. Testing frequencies f varied between 
0.25 Hz and 1 Hz depending on the applied strain amplitude. A 10 mm gauge 
length extensometer with a total axial strain range of ±15% was used for strain 
control. The test procedure follows Stahl-Eisen-Prüfblätter 1240:2006 (SEP 
1240:2006, 2006). Images of fracture surfaces were taken with Wild Makroskop 
M420 1.25x using 10x magnification. 

3.5 Results 

3.5.1 Hardness 

Figure 19 shows the measured through-thickness microhardness values for the 
different material conditions. The measured average BM hardness is 290 HV0.5 
whereas  the  average  HAZ  hardness  is  somewhat  lower  with  a  value  of  271  
HV0.5. These values are close to those reported in Bracke et al. (2011) for MAG 
welded S700MC. On average, none of the three HFMI-treatments increased the 
hardness. The average values are 292 HV0.5 for HFMI-1, 291 HV0.5 for HFMI-
S and 284 HV0.5 for HFMI-Sref. As shown by Figure 19a), the through-thick-
ness hardness values are relatively constant for HFMI-1. As a result, the through 
thickness material properties can be assumed approximately homogeneous for 
this material condition. However, for HFMI-S the hardness is somewhat higher 
near the HFMI-treated surface (0.1 mm depth) than on the untreated side. 
There is an increase from approximately 287 HV0.5 to 309 HV0.5. This increase 
in hardness is similar to that observed in Leitner et al. (2014). For HFMI-Sref, 
the increase hardness is less clear: values ranged from approximately 282 
HV0.5 to 292 HV0.5. 
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Figure 19. Measured hardness values as a function of depth for the different material conditions. 
The corresponding surface location in the specimen is indicated with a red line. 

3.5.2 Microstructural characteristics 

Figure 20 and Figure 21 show image quality maps, measured average grain sizes 
dv and calculated image quality distributions for the different material condi-
tions. Decrease in image quality shows as darker areas and indicates increased 
residual plastic deformation. Figure 21a) shows that HAZ has the largest aver-
age grain size whereas the HFMI-treated conditions all have similar and slightly 
smaller averaged grain size than BM. However, the estimated grain sizes in 
depth and longitudinal directions of HFMI-Sref specimen shown in Figure 21a) 
indicate that the grains are elongated and that the treatment decreases the grain 
dimension in only one direction. Figure 20b) confirms that the grains in the 
HFMI-Sref sample are elongated and have a directionality that deviates from 
the longitudinal direction of the sample. 

The image quality maps in Figure 20b) and the cumulative probability distri-
butions of image quality in Figure 21b) indicate that there is an increase in re-
sidual plastic deformation from the HFMI-S untreated surface to the treated 
surface. The other material conditions, on the other hand, have a relatively low 
level of residual plastic deformation compared to HFMI-S treated surface re-
gion. The low image quality at the HFMI-S and HFMI-Sref surfaces extending 
approximately to 6 μm depth, and shown in Figure 20a), is due to polishing at 
the test specimen manufacturing stage. This region was ignored in the analysis, 
as it does not represent changes in residual plastic deformation due to HFMI-
treatment.

3.5.3 Residual stresses 

Figure 22 shows the measured surface residual stresses for the different fatigue 
test specimen types. The results show that the HFMI-1 and HFMI-S specimens 
have clearly larger surface residual stresses than either the BM or HAZ speci-
mens. For HFMI-1, the measured surface residual stresses are compressive on 
one side and moderately tensile on the other. For HFMI-S, the opposite is true:  
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Figure 20. a) Image quality maps of HAZ, BM and HFMI-1 conditions and b) image quality maps 
of HFMI-S treated surface, centre and untreated surface and HFMI-Sref treated surface. The 
corresponding surface location in the specimen is indicated with a red line. 
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Figure 21. a) Volume-weighted average grain sizes dv showing the grain size in two directions 
for HFMI-Sref and b) cumulative probability distributions as a function of image quality for the 
different material conditions. 

large tensile stresses exist on one surface and moderate compressive stresses on 
the other. There is some variation in the measured values between the sup-
ported and unsupported measurement conditions, as expected. The BM surface 
residual stress represents the stresses due to manufacturing of the base material 
plate (Kukkonen, 2014). Machining of the specimen may also have some sec-
ondary effect on the measured value. The large tensile and compressive surface 
residual stresses observed for HFMI-1 and HFMI-S are due to the combined ef-
fects of steel manufacturing, HFMI-treatment, removal of material by grinding 
and final polishing. In particular, it is expected that the material removal from 
one side after the HFMI-treatment (see Figure 18) influenced the residual stress 
state of HFMI-S condition. 

3.5.4 Fatigue life 

Strain-life behaviour is described by the Coffin-Manson-Basquin equation 
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Figure 22. Surface residual stress results in the specimen longitudinal direction. 

where Δε/2 is true strain amplitude, 2Nf is the number of reversals to failure, σ’f
is the fatigue strength coefficient, b is the fatigue strength exponent, ε’f is the 
fatigue ductility coefficient, c is the fatigue ductility exponent and E is the elastic 
modulus. The parameter values for σ’f, b, ε’f and c determined according to the 
ASTM standard practise (ASTM E739-10, 2010) are shown in Table 12. Figure 
23 shows the experimental data and the estimated mean strain-life curves for 
the different material conditions. In this study, fatigue life is determined as the 
number of  cycles  corresponding to  a  50% drop in  the maximum stress  range 
with respect to the range observed at the start of the test. Run-outs are indicated 
with arrows. Some specimens failed outside the gauge length and one specimen 
failed from a small indentation caused by the extensometer knife-edge. The out-
side gauge length and knife-edge failures are indicated with crosses and aster-
isks. These failure types were included in the analysis, as no effect on the results 
of the statistical analysis was observed. 

The results in Figure 23 show that HAZ condition has lower fatigue strength 
than BM condition under all tested strain levels. At 0.5% strain amplitude, HAZ 
has approximately 45% shorter fatigue life than BM. For the HFMI-1 condition, 
the estimated total strain-life curve intersects the BM strain-life curve at 0.43% 
strain amplitude. The fatigue life is decreased by 40% at 0.7% strain amplitude 
with respect to BM fatigue life, whereas the fatigue life is increased by 57% at 
0.3% strain amplitude. A similar tendency is observed for the HFMI-S condi-
tion. Here, however, the intersection point is at 0.53% strain. The increase in 
fatigue life by 56% at nominal strain e = 0.3% with respect to BM fatigue life is 
almost equivalent to that of HFMI-1, whereas the decrease in fatigue life at 0.7% 
is only 20%. The numerical fatigue test data are given in Appendix B (Table B 1 
- Table B 4). 

Table 12. Estimated strain-life parameter values. 

Material condition b c ’f (MPa) ’f

BM -0.064 -0.961 1174 9.643

HAZ -0.061 -0.871 926 3.187

HFMI-1 -0.074 -0.516 1332 0.168

HFMI-S -0.071 -0.613 1208 0.499
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Figure 23. Experimental data and estimated mean strain-life curves for the different material con-
ditions tested with Re = -1. 

Figure 24 shows the fatigue life in terms of Smith-Watson-Topper fatigue dam-
age parameter (Smith et al., 1970) 

max2SWTP




 (4)

where 

   
2

2

max

'
2 ' ' 2

2
b b cf

f f f fN N
E

   


  , (5) 

Δε/2 is the true strain amplitude and σmax is maximum value of true stress. The 
curves in Figure 24 are based on Equations (4) and (5) and the estimated strain-
life parameter values in Table 12. The results in terms of fatigue damage are very 
similar to those in terms of nominal strain amplitude. However, for the tested 
fatigue life region, the fatigue damage in terms of PSWT is always the highest in 
HAZ condition. 

3.5.5 Stress-strain response 

The cyclic stress-strain behaviour is described with the Ramberg-Osgood rela-
tionship 
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where Δε/2 is the true strain amplitude, Δσ/2 is the true stress amplitude, K’ is 
the cyclic strength coefficient and n’ is the cyclic strain hardening exponent. K’
and n’ are calculated from the Hollomon equation 
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Figure 24. Fatigue damage parameter as a function of reversals to failure for the different mate-
rial conditions. 

where Δεp/2 is  the true plastic  strain amplitude.  The values  for  K’ and n’ are 
determined at half-life according to ASTM standard (ASTM E646 2007) and the 
value for elastic modulus E is defined by linear regression and least squares fit. 
In the case of quasi-static loading, quasi-static strength coefficient K and quasi-
static strain hardening exponent n are used. The quasi-static and half-life cyclic 
stress-strain parameters are given in Table 13. Yield strength is determined at 
0.2% plastic strain. The determined elastic modulus of E = 220 GPa is close to 
the typical value of 210 MPa for steel. Figure 25 shows the estimated quasi-static 
and half-life cyclic stress-strain curves for the different material conditions. The 
experimental half-life stress amplitude values used in the analysis are given in 
Appendix B. The stress amplitude evolution as a function of cycles for the dif-
ferent material conditions at four different strain amplitudes is shown in Figure 
26. 

The results in Table 13 show that HAZ has approximately 20% lower quasi-
static yield strength than BM, whereas HFMI-1 has approximately 13% higher 
quasi-static yield strength than BM. HFMI-S quasi-static yield strength is actu-
ally somewhat lower than BM quasi-static yield strength. In addition, the cyclic  

Table 13. Estimated quasi-static stress-strain and half-life cyclic stress-strain parameter values. 

Material condition fy (MPa) fy’ (MPa) n K (MPa) n’ K’ (MPa) 

BM 840 667 0.077 1353 0.059 961

HAZ 649 553 0.131 1465 0.052 764

HFMI-1 962 708 0.056 1363 0.131 1601

HFMI-S 819 639 0.158 2186 0.107 1240
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Figure 25. Estimated quasi-static and half-life cyclic stress-strain curves for the different material 
conditions. 

yield strength is lower than the quasi-static one for all material conditions. The 
decrease in yield strength is larger for the higher strength material conditions 
than for the lower strength material conditions: HFMI-1 softens the most and 
HAZ the least. However, the HFMI-1 yield strength remains higher than the BM 
yield strength. At half-life, the strain hardening exponent values have decreased 
for all material conditions except HFMI-1. For HFMI-1 n’ is larger than n. This 
is probably related to the relatively large cyclic softening of this material condi-
tion. 

Figure 26 shows that cyclic softening is continuous for all material conditions 
under applied strain amplitudes e > 0.25%. For the run-out specimens with ap-
plied strain amplitudes e ≤ 0.25%, the stress-strain behaviour was relatively sta-
ble as the response of the material is approximately elastic. For BM, HFMI-1 
and HFMI-S conditions, softening started from the very first cycle and contin-
ued throughout the test, whereas for HAZ cyclic hardening was observed for the 
first 3-5 cycles. 

3.5.6 Fracture surfaces 

Figure 27 shows some examples of the observed fracture surfaces and Table 14 
provides a summary of the crack initiation locations for all specimens. The ini-
tiation locations were determined visually from macro photographs with 10x 
magnification to investigate different crack initiation types and approximate lo-
cations in the specimens. Cracks typically initiated from one side of the speci-
men for all material conditions as shown in Figure 27b). In HAZ specimens, the 
crack initiation locations are less clear than in the other specimen types. For 
HFMI-S condition, hardness measurements confirmed that cracks initiated 
from the untreated softer side. This is observed also from Figure 27a), where the 
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Figure 26. Stress evolution as a function of cycles at a) 0.3%, b) 0.4%, c) 0.5% and d) 0.6% strain 
for the different material conditions. 
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Table 14. Summary of fatigue crack initiation locations from fractured specimens. 

Material condition Surface Corner Edge

BM 5 5 1

HAZ 9 1 -

HFMI-1 8 1 2

HFMI-S 7 3 -

HFMI-S specimen has yielded more on the side, where the fatigue failure initi-
ated. For HAZ and HFMI-1 conditions, edge and corner failures typically oc-
curred only at lower strain levels. For BM and HFMI-S specimens, the crack 
initiation location did not depend on the applied strain level. In all cases, in-
creasing the applied strain level resulted in an increasing number of initiated 
cracks as shown by Figure 27. 

3.6 Strain hardening effect of HFMI 

HFMI-1-treatment increased both the quasi-static and cyclic yield strength of 
the steel. In the high-cycle fatigue (HCF) region, the HFMI-1 fatigue strength is 
slightly higher than the BM fatigue strength whereas in the low-cycle fatigue 
(LCF) region HFMI-1 has clearly lower fatigue strength than BM. The observed 
increase in strength for HFMI-1 did not show in the hardness measurement re-
sults or image quality analysis. However, averaged grain size was decreased 
slightly from the BM condition due to the elongations of the grains, which is in 
line with the observed increase in strength. The two-sided treatment for HFMI-
1 resulted in relatively homogeneous through-thickness material properties. 

HFMI-S yield strength is close to BM yield strength, whereas HFMI-S fatigue 
strength at the HCF and LCF regions is between the BM and HFMI-1 fatigue 
strengths.  The average hardness  of  HFMI-S corresponded to  that  of  BM and 
HFMI-1. However, a clear increase in hardness from the untreated surface to 
the HFMI-treated surface is observed. Correspondingly, the averaged grain size 
is decreased slightly from the BM condition due to the elongations of the grains. 

In addition, the image quality analysis indicated an increase in residual plastic 
strains in the HFMI-treated surface region. It can be concluded that the HFMI-
S specimen material was not homogeneous in the through-thickness direction 
due to the one-sided treatment. This asymmetric behaviour is also seen in frac-
ture behaviour, as fatigue cracks initiated from the softer untreated side rather 
than the HFMI-treated side. The material gradient observed for HFMI-S better 
represents the gradient effect of HFMI-treatment than the HFMI-1 condition. 
However, due to the gradient, there is uncertainty in the resulting material 
properties. In addition, it should be noted that the observed material gradient 
in HFMI-treated steel does not necessarily correspond to the material gradient 
in an HFMI-treated weld toe, where a fatigue crack leading to failure is expected 
to initiate and grow. The following numerical investigation in Section 4 uses the  
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Figure 27. Fracture surface images from the different material conditions for a) e < 0.5% and b) 
e > 0.5%. Crack initiation locations are indicated with arrows. 
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results from the HFMI-1 treatment condition. Based on the increase in yield 
strength and HCF fatigue strength observed for HFMI-1 and the increase in 
hardness observed for HFMI-S and HFMI-Sref, the applied HFMI-treatments 
were  effective  up  to  a  depth  of  1-1.5  mm.  1.5  mm  depth  is  equivalent  to  the  
HFMI-1 specimen middle plane. 

BM and both HFMI-treated conditions had higher yield and high-cycle fatigue 
strength than the simulated HAZ condition. In terms of the fatigue damage pa-
rameters PSWT, HAZ had lower fatigue resistance for all tested strain ranges. The 
simulated HAZ represents the worst-case material condition at an AW weld toe. 
This indicates that both the yield strength and fatigue resistance of HFMI-
treated weld toe can be considerably higher than that of an AW weld toe. Here 
the fatigue crack leading to final failure is assumed to initiate at the weld toe 
HAZ or HFMI region. Therefore, the local material properties at weld toe should 
be considered when modelling residual stress relaxation in HFMI-treated 
welded joints. 
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4. Numerical characterization of HFMI-
treated welded steel joint 

The numerical characterization focuses on understanding residual stress relax-
ation and its impact on fatigue improvement in HFMI-treated welded joints 
subjected to high stress ratios and VA loading. Finite element (FE) analysis was 
used to simulate local stress-strain response at AW and HFMI-treated weld toes 
of a transverse non-load-carrying attachment. The applied residual stress dis-
tributions, local weld toe geometry and cyclic stress-strain response of the dif-
ferent material regions were based on experimental data. FE software Abaqus 
(Abaqus User Manual, 2014) was used in the simulations. The relative differ-
ences in fatigue damage between AW and HFMI-treated weld toes were esti-
mated from the simulated local stress-strain response with Smith-Watson-Top-
per parameter. Finally, allowable maximum stress range limit for negative 
stress ratios was discussed based on the simulation results and available exper-
imental data. 

4.1 Simulated cases 

The FE analyses aim at understanding the effects of compressive residual 
stresses, improved weld toe geometry and strain hardening on the local stress-
strain response and subsequent fatigue damage in HFMI-treated weld toe under 
different loading conditions. The simulated joint configurations are described 
in Table 15. AW configuration represents AW weld toe condition with tensile 
residual stresses, unimproved notch geometry and HAZ material condition at 
the fatigue critical weld toe. HFMI condition was modelled in three stages: 

1. RS (HFMI) with only compressive residual stresses at the weld toe 
2. RS + Geometry (HFMI) with compressive residual stresses and geome-

try improvement at the weld toe 
3. Full HFMI with compressive residual stresses, geometry improvement 

and strain hardened material condition at the weld toe 

The applied loading conditions represent CA loading with varying stress ratio 
and overloads during VA loading. The applied CA loading cases are given in Ta-
ble 16. The stress ranges ΔS1 and ΔS2 were chosen based on available fatigue test 
data for transverse attachments (Kuhlmann et al., 2006). The fatigue lives are 
in  the region of  4x105 cycles  for  ΔS1 and 2x106 cycles  for  ΔS2. 20 cycles were 
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simulated in each case, as this resulted in approximately stable mean stress be-
haviour in all investigated cases. 

The applied overload cases for AW and full HFMI are described in Table 17 
and Figure 28. First, different overload scenarios were investigated. Both loca-
tion and type of overload were varied. Then, the effect of peak stress magnitude 
on residual stress relaxation was studied. The chosen CA loading level corre-
sponds to typical equivalent stress range level in VA testing – see Equation (2) 
and Figure 15. 20 CA loading cycles starting with a tensile reversal are simulated 
in each case. The order of reversals is considered inconsequential as the chosen 
stress range of ΔS = 300 MPa with R = -1 is estimated to result in fully elastic 
response. The applied overload peak stresses were chosen to represent the fol-
lowing situations: 

 0.45fy corresponds to the proposed maximum stress amplitude limit for 
R = -1 (Marquis et al., 2013) 

 0.6fy is close to peak stresses applied during VA loading in previous ex-
perimental work, e.g. (Yıldırım and Marquis, 2013) 

 0.8fy corresponds to the existing maximum stress limit for hammer and 
needle peened joints, 

where fy is the base material nominal yield strength. 

Table 15. Simulated joint configurations. RS is residual stress. 

Residual 
stressesa

Notch
geometry 

Material condition 
at weld toe 

AW Tensile AW HAZ

RS (HFMI) Compressive AW HAZ

RS + Geometry (HFMI) Compressive Average HFMI-groove HAZ 

Full HFMI Compressive Average HFMI-groove HFMI 

aResidual stress at weld toe i.e. at crack initation location 

Table 16. Applied CA loading conditions and corresponding nominal stress ranges. 

R = -1 R = 0 R = 0.5

Case S1, S2 (MPa) S1, S2 (MPa) S1, S2 (MPa) 

AW 300, 425 300, 425 250, 300 

RS (HFMI) 300, 425 300, 425 250, 300 

RS + Geometry (HFMI) 300, 425 300, 425 250, 300 

Full HFMI 300, 425 300, 425 250, 300 

Table 17. Applied R = -1 overload cases with the corresponding maximum and minimum peak 
stresses. S signifies the applied CA load level. 

AW Full HFMI 

Scenario Figure 28a) Figure 28a) Figure 28a) Figure 28a)-e) 

Smax/min
0.45fy
= ±315 MPa 

0.45fy
= ±315 MPa 

0.6fy
= ±420 MPa 

0.8fy
= ±560 MPa 

S (MPa) 300 300 300 300
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Figure 28. Applied R = -1 overload (OL) scenarios with a) OL cycle followed by CA loading, b) 
CA loading followed by OL cycle, c) tensile OL reversal followed by CA loading, d) compressive 
OL reversal followed by CA loading and e) case a) followed by an OL cycle. The different stresses 
indicate the nominal stresses according to Table 17. 

4.2 Finite element analysis 

4.2.1 Global and local geometry 

The modelled global geometry represents a non-load-carrying joint with dou-
ble-sided transverse attachments, as shown in Figure 29. In this joint type, fa-
tigue crack initiation typically occurs from multiple locations along the weld toe 
line. As the analysis concentrates on the weld toe behaviour, the root side was 
not modelled even though cracks growing from the root side may cause fatigue 



Numerical characterization of HFMI-treated welded steel joint 

58

failure as well. Barsoum and Jonsson (2011) report weld toe radii ranging from 
approximately 0.25 mm to over 1 mm for AW joints. Radii larger than 0.25 mm 
are considered normal weld quality and radii larger than 1 mm are considered 
high weld quality. Weld toe radius r = 0.25 mm was used in this study to de-
scribe typical AW local geometry. Yıldırım and Marquis (2013) measured 
HFMI-groove radii, width and depth after four different HFMI-treatments and 
analysed the data statistically. The estimated average values were used to rep-
resent an average HFMI-groove, see Table 18. According to the proposed quality 
assurance for HFMI-treated welded joints (Marquis and Barsoum, 2014), the 
optimum HFMI-groove is 0.2 - 0.6 mm deep and 3 - 6 mm wide. In addition to 
this,  the  groove centre  should locate  at  the  fusion line  and 25% -  75% of  the 
groove width should be in the weld metal. Table 18 shows that the applied aver-
age groove depth and width are within the given boundaries. 

Figure 29 shows the 2D quarter models of the transverse attachment with the 
assumed AW toe and HFMI-groove local geometries together with the applied 
meshing and boundary conditions. The full joint main plate thickness is t = 20 
mm and the attachment thickness is t = 10 mm, see Figure 29a). The weld leg 

Figure 29. a) Analysed global geometry with boundary conditions and applied axial loading. Local 
geometry and meshing for b) as-welded toe and c) HFMI-groove. 

Table 18. Applied local weld toe dimensions for HFMI-groove according to (Y ld m and Marquis, 
2013).

Average values 

Radius r (mm) 3.3 

Depth (mm) 0.2 

Width (mm) 3.8 
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length is 14 mm and the weld angle is 30°. Linear plane strain elements were 
used as contraction at the weld toe is restrained due to high stress concentra-
tion. Finite strain theory was applied to allow large displacements and material 
nonlinearity. The minimum element size is 0.025 mm in the AW toe region and 
0.1 mm in the HFMI-groove region. Global element size is 1 mm. 

4.2.2 Elasto-plastic material behaviour 

Combined nonlinear isotropic-kinematic hardening (Lemaitre and Chaboche, 
1990) is used to describe the elasto-plastic material behaviour, as in addition to 
nonlinear hardening behaviour it accounts for different cyclic phenomena: 

 Reversed yielding, where compressive yield strength is decreased  after 
hardening in tension 

 Cyclic hardening and softening (see Figure 26) 
 Ratchetting, where mean strain increases with increasing number of 

cycles until certain stabilized value is reached 
 Mean stress relaxation, where mean stress decreases with increasing 

number of cycles until certain stabilized value is reached 

Reversed yielding is described by kinematic hardening, which translates the 
elastic domain in stress-strain space without changing its size. The isotropic 
hardening part, on the other hand, changes the size of the elastic domain and 
can therefore predict cyclic hardening or softening. Ratchetting and mean stress 
relaxation can both be modelled with nonlinear kinematic hardening. However, 
the description of ratchetting behaviour is improved by using combined iso-
tropic-kinematic hardening component and superposing several kinematic 
hardening models with one linear kinematic hardening model. 

The full material description consists of elastic response, yield condition, 
hardening rule and flow rule. Details of the material model are given in Appen-
dix C. Elastic response is determined by elastic modulus E and Poisson’s ratio 
ν. Nonlinear kinematic hardening is described by characteristic coefficients C
and γ, where C is the initial kinematic hardening modulus and γ describes the 
decrease in C with increasing plastic deformation. Isotropic hardening is deter-
mined with characteristic coefficients Q and a, where Q gives  the  maximum  
change in yield surface size due to cyclic hardening or softening and a deter-
mines the rate at which the yield surface size changes. 

Figure 30 shows how the different material property regions are applied for 
the different joint configurations. Bracke et al. (2011) observed the weld metal 
strength  in  MAG  welded  S700  to  be  slightly  higher  than  the  base  material  
strength. In addition, Remes (2013) has shown that the effect of weld metal 
properties on simulated stress-strain behaviour at weld notch is relatively small 
in the case of overmatching welds. Therefore, BM values are used in the weld 
metal region in addition to the BM regions. Based on Bracke et al. (2011), the 
coarse-grain HAZ thickness is estimated to be approximately 1 mm. The HFMI 
region thickness of 1 mm is based on the experimental results, see section 3.6. 
Hardness measurements (Leitner et al., 2014; Weich, 2011) have shown that the 
gradient between the material property regions in the HFMI-groove region is  
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Figure 30. Material property regions for a) AW and RS (HFMI), b) RS + Geometry (HFMI) and c) 
full HFMI joint configurations. 

relatively steep. Therefore, separate intermediate regions between the different 
material property regions have not been modelled. 

The half-life fatigue test data for BM, HAZ and HFMI-1 (Mikkola et al., 2016) 
were fitted to the used combined nonlinear isotropic-kinematic hardening 
model according to (Abaqus User Manual, 2014; Lemaitre and Chaboche, 1990). 
Based on the fatigue test results, HFMI-1 condition was chosen to be representa-
tive of the strain hardened HFMI-groove surface layer, see Section 3.6. The fa-
tigue test data showed continuous cyclic softening until fracture for all cases 
with plastic strains. However, most of the cyclic softening took place before half-
life, as illustrated in Figure 31. Therefore, cyclic softening after half-life was not 
taken into account and it was assumed that the isotropic hardening component 
is zero. 

Kinematic hardening parameters were determined from the experimentally 
estimated cyclic stress-strain curves. Yield stress as a function of plastic strain 
εp = ε – εe, where ε is total strain and εe is elastic strain, was calculated to deter-
mine ky. ky is the initial yield stress at zero plastic strain. As a result, the obtained 
yield stress values are lower than the cyclic yield strength values given in Section 
3.5.5 that correspond to 0.2% plastic strain. (σ - ky) as a function plastic strain 
is then used to estimate the values for C and γ. C/γ corresponds to the maximum 
value of σ - ky after which no further hardening occurs. The value for γ is then 
estimated based on the function 
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 1 expy p
Ck 

       . (8) 

The fitted parameter values are given in Table 19. Elastic modulus E = 210 GPa 
and Poisson’s ratio ν = 0.3 were used to describe the elastic response. The ex-
perimental and modelled stress-strain response and cyclic softening behaviour 
are compared in Figure 31. 

Figure 31. Comparison of experimental and modelled a) half-life cyclic stress-strain curves and 
b) stress evolution as function of cycles from half-life. The lines signify behaviour estimated from 
experiments and the symbols indicate model response. 

Table 19. Estimated material parameter values for the different material conditions. 

Elastic part Nonlinear kinematic part Isotropic part 

E (GPa) ky (MPa) C (MPa) Q (MPa) a

BM 210 0.3 550 88 258 375 0 0

HAZ 210 0.3 431 62 579 304 0 0

HFMI-1 210 0.3 606 76 485 202 0 0
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4.2.3 Residual stress distributions 

The estimated through-thickness residual stress distributions are based on X-
ray residual stress measurements. Yıldırım and Marquis (2013) measured sur-
face residual stresses in AW and HFMI-treated welded joints and Suominen et 
al. (2013) measured residual stresses in HFMI-treated welded joints up to 2 mm 
depth using etching technique. HFMI residual stress distribution from 0 mm to 
2 mm depth was estimated based on these residual stress measurements. The 
maximum compressive residual stress value at the weld toe was estimated to be 
-319 MPa at 0.5 mm depth. This value corresponds to approximately 0.45% of 
the steel nominal yield strength. As is typically the case, the maximum value is 
found below the treated surface. From 2 mm to 10 mm depth, the values were 
chosen so that the residual stress distribution is self-equilibrated. Based on 
measurements at 3.5 mm distance from the HFMI-groove centre, it was esti-
mated that the residual stress values are decreased to half at this distance. Out-
side this distance, the residual stresses quickly reduce to zero. 

Surface residual stress measurements showed that the absolute magnitude of 
surface residual stress for AW joints was similar to that found in HFMI-treated 
welded joints. This is natural since the magnitude of residual stresses is in rela-
tion to the steel yield strength. As a result, similar distributions were used to 
represent both AW and HFMI residual stress distributions as shown in Figure 
32. For AW, however, the estimated maximum residual stress at 0.5 mm depth 
is tensile with a value of 319 MPa. 

The estimated residual stress distributions were modelled as temperature 
fields (Abaqus User Manual, 2014). Figure 33 shows the coordinate system and 
lines according to which the residual distributions were applied at the weld toe 
region. The benefit of this approach is that it automatically results in equilib-
rium of stresses and strains as the resulting residual stress distributions are 
based on a simulated thermal step before the actual load analysis. The temper-
ature  field  ΔT was  applied  on  the  initial  undeformed  mesh.  As  the  modelled  
transverse attachment is symmetric, this does not result in any out-of-plane de-
formation in the thermal step. Normalized field distribution, field magnitude 
and thermal expansion coefficient are needed to determine a temperature field. 
The residual stress distributions in Figure 32 were normalized with respect to 
absolute maximum stress values to obtain the required field distributions. A 
thermal expansion coefficient typical for steel α = 1.2x10-5 was used for all ma-
terial conditions. Based on the value of α, the field magnitude was calibrated to 
be 130 to yield maximum residual stress values corresponding to the input 
shown Figure 32. 

Table 20. Initial residual strain and stress values for the simulated joint conditions at 0.05 mm 
depth at weld toe centreline. 

Residual strain (mm/mm) Residual stress (MPa) 

AW 0.0004 479

RS (HFMI) -0.0004 -478

RS + Geometry (HFMI) 0.0005 -334

Full HFMI 0.0006 -316
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Figure 32. Estimated and modelled residual stress distributions in the x-direction for a) AW con-
dition and b) HFMI condition weld toe centreline and ±3.5 mm distance from the centreline. Zero 
normalized depth equals weld toe surface. See Figure 33 for x- and y-directions. 

Figure 33. Application region of residual stresses for a) AW and RS (HFMI) and b) RS + Geometry 
(HFMI) and full HFMI. RS is residual stress. 

The resulting residual stress distributions for the different joint conditions are 
shown in Figure 32. In general, the modelled distributions follow the input dis-
tributions well. Close to y = 0, however, the modelled distributions differ from 
the input distributions depending on local geometry and material condition. 
This is because of localized plasticity due to the stress concentration effect at the 
weld toe. Table 20 gives the simulated residual strain and stress values at 0.05 
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mm depth at the weld toe centreline for each modelled joint condition. The re-
sidual stresses for the AW and RS (HFMI) conditions are symmetrical. For RS 
+  Geometry  (HFMI)  and  full  HFMI,  the  absolute  residual  stress  value  is  de-
creased from RS (HFMI) due to a decrease in local stress concentration and an 
increase in local yield strength, respectively. As a result, the output residual 
stress distributions follow the input distributions more closely in the weld toe 
surface region. However, with respect to RS (HFMI), the geometry effect simu-
lated with RS + Geometry (HFMI) is slightly underestimated due to the decrease 
in compressive residual stress magnitude. The strain hardening effect simulated 
with full HFMI is not affected as the difference in residual stress value between 
RS + Geometry  (HFMI) and full  HFMI is  relatively  small.  The differences  in  
residual strains have little effect on the subsequent analyses that consider only 
the resulting strain range. 

4.3 Fatigue damage assessment 

Smith-Watson-Topper parameter (Smith et al., 1970) 

max2SWTP




 , (9)

where Δε/2 is strain amplitude and σmax is maximum stress is used to estimate 
the effects of joint configuration and loading conditions on fatigue damage as it 
takes into account the effect of local mean stress, which in this case consists of 
applied mean stress and residual stress effect. PSWT is considered to provide a 
comparative assessment of resulting fatigue damage. Near surface strain range 
Δε and maximum stress σmax values at x = 0 and y = 0.05 mm were used in the 
analysis, see Figure 33. The stresses and strains are all in x-axis direction i.e. the 
loading direction (see Figure 29a), which coincides with the maximum principal 
stress direction. x = 0 gives values close to the absolute maximum value in the 
region in all cases. In the calculations, the first closed hysteresis loop is consid-
ered. For overload cases starting with an overload cycle or reversal, the first 
closed hysteresis loop corresponds to the first CA cycle. For overload cases end-
ing with an overload cycle, only the local mean stress after the overload cycle is 
considered, as there is no closed hysteresis loop after the overload cycle. 

4.4 Results 

4.4.1 Local stress-strain response 

Figure 34 - Figure 36 show the stress-strain response for AW, RS (HFMI), RS + 
Geometry (HFMI) and full HFMI under different stress ratios and ΔS2. Table 21 
- Table 23 summarize these by giving the stress and strain ranges (Δσ and Δε)
and maximum and mean stresses (σmax and σmean) for the hysteresis loops. Ap-
pendix D shows corresponding results for ΔS1. In most cases, the hysteresis 
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loops are stable from the first cycle and the given stress and strain values corre-
spond to these stable stress-strain curves. However, in some cases mean stress 
relaxation and ratchetting occurs. Then, the change in maximum and mean 
stresses from the first full hysteresis loop to the last simulated hysteresis loop is 
given. The stress and strain ranges remain approximately constant in all cases. 

For R = -1 in Figure 34 and Table 21, all stress and strain values decrease from 
AW to full HFMI. Compressive residual stresses decrease the initial maximum 
and mean stresses the most, but also improved notch geometry and strain hard-
ening have a beneficial effect as they reduce the level of yielding. In all cases 
except full HFMI, the mean stress is shifted towards zero after the first cycle. 
For AW and RS (HFMI), cyclic mean stress relaxation and ratchetting is ob-
served. As a result, the difference in maximum and mean stresses decreases con-
siderably. After 20 cycles, the mean stress is close to zero for both AW and RS 

Figure 34. Simulated local stress-strain curves for a) AW, b) RS (HFMI), c) RS + Geometry 
(HFMI) and d) full HFMI under CA loading when R = -1 and S2 = 425 MPa. 

Table 21. Simulated hysteresis loops for R = -1 CA loading and S2 = 425 MPa. Values summa-
rize observation from Figure 34. Arrow indicates change in stress value from first closed hystere-
sis loop to final closer hysteresis loop. 

R = -1  (mm/mm)  (MPa) max (MPa) mean (MPa) 

AW 0.0062 1098 683  537 134  1 

RS (HFMI) 0.0062 1098 414  532 -135  -3 

RS + Geometry (HFMI) 0.0033 791 220 -176

Full HFMI 0.0032 758 96 -283
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(HFMI). This indicates full residual stress relaxation. The results for ΔS1 are 
similar. However, no mean stress relaxation or ratchetting occurs and the ex-
pected residual stress relaxation is much more limited. 

For R = 0 in Figure 35 and Table 22, the strain and stress range behaviour is 
similar to that for R = -1: both ranges decrease from AW to full HFMI. However, 
the decrease in mean and maximum stresses is not as clear. Compressive resid-
ual stresses decrease the initial maximum and mean stresses, whereas geometry 
improvement decreases only the maximum stress. The mean stress for RS + Ge-
ometry (HFMI) is similar to that of RS (HFMI) due to a decrease in stress range. 
Strain hardening in full HFMI increases both the maximum and mean stresses 
from RS + Geometry  (HFMI).  This  is  due to  higher  local  yield  strength.  As  a  
result, there is no yielding and the simulated maximum stress in the stabilized  

Figure 35. Simulated local stress-strain curves for a) AW, b) RS (HFMI), c) RS + Geometry 
(HFMI) and d) full HFMI under CA loading when R = 0 and S2 = 425 MPa. 

Table 22. Simulated hysteresis loops for R = 0 CA loading and S2 = 425 MPa. Values summarize 
observations from Figure 35. Arrow indicates change in stress value from first closed hysteresis 
loop to final closer hysteresis loop. 

R = 0  (mm/mm)  (MPa) max (MPa) mean (MPa) 

AW 0.0061 1111 707  537 151  3 

RS (HFMI) 0.0059 1085 571  534 28  -1

RS + Geometry (HFMI) 0.0034 802 421 20

Full HFMI 0.0032 769 472 88
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cycle is higher than for the intermediate HFMI configurations. Mean stress re-
laxation and ratchetting are observed mainly for AW condition. As for R = -1, a 
decrease in applied stress range limits residual stress relaxation. For R = 0 and 
ΔS1 = 300 MPa, very little change is observed for any of the HFMI configura-
tions. 

For R = 0.5 in Figure 36 and Table 23, strain and stress ranges decrease again 
from AW to full HFMI. In addition, maximum stresses decrease slightly from 
AW to RS + Geometry (HFMI). However, the decrease is relatively small com-
pared to R = -1 and 0. In addition, compressive residual stresses have no bene-
ficial effect on the local the mean stress. Full relaxation of the beneficial residual 
stresses is therefore expected. It should be noted that the applied stress range  

Figure 36. Simulated local stress-strain curves for a) AW, b) RS (HFMI), c) RS + Geometry 
(HFMI) and d) full HFMI under CA loading when R = 0.5 and S2 = 300 MPa. 

Table 23. Simulated hysteresis loops for R = 0.5 CA loading when S2 = 300 MPa. Values sum-
marize observations from Figure 36. 

R = 0.5  (mm/mm)  (MPa) max (MPa) mean (MPa) 

AW 0.0037 898 704 255

RS (HFMI) 0.0037 888 692 248

RS + Geometry (HFMI) 0.0024 560 590 311

Full HFMI 0.0022 536 673 405
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exceeds the proposed allowable maximum stress range limit (Marquis et al., 
2013). For full HFMI, the maximum and mean stresses are again higher than 
those for RS + Geometry (HFMI) due to the higher local yield strength assumed 
at the weld toe. The results indicate that for this loading case improved notch 
geometry and strain hardening have some beneficial effect, as they decrease the 
stress and strain ranges and the level of yielding. Finally, there is very little dif-
ference between the results for ΔS1 and ΔS2.

Figure 37 shows five different overload cases with R = -1 for full HFMI. The 
applied maximum stress in each case is ±560 MPa, i.e. 0.8fy, and the CA loading 
stress range is 300 MPa. Table 24 summarizes the stress-strain responses. 
When the simulation ends at an overload cycle, only the simulation end value 
corresponding to local mean stress is given. In all other cases, the stress-strain 
response represents the fully elastic response of the small CA loading cycles. In 
the first two cases (Figure 37a) and b)), the overload is a full cycle but the order 
of CA loading and the overload cycle is changed. The figures and Table 24 show 
that the order of the overload and smaller cycles has little effect, when the CA 
loading results in fully elastic response. The resulting mean stresses are very 
close to each other. The next two cases (Figure 37c) and d)) show the difference 
between a compressive and a tensile overload reversal. It is clear that the com-
pressive peak stress is critical with respect to residual stress relaxation whereas 
the tensile peak stress may even be beneficial. The tensile reversal decreases the 
local mean stress slightly. This means that a tensile peak stress can be much 
higher than a compressive one before any reversed yielding and residual stress 
relaxation occurs. The compressive overload reversal results in approximately 
the same mean stress as the full overload cycle in Figure 37a), as shown by Table 
24. Figure 37e) gives an example, where a second overload cycle is applied fol-
lowing the stress-strain response in Figure 37a). The second overload cycle in-
creases the mean stress but the effect is much smaller than that of the first over-
load cycle, as shown by Table 24. It is expected that the influence of the follow-
ing overloads decreases rapidly until a stabilized mean stress value is reached. 

Figure 38 shows a comparison of a CA loading case and three overload mag-
nitudes with full HFMI joint configuration as well as one overload case with AW 
joint configuration. In all overload cases, there is first an overload cycle followed 
by CA loading as in Figure 28a). The strain range, stress range, maximum stress 
and mean stress corresponding to the fully elastic CA loading cycles are given in 
Table 25. In all full HFMI overload cases, the local mean stress shifts towards 
tension as illustrated in Figure 39, where σmean is given as a function of applied 
Smax/min. Local mean stress for CA loading is given for both AW and full HFMI 
conditions for comparison. For the case in Figure 38b), where the overload rep-
resents the proposed limit of Smax/min = ±0.45fy for R = -1 (Marquis et al., 2013), 
mean stress relaxation is relatively small but enough to shift the maximum 
stress from compressive to tensile. However, the mean stress remains compres-
sive. The second overload magnitude in Figure 38c) is close to that applied in 
experiments. The local mean stress is shifted close to zero indicating nearly full 
residual stress relaxation. In Figure 38d), the local mean stress becomes tensile. 
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Figure 37. Simulated local stress-strain curves for full HFMI with a) an OL cycle followed by CA 
loading, b) CA loading followed by an OL cycle, c) tensile OL reversal followed by CA loading, d) 
compressive OL reversal followed by CA loading and e) case a) followed by an OL cycle. In CA 
loading R = -1 and S = 300 MPa. The absolute value of maximum stress for the different over-
loads is 560 MPa. OL is overload. 

Table 24. Simulated hysteresis loops for the different overload cases. The given values are for 
the CA loading cycles when available or at the end value of the simulation. Values summarize 
observations from Figure 37. 

 (mm/mm)  (MPa) max (MPa) mean (MPa) 

OL cycle + CA 0.0022 535 366 99

CA + OL cycle na na na 126a

Tensile OL reversal + CA 0.0022 535 -101 -368

Compressive OL reversal + CA 0.0022 535 366 99

OL cycle + CA + OL cycle na na na 182a

aDoes not represent a closed hysteresis loop. 
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Figure 38. Simulated local stress-strain curves for full HFMI with a) CA loading and with an OL 
cycle of b) 0.45fy, c) 0.6fy, d) 0.8fy and e) for AW with an OL cycle of 0.8fy. The CA loading is with 
R = -1 and S = 300 MPa. In b)-e), the overload cycle is followed by CA loading corresponding 
to a). OL = overload gives the R = -1 overload amplitude. 

Table 25. Simulated hysteresis loops for the different magnitude overloads. The given values are 
for the CA loading cycles. Values summarize observations from Figure 38. 

 (mm/mm)  (MPa) max (MPa) mean (MPa) 

Full HFMI CA 0.0022 535 -48 -316

Full HFMI OL = 315 MPa 0.0022 535 99 -168

Full HFMI OL = 420 MPa 0.0022 535 219 -49 

Full HFMI OL = 560 MPa 0.0022 535 367 100

AW OL = 560 MPa 0.0037 892 676 231 
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Figure 39. Simulated local mean stress as a function of applied overload magnitude. Smax/min = 
0 corresponds to CA loading with S = 300 MPa and R = -1. 

This case represents the current maximum stress limit for hammer peened 
joints (Haagensen and Maddox, 2013). In Figure 38e), the same overload is ap-
plied for AW. In this case, the local mean stress is shifted towards zero but re-
mains clearly tensile. As a result, after residual stress relaxation, the AW local 
mean stress is still higher than the full HFMI local mean stress. In addition, the 
stress and strain ranges for the simulated AW case are higher than for the cor-
responding full HFMI case. This is due to higher stress concentration and lower 
local strength in the simulated AW condition. However, subsequent overloads 
may decrease the difference in local mean stress. 

4.4.2 Fatigue damage 

Figure 40 shows the estimated fatigue damage parameter values for CA loading 
with stress ratios R = -1, 0 and 0.5. The values are also given and compared in 
Table 26 - Table 28. For full HFMI under R = -1 and ΔS = 300 MPa, the simu-
lated maximum stress value was compressive, which corresponds to zero PSWT

value. As this is unrealistic, a modified approximate value was derived as PSWT*
= PSWT x (300 MPa / 425 MPa) and used to correlate the results for two different 
nominal stress ranges as indicated in Figure 40a) and Table 27. The results show 
that compressive residual stresses and notch geometry improvement decrease 
the fatigue damage in all cases. Based on the PSWT values, compressive residual 
stresses together with improved geometry provide the highest benefit from 
HFMI, as shown by Table 26 - Table 28. However, the residual stress effect is 
very small for R = 0.5. 

The beneficial effect of strain hardening is not as obvious, as in some cases, 
the fatigue damage parameter is increased from RS + Geometry (HFMI) to full 
HFMI. This is due to the higher yield strength of the strain-hardened condition 
that results in higher maximum stresses as discussed in Section 4.4.1. However, 
based on the fatigue test results, the strain-hardened HFMI-1 condition  as-
sumed for  full  HFMI has  higher  fatigue strength than the HAZ condition as-
sumed for  RS + Geometry  (HFMI),  see  Figure 23.  This  means that  the same 
fatigue damage parameter value would result in a longer fatigue life for the full 
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Figure 40. Estimated fatigue damage parameter values for CA loading with a) R = -1, b) R = 0 
and c) R = 0.5 under two different nominal stress ranges. PSWT* = PSWT x (300 MPa / 425 MPa) is 
a modified value based on the PSWT value for S = 425 MPa. 

HFMI joint configuration, as indicated by Figure 24. Between 104 and 107 rever-
sals to failure, the fatigue life is increased from HAZ to HFMI-1 by a factor of 8x 
- 16x according to Figure 24. For PSWT = 0.8 MPa0.5, for example, the fatigue life 
is increased by approximately 13x. Therefore, benefit from strain hardening is 
expected in all simulated cases. 

Table 26 - Table 28 show that the total beneficial effect of HFMI, with respect 
to the simulated AW condition, tends to increase as the applied load level de-
creases. This is line with the observed fatigue behaviour of HFMI-treated 
welded joints: the highest benefit is obtained for low stress levels as shown by 
(Yıldırım and Marquis, 2012b). The tables show also that the benefit from HFMI 
decreases as the stress ratio increases. This too is in line with experimentally 
observed behaviour as discussed in Section 2.2.1 and shown by Kuhlmann et al. 
(2006). 

Figure 41 and Table 29 show a corresponding comparison of estimated PSWT

values for the overload cases. Fatigue damage is calculated based on the small 
CA loading cycles following the different size overload cycles. As previously, for 
the full HFMI CA loading case R = -1 and ΔS = 300 MPa, a modified value PSWT*
is used. The results show that fatigue damage clearly increases with increasing 
peak stress magnitude and some of the potential benefit from HFMI is lost due 
to residual stress relaxation. However, the estimated fatigue damage is still 
lower  than that  for  AW. Therefore,  improvement  from HFMI can still  be  ex-
pected due to lower than AW residual stresses in the HCF region. In addition, 
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benefit from geometry improvement and strain hardening are expected based 
on the results for the three HFMI joint configurations. The benefit from strain 
hardening is due to higher fatigue strength as discussed previously for CA load-
ing. However, the increase in life is somewhat difficult to estimate, as the calcu-
lated PSWT values in Table 29 are relatively low with respect to the tested fatigue 
life region (see Figure 23 and Figure 24). 

Table 26. Comparison of estimated PSWT values for CA loading with S = 425 MPa. 

R = -1 R = 0 R = 0.5 

PSWT
(MPa0.5)

Difference 
in stepsa

PSWT
(MPa0.5)

Difference 
in stepsa

PSWT 
(MPa0.5)

Difference 
in stepsa

AW 1.45 - 1.46 -

RS (HFMI) 1.13 1) -22% 1.30 1) -11% 

RS + Geometry (HFMI) 0.61 2) -46% 0.85 2) -35% 

Full HFMI 0.39 3) -36% 0.87 3) 3% 

Total HFMI effect -73% -41%
aDifference in steps: 1) residual, 2) geometry and 3) strain hardening effect 

Table 27. Comparison of estimated PSWT values for CA loading with S = 300 MPa. 

R = -1 R = 0 R = 0.5 

PSWT
(MPa0.5)

Difference 
in stepsb

PSWT
(MPa0.5)

Difference 
in stepsb

PSWT
(MPa0.5)

Difference 
in stepsb

AW 1.09 - 1.15 - 1.15 -

RS (HFMI) 0.67 1) -39% 0.86 1) -25% 1.13 1) -2% 

RS + Geometry (HFMI) 0.20 2) -69% 0.54 2) -37% 0.84 2) -26% 

Full HFMI 0.27a 3) 34% 0.52 3) -4% 0.87 3) 4% 

Total HFMI effect -75% -54% -24%
aPSWT* = PSWT x (300 MPa / 425 MPa) 
bDifference in steps: 1) residual, 2) geometry and 3) strain hardening effect 

Table 28. Comparison of estimated PSWT values for CA loading with S = 250 MPa.  

R = -1 R = 0 R = 0.5 

PSWT
(MPa0.5)

Difference 
in stepsa

PSWT
(MPa0.5)

Difference 
in stepsa

PSWT
(MPa0.5)

Difference 
in stepsa

AW 1.04 -

RS (HFMI) 0.99 1) -5% 

RS + Geometry (HFMI) 0.70 2) -29% 

Full HFMI 0.72 3) 3% 

Total HFMI effect -31%
aDifference in steps: 1) residual, 2) geometry and 3) strain hardening effect 
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Additional simulations with Smax/min = ±0.8fy were run to separate the residual 
stress, geometry and strain hardening effects in the case of an overload simula-
tion. Figure 42 shows the estimated PSWT values for AW, RS (HFMI), RS + Ge-
ometry (HFMI) and full HFMI. As full relaxation of compressive residual 
stresses occurred for this overload magnitude and R = 0.5 in the full HFMI con-
dition, the results are comparable to the R = 0.5 CA loading results in Figure 40. 
The PSWT values in Figure 42 indicate little benefit from residual stresses and 
considerable benefit from geometry improvement, as in the case of R = 0.5 CA 
loading. However, unlike for R = 0.5, strain hardening provided benefit in the 
simulated overload case. This is due to increase in yield strength from the as-
sumed HAZ condition to the assumed HFMI condition, which limits the yielding 
and thus the shift in local mean stress. The benefit from strain hardening is ex-
pected to further increase with decreasing overload magnitude. 

Figure 41. Estimated fatigue damage parameter values for CA loading and different overload 
cases for full HFMI and AW. The CA loading in all cases is with S = 300 MPa. PSWT* = PSWT x
(300 MPa / 425 MPa) is a modified value based on the PSWT value for S = 425 MPa. 

Table 29. Comparison of estimated PSWT values for CA loading and overloads with S = 300 
MPa. 

AW Full HFMI 

PSWT
(MPa0.5)

Difference 
in stepsb

PSWT
(MPa0.5)

Difference 
in stepsb

Difference to 
full HFMI effect 

CA 1.09 - 0.27a -  -75% 

OL 0.45fy 0.33 21%

OL 0.6fy 0.49 48%

OL 0.8fy 1.12 - 0.64 30%  -43% 

Total load effect from 
CA to OL 0.8fy

2% 133%

aPSWT* = PSWTx(300 MPa / 425 MPa) 
bCompared to the previous loading scenario 
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Figure 42. Estimated fatigue damage parameter values with Smax/min = 0.8fy overload case for 
AW, RS (HFMI), RS + Geometry (HFMI) and full HFMI. 

4.5 Residual stress relaxation and allowable stresses 

Factors influencing residual stress stability and relaxation in HFMI-treated 
welded joints are 

 Applied stress ratio and overloads 
 Initial level of residual stresses 
 Local stress concentration 
 Local yield strength 

The simulated local stress-strain response showed that applied tensile stresses 
are  most  harmful  when  the  applied  mean  stress  is  high.  Compressive  peak  
stresses, on the other hand, are critical as they relax the beneficial compressive 
residual stresses much more efficiently than tensile peak stresses. Initial resid-
ual stress value affects the initial local mean stress and therefore also the point 
when local compressive yield strength is exceeded. Decrease in local stress con-
centration through improved notch geometry and increase in local yield 
strength due to strain hardening were both beneficial in all simulated cases as 
they delayed the onset of residual stress relaxation. In addition, geometry im-
provement decreased the level of estimated fatigue damage and strain harden-
ing is expected to increase the local fatigue strength. 

VA loading fatigue tests (Marquis and Björk, 2008; Vanrostenberghe et al., 
2015; Yıldırım and Marquis, 2013) have shown fatigue strength improvement 
for HFMI-treated welded joints with respect to the AW state even when the peak 
loads in  the applied spectrum exceed the proposed limit  of  Smax/min =  ±0.45fy

(see Section 2.2.2) for R < -1. Yıldırım and Marquis (2013) measured surface 
residual stresses before and after the applied VA loadings and observed signifi-
cant residual stress relaxation. The applied peak compressive stresses were ap-
proximately 0.54fy and 0.7fy. Nevertheless, the fatigue strength was improved 
with respect to the AW state. 
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The simulations showed that the local mean stress shifted from compressive 
towards tensile for all applied peak stress magnitudes. Simulation with peak 
stress corresponding to the proposed limit of Smax/min = ±0.45fy for R =  -1  
(Marquis et al., 2013) indicated very limited residual stress relaxation. The ex-
perimental data indicated that this rule might be too strict. Simulations indicate 
the same, as the level of yielding was not high enough to have any significant 
effect on local mean stress. The peak stress level of 0.6fy, which is close to that 
used in VA loading fatigue tests, on the other hand, could be considered a pos-
sible limit. For this load level, the simulations resulted in a shift of the local 
mean stress from compressive to nearly zero. Peak stress level of 0.8fy, on the 
other hand, could be unacceptable, as this resulted in tensile local mean stress 
in the simulations. 

The problem with expressing the allowable maximum stress as a function of 
nominal stress is that the nominal stress approach does not take into account 
the effects of joint type and joint dimensions on the local stress concentration. 
The local stress concentration at the weld toe is critical with respect to residual 
stress relaxation. Therefore, effective notch stress approach using 1 mm refer-
ence radius (Fricke, 2012; Yıldırım and Marquis, 2014) is used here to correlate 
the simulated and experimental results. The notch stress factors for the longi-
tudinal attachments used in VA R = -1 fatigue tests of HFMI-treated welded 
joints from Marquis and Björk (2008), FATWELDHSS (Vanrostenberghe et al., 
2015) and Yıldırım and Marquis (2013) were estimated by FE-analysis accord-
ing to IIW recommendation (Fricke, 2012). Details of the FE analyses are given 
in Appendix E. The simulated transverse attachment was also analysed with a 
notch radius of 1 mm. The notch stress factor is defined as Kn = Sn/S, where Sn

is the maximum principal stress at the weld toe and S is the nominal stress. The 
estimated stress concentration factor representing the simulated transverse at-
tachment is Kn = 2.24. 

The Kn values estimated for the VA data sets are given in Table 30. The esti-
mated notch stress factors for the available fatigue data are all higher than that 
representing the simulated transverse attachment. This is because the simula-
tions were limited to a 2D FE-model representing a transverse attachment. This 
joint type has typically a lower stress concentration factor than longitudinal at-
tachments used in the VA experimental studies. However, the difference be-
tween the estimated notch stress values for the simulations and (Yıldırım and 
Marquis, 2013) is relatively small. 

Table 30. Estimated notch stress factors for longitudinal attachments subjected to VA loading 
available in literature. 

Reference Plate thickness t (mm) Kn

(Y ld m and Marquis, 2013) 8 2.36a

(Marquis and Björk, 2008) 6 2.81

(Marquis and Björk, 2008) 8 3.13

(Vanrostenberghe et al., 2015) 5 2.92

(Vanrostenberghe et al., 2015) 10 3.36
aValue based on actual weld angle and leg length. 
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Figure 43. Relationship of estimated maximum notch stress and maximum nominal stress to yield 
strength based on VA loading R = -1 literature data, where Smin = -Smax. FATWELDHSS indicates 
data from (Vanrostenberghe et al., 2015). 

For comparison, the nominal equivalent and maximum stresses are multiplied 
by the estimated notch stress factors Kn. It should be noted that Smin = -Smax in 
all cases. Figure 43 shows the relationship of maximum nominal stress divided 
by nominal yield strength and estimated maximum notch stress divided by 
nominal yield strength for the experimental VA loading cases and the simula-
tions. The figure compares applied peak stresses that were considered critical 
with respect to residual stress relaxation. Notch stresses are used to correlate 
the simulation results and experimental observations. All experimental cases 
discussed here are fatigue failures. Figure 43 shows that even though the simu-
lations had the highest maximum nominal stress with respect to yield strength, 
the estimated maximum notch stresses with respect to yield strength were gen-
erally higher in the fatigue tests. This indicates that the applied peak stresses in 
the VA fatigue tests were most likely large enough to result in significant resid-
ual stress relaxation. According to the current proposal (Marquis et al., 2013), 
benefit from HFMI-treatment could not be claimed for any of these cases. How-
ever, experiments clearly show benefit from the treatment under some of the 
applied loading cases. Increasing the limit to Smax/min ≤ ±0.6fy for R = -1, would 
categorize at least half of these cases as acceptable. 

Figure 45 -  Figure 44 show the analysed HFMI VA fatigue data  in  terms of  
equivalent and effective notch stress range Kn·ΔSeq. For comparison, available 
AW VA loading data with corresponding steel grade and welding process are 
shown. The characteristic curves are FAT 225 for AW joints according to 
(Fricke,  2012)  and FAT 400 and 500 for  HFMI-treated welded joints  as  pro-
posed in (Marquis et al.,  2013). The HFMI data are categorized based on the 
applied peak stress magnitudes. Open symbols indicate nominal maximum and 
minimum stresses of ≤ ±0.6fy i.e. ΔSmax ≤ 1.2fy for R = -1. The figures show that 
all  HFMI  data  points  are  close  to  or  above  the  proposed  FAT  400  and  500  
curves. Clear benefit from HFMI-treatment in comparison to AW FAT 225 curve 
is observed for all cases, except for the two data points in Figure 44a), where the 
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Figure 44. Notch stress assessment for R = -1 VA loading fatigue data with S700 and S690 steels 
from a) Marquis and Björk (2008) and b) and c) FATWELDHSS (Vanrostenberghe et al., 2015). 
Open symbols indicate nominal maximum and minimum stresses of  ±0.6fy.Sn,min = -Sn,max.
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Figure 45. Notch stress assessment for R = -1 VA loading fatigue data with S700 steels from a) 
ld m and Marquis (2013) and b) Marquis and Björk (2008). Open symbols indicate nominal 

maximum and minimum stresses of  ±0.6fy. Sn,min = -Sn,max.

increase in fatigue strength with respect to AW curve is limited due to high 
equivalent stress range. Comparison of the AW data to the AW and HFMI curves 
indicates high welding quality. As a result, the increase in fatigue strength from 
AW state to HFMI-treated state in Figure 45a), Figure 46b) and Figure 44b) is 
not as large as the increase in fatigue class from AW FAT 225 to HFMI FAT 400 
or 500. This is because the AW FAT is based on a large range of welding quali-
ties. Nevertheless, Figure 45 - Figure 44 clearly show that the proposed fatigue 
classes FAT 400 for 550 < fy ≤ 750 MPa and FAT 500 for 950 < fy fit the HFMI 
data even though significant residual stress relaxation has been observed in 
(Yıldırım and Marquis, 2013) and has likely occurred in all cases. For an indi-
vidual HFMI data set, the level of fatigue strength improvement with respect to 
AW condition tends to decrease with increasing peak stress. However, relatively 
large differences in fatigue strength depending on steel type are observed inde-
pendent of the applied peak stress. In addition, due to limited number of data  
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Figure 46. Notch stress assessment for R = -1 VA loading fatigue data with a) S700 and b) S690 
steels from FATWELDHSS (Vanrostenberghe et al., 2015). Open symbols indicate nominal max-
imum and minimum stresses of  ±0.6fy. Sn,min = -Sn,max. The arrow indicates a run-out. 

available, there is considerable uncertainty with respect to the effects of peak 
stresses – and VA loading in general – on fatigue strength improvement. Nev-
ertheless, the notch stress analysis gives confidence that a higher maximum 
stress range limit of at least 1.2fy could be applied to allow further benefit from 
HFMI-treatment under VA loading. 
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5. Discussion 

5.1 Local material properties at HFMI-treated weld toe 

Cyclic material properties representing high-strength steel S700 base material, 
two different HFMI-treated base material conditions and coarse-grain HAZ 
were determined by strain-controlled fatigue tests. The results showed that HAZ 
has lower yield and fatigue strength than the S700 base material. This is related 
to the larger grain size, which is a result of the applied thermal cycle. The dou-
ble-sided HFMI-1-treatment increased both the base material yield strength 
and high-cycle fatigue strength. In addition, despite observed cyclic softening, 
the HFMI-1 yield strength remained higher than the BM yield strength. The re-
sults were not as clear in the case of HFMI-S due to the material property gra-
dient, which was a result of the one-sided treatment. Hardness increased from 
approximately  287  HV0.5  near  the  untreated  surface  to  309  HV0.5  near  the  
HFMI-treated surface and image quality analysis indicated residual plastic 
strains at the treated side. Based on the higher hardness and residual plastic 
strains at the treated HFMI-S surface, it is expected that the surface of HFMI-
treated weld toe has higher strength than the tested HFMI-1 condition. Based 
on the increase in yield strength and HCF fatigue strength observed for HFMI-
1 and the increase in hardness for HFMI-S and HFMI-Sref, the applied HFMI-
treatments were effective up to a depth of 1-1.5 mm. 

The increase in high-cycle fatigue strength and decrease in low-cycle fatigue 
strength after HFMI-1-treatment is explained by strain hardening, which re-
duces the material’s capacity do deform plastically. As fatigue damage accumu-
lates during repeated plastic straining, pre-strained materials tend to have re-
duced fatigue life at high strain levels (Martin et al., 1998). On the other hand, 
as strain hardening increases material strength, the fatigue life is increased at 
low strain levels. The decreased ability of the HFMI-1 condition to sustain fur-
ther plastic deformation is seen also in the decrease of the strain hardening ex-
ponent from the BM condition (Aichbhaumik, 1979; Sherman, 1975). The ob-
served increase in yield strength due to HFMI-treatment is in line with previous 
studies showing that HFMI-treatment increases the surface region hardness in 
welded joints (Leitner et al., 2014; Weich, 2011). The results are also in line with 
the known increase in strength and decrease in ductility for cold-worked steels 
(Martin et al., 1998). However, the obtained values cannot be directly compared 
to any previous results. Finally, it should be noted that the observed strain-life 
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behaviour of the HFMI-treated steel does not directly reflect the stress-life be-
haviour of an HFMI-treated welded joint. It is considered highly improbable 
that HFMI-treatment would deteriorate the joint at any stress level. 

The increase in yield strength observed for HFMI-1 did not show in the hard-
ness measurements or image quality analysis. However, averaged grain size was 
decreased slightly from the BM condition due to elongation of the grains. This 
is in line with the observed increase in strength. The average hardness of HFMI-
S corresponded to that of BM and HFMI-1. However, a clear increase in hard-
ness from the untreated surface to the HFMI-treated surface is observed. Cor-
respondingly, the averaged grain size is decreased slightly from the BM condi-
tion due to the elongations of the grains. In addition, the image quality analysis 
indicated an increase in residual plastic strains in the HFMI-treated surface re-
gion. The HFMI-Sref treatment resulted in increased surface hardness and 
elongated grains. The differences in the treatment results for HFMI-1, HFMI-S 
and HFMI-Sref are assumed to be due to differences in the applied treatments 
(see Section 3.1). However, there is uncertainty with respect to the results of the 
microstructural characterization. In the future, variation due to treatment pa-
rameters could be investigated by conducting a more systematic EBSD analysis 
of HFMI-treated weld toes with different treatment parameters. The estimated 
effective depth of up to 1-1.5 mm is slightly greater than that indicated by previ-
ous (Abdullah et al., 2012; Leitner et al., 2014; Togasaki et al., 2010; Weich et 
al., 2009; Yıldırım et al., 2015) or current hardness measurements but similar 
to that indicated by residual stress measurements (Weich et al., 2009). 

The surface residual stress measurements showed that the HFMI-treated fa-
tigue test specimens had high surface residual stresses on one side of the speci-
men. This may affect the fatigue test results. However, in the elastic-plastic re-
gion it is typical for the residual stresses to relax relatively fast, even during the 
first cycle, as discussed in (Farajian-Sohi et al., 2010). As all the fractured spec-
imens were tested above yield strength under fully reversed uniaxial loading, it 
is expected that some residual stress relaxation took place at least during the 
first load cycle. Therefore, it is believed that the measured stresses affected the 
fatigue testing for only a short period. In the future, stress relief in mild temper-
ature could be used to relieve the residual stresses induced by the manufactur-
ing and treatment processes. 

The experimental work is limited to the investigation of HFMI-treated base 
steel rather than the actual HFMI-treated material condition in a weld toe, 
which is a combination of weld metal, HAZ and base material. It was assumed 
that there is no considerable difference between the mechanical properties of 
HFMI-treated base steel and HFMI-treated weld toe region, which includes the 
transition from weld metal to base metal through HAZ. This assumption is sup-
ported by previous hardness measurements (Leitner et al., 2014; Weich, 2011). 
However, due to the differing nature of the measurements, there is uncertainty 
especially with respect to the effect of HAZ on strain hardening. Therefore, ex-
perimental characterisation of the actual weld toe region, which is a combina-
tion of HAZ and HFMI, would be of interest. The study was also limited to only 
one type of steel. Previous work (Weich et al., 2009) has indicated that the strain 
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hardening effect  of  HFMI is  higher  for  lower-strength steels  than for  higher-
strength steels. 

5.2 Simulated cyclic behaviour at HFMI-treated weld toe 

The simulated stress-strain response and estimated fatigue damage at an 
HFMI-treated weld toe showed that increasing the applied stress ratio or stress 
range decreases the benefit of HFMI. However, some benefit from HFMI-treat-
ment with respect to AW state remained even for R = 0.5. These results are in 
line with experimentally observed behaviour (Kuhlmann et al., 2006; Mikkola 
et al., 2015; Yıldırım and Marquis, 2012b). The numerical characterization in-
dicated that for R = 0.5, the improvement from compressive residual stresses is 
lost. After this, the fatigue improvement is expected to come from improved ge-
ometry due to a decrease in relative fatigue damage and from strain hardening 
due to an increase in fatigue resistance. In addition to that, improved geometry 
and strain hardening limit the level of yielding for lower stress ratios and com-
pressive overloads by decreasing local stress and increasing local strength at the 
weld toe. This benefit from strain hardening is in agreement with observations 
by Tehrani Yekta et al. (2013), who investigated fatigue performance of welds 
under different ultrasonic impact treatment conditions. They analysed the effect 
of local hardness in the UIT-affected region using a strain-based fracture me-
chanics model. The results indicated benefit from higher hardness for a loading 
sequence containing periodic compressive overloads. Similar benefit was not 
observed for CA loading. 

For overloads, fatigue damage increased with increasing peak stress magni-
tude. However, some benefit from HFMI-treatment remained even for the high-
est overload cycle with respect to similarly loaded AW state. This is in agreement 
with the observed benefit from HFMI-treatment under VA loading (Marquis 
and Björk, 2008; Vanrostenberghe et al., 2015; Yıldırım and Marquis, 2013). 
The overload simulations showed how the benefit from HFMI decreases with 
increasing peak stress level. The simulated local stress-strain behaviour indi-
cated  very  limited  residual  stress  relaxation  for  the  proposed  design  limit  of  
Smax/min = ±0.45fy when R = -1. For Smax/min = ±0.6fy with R = -1, the local mean 
stress was shifted close to zero. This is contrary to that suggested by McClung 
(2007) but in line with the residual stress measurements by Yıldırım and Mar-
quis (2013). The simulations confirmed that compressive reversals are more 
damaging in relaxing the residual stresses than tensile stresses, as expected 
(McClung, 2007; Yıldırım and Marquis, 2012a). Tensile peak stresses that relax 
the beneficial compressive residual stresses only through reversed yielding are 
not as critical. Finally, it was shown that also a second peak stress cycle could 
affect the local mean stress. However, the influence of this second overload was 
much smaller than that of the first peak stress cycle as anticipated (McClung, 
2007). 

The simulations assume a simplified way of presenting the different material 
regions based on hardness measurements by Bracke et al. (2011) and Leitner et 
al. (2014) and analysis results by Remes (2013). The effect of material gradients 
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in the HFMI/HAZ transition region to the stress-strain response at the weld toe 
should, however, be confirmed. It should also be noted that the Gleeble-simu-
lated HAZ condition in this study represents a point in an actual weld from the 
coarse-grain HAZ. This limits the accuracy with which the weld toe region and 
its transition regions could be presented. In addition, there is uncertainty in the 
experimentally determined material properties used in the analysis, as dis-
cussed in Section 5.1. However, the current simulations do not aim at providing 
an exact presentation of the critical weld toe. The goal is to understand trends 
related to critical loading conditions and how residual stress relaxation, local 
geometry and strain hardening influence the effectiveness of the treatment. Fi-
nally, it is expected that there is considerable variation in actual material prop-
erties, geometry and residual stress state of HFMI-treated welded joints as in-
dicated by Yıldırım and Marquis (2013). Taking into account all this variation 
would give insight to the statistical variation in the resulting fatigue lives. How-
ever, this was out of the scope of the work. 

The current fatigue damage estimation was limited to the first closed hystere-
sis loop at half-life. This means that the approach, which is typically used for 
fatigue life estimation, does not take into account the more complex cyclic phe-
nomena such as mean stress relaxation and ratchetting modelled in the study. 
As a result, only qualitative and relative comparisons have been made. The dam-
age assessment using Smith-Watson-Topper parameter resulted in relatively 
low estimated fatigue damage for the simulated full HFMI condition. This 
showed the benefit of HFMI-treatment qualitatively, but there is large uncer-
tainty with respect to the impact on absolute fatigue life. Further work is re-
quired to confirm the quantitative effects of residual stresses, improved weld toe 
geometry and strain hardening on fatigue damage and fatigue life. This would 
require also a more detailed analysis of fatigue crack initiation and propagation 
lives. For a more detailed crack propagation analysis, crack growth rates in the 
treatment zone, HAZ and base material should be investigated, as the crack 
growth rate might depend on material condition. Short crack behaviour includ-
ing crack closure effects is of particular interest, since – in addition to delaying 
crack initiation – HFMI is considered to slow down the growth of short cracks. 

5.3 Allowable stresses in HFMI-treated welded steel joints 

5.3.1 Statistical analysis of fatigue data 

Statistical analysis of available fatigue data on HFMI-treated welded joints sub-
jected to high stress ratios and VA loading showed that the proposed stress ratio 
penalties for R > 0.15 fit the current data and that the FAT curves based on CA 
loading together with equivalent stress ranges are applicable for VA loading. 
However, an increase of maximum applicable stress ratio from R = 0.52 to R = 
0.7 and a reduction of four FAT classes for 0.52 < R ≤ 0.7 was proposed based 
on the available data. This is shown by Table 31. In addition, the analysis showed 
that the proposed allowable maximum stress limit of ΔSmax ≤ 0.9fy for R < -0.125 
is probably overly conservative when applied for VA loading. For positive stress 
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ratios, the proposed limit of ΔSmax ≤ 0.8fy(1-R) is considered suitable based on 
the current data. 

For high stress ratios, most of the fatigue test data were for R = 0.5. This means 
that based on the current data, there is confidence in the applicability of the 
stress ratio penalty for 0.4 < R ≤ 0.52. For 0.15 < R ≤ 0.4 and R > 0.52, more 
data are welcome to confirm the stress ratio penalties. For VA loading, there is 
uncertainty due to limited number of data but also limited number of applied 
spectrums. It is known that in addition to peak load level and load sequence, 
spectrum shape and mean stress fluctuations affect the resulting fatigue life as 
discussed by Sonsino (2007). The log-linear spectrums applied by Yıldırım and 
Marquis (2013), Marquis and Björk (2008) for S700 and used in FATWELDHSS 
(Vanrostenberghe et al., 2015) all had the same stress ratio as well as similar 
applied maximum and minimum stresses  up to  76% of  the yield  strength.  In  
Marquis and Björk (2008), the S960 specimens were tested with a Gaussian 
load spectrum that is typically more severe than the log-linear one in terms of 
maximum stress (Sonsino, 2007). This is because for the same maximum stress, 
the equivalent stress is higher for the Gaussian spectrum. However, no clear dif-
ferences were observed between the test results due to choice of spectrum. The 
block loading sequence applied in Huo et al. (2005) was not significantly differ-
ent from the applied CA loading, as the applied minimum stress range was ap-
proximately 80% of the applied maximum stress range. It is expected that larger 
differences in applied overloads and mean stresses would result in increased 
scatter with respect to fatigue life. The influence of stress ratio fluctuations is 
especially of interest, as both a large compressive overload and cycles with high 
stress ratios can relax the beneficial residual stresses. Finally, the increase in 
fatigue strength from AW state depending on welding quality should be studied 
further. 

In this study, only typical small-scale joints were considered. As a result, there 
is uncertainty with respect to the behaviour of complex large-scale structures 
under severe loading conditions. However, the work of Roy (2006) and Roy and 
Fisher  (2006) and the overview by Yıldırım et  al.  (Yıldırım et  al.,  2016)  have 
demonstrated the benefit of HFMI-treatment in large scale structures also for 
high stress ratios. Finally, fatigue failure may also initiate from weld root, as 
shown by the results of Maddox et al. (Maddox et al., 2011) discussed in Section 

Table 31. Proposed minimum reduction in the number of FAT classes with respect to fatigue 
strength improvement for HFMI-treated welded joints based on R-ratio. 

R-ratio Minimum FAT class reduction 

R  0.15 No reduction due to stress ratio 

0.15 < R  0.28 Reduction by one FAT class 

0.28 < R  0.4 Reduction by two FAT classes 

0.4 < R  0.52 Reduction by three FAT classes 

0.52 < R  0.7 Reduction by four FAT classes 

R > 0.7 No data available. The degree of im-
provement must be confirmed by testing. 
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2.2.1. When the fracture location is changed from the weld toe to the root, the 
HFMI-treatment  is  ineffective  as  the only  the toe  region can be treated.  This  
should always be considered when estimating benefit from HFMI-treatment. 

5.3.2 Maximum allowable stresses 

Based on the residual stress behaviour in the simulations and available fatigue 
test results and residual stress measurements, Smax/min ≤ ±0.6fy could be consid-
ered as a higher limit for allowable maximum stresses for R < -1. The reasoning 
is that with this limit, both experimental results (Marquis and Björk, 2008; 
Vanrostenberghe et al., 2015; Yıldırım and Marquis, 2013) and the estimated 
fatigue damage indicate clear benefit from HFMI with respect to AW condition. 
Simulated stress-strain response and residual stress measurements (Yıldırım
and Marquis, 2013) have indicated that this overload magnitude results in re-
laxation of the compressive residual stresses close to zero. The remaining fa-
tigue strength improvement due to HFMI would then be due to reduced stress 
concentration factor at the weld toe, strain hardened surface layer and the ben-
efit of having low residual stresses rather than tensile ones as in the AW case. 
For higher peak stresses, the benefit is expected to reduce, as the difference in 
residual stress state for AW and HFMI-treated welded joints decreases with in-
creasing relaxation of the AW tensile residual stresses. In some cases, the AW 
residual stresses might also be relatively low i.e. lower than assumed here. 
Therefore, peak loads resulting in close to zero residual stresses could be con-
sidered as an appropriate limit. 

The current maximum allowable stress investigation is based on experimental 
results and simulations for R = -1 loading. When considering residual stress re-
laxation, it is expected that higher stresses could be allowed for R > -1 based on 
the lower absolute magnitude of compressive peak stress for these stress ratios. 
However, due to lack of experimental or numerical data, a more conservative 
approach is recommended as shown by Figure 47. The maximum stress range 
limit of 0.8fy(1-R) is extended to meet the proposed stress range limit of 1.2fy

for R = -1. This corresponds to changing the allowable maximum stress limits of 
Equation (1) in Section 1.2.2 from 

 max

max

0.8 1 for 0.125 0.52
0.9 for 1 0.125
y

y

S f R R
S f R

     
      

(10)

to

 max

max

0.8 1 for 0.5 0.7
1.2 for 1 0.5
y

y

S f R R
S f R

     
      

. (11) 

Note also that in Equation (11) and Figure 47 the allowable maximum stress ra-
tio is increased from R = 0.52 to R = 0.7 according to the current proposal and 
the limit stress ratio is changed from R = -0.125 to -0.5. The proposal follows 
the approach used by Marquis et al. (Marquis et al., 2013). 
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Figure 47. Proposed limits on the applied maximum nominal stress range Smax.

Finally, it should be noted that VA loading can affect the failure mode. In the 
work of Yıldırım and Marquis (2013) gusset failures of HFMI-treated longitudi-
nal attachments occurred mostly at lower equivalent stress ranges. In gusset 
failure, the fatigue cracks leading to failure initiated either from the gusset re-
gion due to a small internal defect or from the weld toe adjacent to the gusset. 
For higher equivalent stress ranges, all specimens failed from the weld toe. Ac-
cording to Marquis (2010) this is because high enough peak loads reduce the 
benefit from residual stresses. For limited or no residual stress relaxation under 
negative stress ratios and lower equivalent stress ranges, the failure location is 
moved, as the weld toe is no longer the fatigue critical region in the structure. 
However, the proposed allowable stress limits concern only the effectiveness of 
HFMI-treatment and the change of failure location needs to be considered sep-
arately.  Failure  from  weld  root  –  or  the  weld  toe  adjacent  to  gusset,  as  in  
(Yıldırım and Marquis, 2013) – could be taken into account by notch stress anal-
ysis (Fricke, 2012). Fatigue strength would then be evaluated using an appro-
priate notch stress FAT value and the critical notch stress from FE analysis. For 
weld toe failures, FAT values for HFMI-treated joints depending on steel 
strength (Marquis et al., 2013) can be used. When failure is expected outside the 
HFMI-treated weld toe, FAT 225 for as-welded steel joints should be used be-
cause HFMI-treatment cannot be expected to provide any improvement if the 
failure location is changed. 
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6. Conclusions 

6.1 Main conclusions of the work 

The work focused on analysing the effectiveness limitations of HFMI-treatment 
in welded steel joints. The aim of the work was to evaluate proposed fatigue as-
sessment guidelines for HFMI-treated welded steel joints with respect to high 
stress ratios and VA loading and to provide mechanics based input to the ac-
ceptable limits for these loading conditions. Mean stress effect of dead loads and 
the peak stress effect of overloads during service loading are considered critical, 
as these loading conditions may result in relaxation of the beneficial residual 
stresses and reduced fatigue strength. 

The effects of high mean stresses and variable amplitude loading on fatigue 
strength improvement due to HFMI were first investigated by analysing availa-
ble experimental data statistically. The data consisted of butt joints, transverse 
attachments and longitudinal attachments subjected to stress ratios up to R = 
0.7 during CA loading and low stress ratio VA loading. The data were also com-
pared to the proposed characteristic curves for HFMI-treated welded joints us-
ing the nominal stress method. 

To understand the stability of the residual stresses in various conditions, the 
local geometry, initial residual stress state and local elasto-plastic material 
properties at the weld toe need to be known. The residual stress state and local 
geometry have been measured in previous works. Therefore, the experimental 
work in this study concentrated on determining the effect of HFMI-treatment 
on yield strength and cyclic response of high-strength steel S700. This was done 
by strain-controlled fatigue testing. In addition to base material and HFMI-
treated condition, simulated heat-affected zone condition was tested to deter-
mine the behaviour of all critical material conditions in the vicinity of an HFMI-
treated weld toe. 

FE-analysis was used to evaluate the influence of the residual stress state, local 
geometry, local material response and loading case on elasto-plastic response 
and residual stress relaxation at the weld toe. To determine these effects, an 
HFMI-treated transverse attachment was modelled in three stages: 1) by con-
sidering only the compressive residual stresses, 2) by including also the geome-
try improvement and 3) as full HFMI taking into account the residual stress 
state, HFMI-groove geometry and strain-hardened surface layer. An AW joint 
was modelled for comparison to indicate the level of improvement for different 
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loading cases. The applied residual stress distribution and geometry were based 
on previous measurements, whereas the applied local material response was 
based on the strain-controlled fatigue tests. The resulting fatigue damage was 
then estimated using a Smith-Watson-Topper parameter, which accounts for 
the effect of mean stress on fatigue damage. Based on the simulations, available 
experimental data and a notch stress analysis, allowable maximum peak 
stresses during VA loading were discussed. 

Main conclusions of the work are the following: 
1. The successfully applied HFMI-treatment was shown to increase the 

quasi-static strength of S700 high-strength steel up to 13%, as indi-
cated by previous hardness measurements. Despite observed cyclic 
softening of all material conditions and especially this HFMI-treated 
condition, the treatment increased also the cyclic yield strength of 
S700. As expected, HFMI-treatment had a beneficial effect on the 
high-cycle fatigue strength but not the low-cycle fatigue strength of the 
steel. This is due to increased strength and reduced ductility of the 
strain-hardened material condition. Based on the observed increase in 
yield and fatigue strength together with more limited increase in hard-
ness and indicated plastic strains, the different treatments were effec-
tive up to 1 - 1.5 mm depth. This depth is somewhat higher than that 
expected based on previous hardness measurements but consistent 
with that indicated by residual stress measurements. As expected, the 
tested coarse-grain HAZ condition had lower yield and fatigue 
strength than the S700 base material for all tested strain ranges. As a 
result, the increase in yield and fatigue strength from coarse-grain 
HAZ condition in an AW weld toe to HFMI-treated weld toe condition 
can be considerable. 

2. The simulated stress-strain response and estimated relative fatigue 
damage for CA loading under stress ratios R = -1, 0 and 0.5 showed 
that the benefit from HFMI-treatment decreases with increasing stress 
ratio and applied stress range. For R = 0.5, the benefit from compres-
sive residual stresses is lost due to a shift in local mean stress from 
compressive to tensile. However, some benefit from HFMI-treatment 
is expected even for R = 0.5 based on the decrease in relative fatigue 
damage from AW condition to HFMI condition. These results are con-
sistent with experimental observations. 

3. All simulated peak loads resulted in some level of residual stress relax-
ation at the weld toe. A peak load of 0.6fy lead to almost full relaxation 
of residual stresses. Compressive overloads were shown to be more 
harmful than tensile overloads. The simulations indicated also that re-
sidual stress relaxation at subsequent peak loads is possible. However, 
as expected, the first overload cycle is critical with respect to residual 
stress relaxation. Despite the observed residual stress relaxation, some 
benefit from HFMI-treatment with respect to AW state was shown for 
all simulated overload cases. 
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4. The numerical characterization indicated that compressive residual 
stresses provide large benefit for low stress ratios and low stress 
ranges. For high stress ratios and high peak stresses, the residual 
stresses are expected to relax. In these cases, the simulations and fa-
tigue damage analysis indicate that the main benefit of HFMI-treat-
ment comes from improved geometry and strain hardening. Geometry 
improvement reduces fatigue damage by reducing the stress concen-
tration factor. In addition to increasing the local yield strength, strain 
hardening is expected to increase the local fatigue strength based on 
the fatigue test results. As a result, the local geometry and local yield 
strength are considered critical in determining the level of residual 
stress relaxation and the remaining benefit from the treatment for se-
vere loading conditions. 

5. Statistical analysis of the available high stress ratio and VA loading 
data showed that benefit from HFMI-treatment can be obtained for 
structures even when they are subjected to high mean stresses and 
spectrum loading. However, the benefit is limited to lower applied 
stress ranges in the high-cycle fatigue region (> 104 cycles). The analy-
sis showed also that the proposed characteristic curves for HFMI-
treated welded joints are applicable for these loading conditions. The 
fatigue strength decreased with increasingly positive stress ratio in ac-
cordance with the proposed penalties for fatigue strength improve-
ment. CA and VA loading could be correlated with calculated equiva-
lent stress range, as characteristic curves for CA loading were applica-
ble in all VA loading cases. 

6. However, increasing the maximum applicable stress ratio from R = 
0.52 to R = 0.7 was proposed based on the available fatigue data. In 
addition, the investigation indicated that the currently proposed de-
sign limit of ΔSmax ≤ 0.9fy for R < -0.125 is too conservative with re-
spect to the observed fatigue improvement for VA loaded joints. This 
was considered to limit the potential benefit from HFMI treatment un-
der service loading. For R ≥ -0.125, the limit of ΔSmax ≤ 0.8fy(1-R) was, 
in general, acceptable. 

7. The simulations confirmed that at least limited residual stress relaxa-
tion due to peak stresses and high stress ratios could be allowed for 
high-cycle fatigue applications. The simulations and previous residual 
stress measurements have indicated almost full residual stress relaxa-
tion for a peak load of 0.6fy when R = -1. Nevertheless, both the nu-
merical analysis and available experimental data show clear fatigue 
improvement with respect to AW state for peak loads ≤ 0.6fy. There-
fore, increasing the maximum allowable stress range limit from ΔSmax

= 0.9fy to ΔSmax = 1.2fy for R < -0.5 was suggested. 
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6.2 Future work 

Further experimental and numerical work is required to confirm the applicabil-
ity of the suggested stress ratio and maximum stress range limits. The effect of 
stress ratios 0.15 < R ≤ 0.4 and R > 0.52 could be confirmed by further fatigue 
testing and extending the current numerical analysis to these stress ratios. To 
determine the effect of VA loading on residual stress relaxation and the resulting 
fatigue strength, residual stress measurements are proposed in addition to sim-
ulations and fatigue testing. It is expected that a single large enough peak stress 
is responsible for residual stress relaxation and that further overloads simply 
increase the equivalent stress range of the spectrum. Peak loads could first be 
investigated by extending the current simulations. The effective notch stress 
analysis of available VA loading data indicated that also the effect of steel type 
should be considered. This requires elasto-plastic analysis similar to the one 
carried out in this study. Based on these analyses, in-situ residual stress meas-
urements in HFMI-treated welded joints are recommended to confirm the sim-
ulation results. In addition to peak loads, the effect of varying mean stress 
should be considered. Finally, the effect of different VAloading characteristic – 
spectrum shape and mean stress in particular – on fatigue improvement in 
HFMI-treated welded joints should be investigated by fatigue testing and 
elasto-plastic fatigue life analysis to confirm the applicable stress limits for dif-
ferent  joint  and steel  types.  Fatigue testing with a  wider  range of  VA loading 
histories and the influence various stress ratios on short crack growth behaviour 
are considered especially critical. 
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Appendix A – Results of statistical anal-
ysis for individual data sets 

Table A 1 - Table A 4 show the results of statistical analysis for the individual 
data sets from Table 2 - Table 5. The tables give estimated best-fit S-N curve 
slopes m, characteristic fatigue strengths ΔSc and standard deviations s in 
log(N). Corresponding reference, used steel grade, main plate thickness, applied 
stress ratio and number of data points are also shown. ΔSc is  determined  at  
2x106 cycles with 95% survival probability based on two-sided confidence limits 
at a confidence level of 75%. The calculated ΔSc values are based on a slope of m
= 5 and the given standard deviation s in log(N) values that were calculated with 
m = 5. 

Table A 1. CA loading longitudinal attachment data details and calculated characteristic values. 

Ref. Steel 
Grade 

t
(mm) R k Best-fit 

m
Sc

(MPa) 
s in 

log(N)

(Maddox et al., 2011) S355J2 30 0.50-0.69 10 3.0 78 0.257

(Mori et al., 2012) SBHS500 12 0.17-0.25 3 15.0 84 0.519

(Mori et al., 2012) SBHS500 12 0.32-0.37 5 5.7 117 0.052

(Mori et al., 2012) SBHS500 12 0.42-0.51 26 2.7 91 0.263

(Mori et al., 2012) SBHS500 12 0.52-0.75 12 3.1 82 0.144

FATWELDHSSa S700MC 5/10 0.5 7 5.6 92 0.199

FATWELDHSSa S690QL 20 0.5 4 3.6 95 0.306

FATWELDHSSa S960MC 5 0.5 9 3.8 87 0.361

FATWELDHSSa S960QL 10/15 0.5 20 4.6 108 0.321
a(Vanrostenberghe et al., 2015) 

Table A 2. CA loading transverse non-load-carrying attachment data details and calculated char-
acteristic values. 

Ref. Steel 
Grade 

t
(mm) R k Best-fit 

m
Sc

(MPa) 
s in 

log(N)

(Deguchi et al., 2012) KA36 16 0.25 4 4.1 118 0.357

(Deguchi et al., 2012) KA36 16 0.5 4 6.8 105 0.173

(Kuhlmann et al., 2006) S690QL 12 0.5 26 7.6 143 0.291

(Okawa et al., 2013) AH36 20 0.5 4 8.5 86 0.450
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Table A 3. CA loading butt joint data details and calculated characteristic values. 

Ref. Steel 
Grade t([mm) R k Best-fit 

m
Sc

(MPa) 
s in 

log(N)

(Ummenhofer et al., 2011) S690QL 16 0.5 47 4.8 142 0.342

(Ummenhofer et al., 2011) S690QL 16 0.7 11 13.2 113 0.406

(Ummenhofer et al., 2011) S355J2 16 0.5 24 11.0 109 0.302

Table A 4. VA loading longitudinal attachment data details and calculated characteristic values. 

Ref. Steel 
Grade 

t
(mm) R k Best-fit 

m
Sc

(MPa) 
s in 

log(N)

(Y ld m and Marquis, 2013) S700 8 -1 10 5.2 192 0.124

(Huo et al., 2005) 16Mn 8 0.1 7 15.4 129 0.294

(Marquis and Björk, 2008) S700 8 -1 2 3.1 174 0.25a

(Marquis and Björk, 2008) S960 6 -1 3 6.3 159 0.259

FATWELDHSSb S700MC 5/10 -1 11 6.2 128 0.263

FATWELDHSSb S690QL 10 -1 5 8.5 123 0.460

FATWELDHSSb S960MC 5 -1 5 9.5 148 0.284

FATWELDHSSb S960QL 10 -1 6 8.1 207 0.241
aValue based on IIW recommendations for fatigue design (Hobbacher, 2009) 
b(Vanrostenberghe et al. 2015) 
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Appendix B – Fatigue test results 

Table B 1 - Table B 4 summarise the fatigue test results. Test frequency, applied 
strain amplitude, corresponding stress amplitude at half-life, cycles to failure 
and failure types are listed for each test. Fatigue life is determined as the num-
ber of cycles at 50% maximum load drop. Run-outs are tests that were stopped 
after 2x106 cycles i.e. 4x106 reversals. Failure type indicates if initiation took 
place outside gauge length or from an extensometer knife-edge or if the speci-
men was a run-out. 

Table B 1. Fatigue test results for BM specimens with stress amplitude values at half-life. 

Specimen f (Hz) e (%) S (MPa) 2Nf Failure type 

3 1 0.503 695 6,510

4 1 0.397 648 11,188 Outside gauge length 

5 1 0.291 615 55,588 Outside gauge length 

6 1 0.234 529 82,844 Outside gauge length 

7 1 0.554 656 6,884 Outside gauge length 

10 1 0.185 426 > 4,000,000 Run-out 

14 1 0.500 639 9,252

15 1 0.289 565 67,288

18 1 0.603 650 3,900

23 0.25 0.757 701 2,800

24 0.25 0.805 736 2,160

25 1 0.257 534 307,000
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Table B 2. Fatigue test results for HAZ specimens with stress amplitude values at half-life. 

Specimen f (Hz) e (%) S (MPa) 2Nf Failure type 

57 1 0.276 492 49,000

58 1 0.392 528 8,994

60 1 0.445 519 7,500

61 1 0.391 538 6,668

62 1 0.496 563 3,360

63 1 0.324 549 12,314

66 1 0.548 548 2,520

67 0.5 0.603 590 2,293 Outside gauge length 

68 0.5 0.654 585 1900

70 1 0.271 519 19,310 Outside gauge length 

Table B 3. Fatigue test results for HFMI-1 specimens with stress amplitude values at half-life. 

Specimen f (Hz) e (%) S (MPa) 2Nf Failure type 

28 1 0.397 657 18,700

29 1 0.501 685 5,700

30 1 0.289 656 85,134 Outside gauge length 

31 1 0.235 562 267,000

33 1 0.548 698 2,208

35 0.25 0.653 733 3,014

37 1 0.186 472 > 4,000,000 Run-out 

39 0.25 0.604 753 3,224 Outside gauge length 

40 0.25 0.656 744 3,900

41 0.25 0.704 780 1110

42 1 0.446 666 17,062

43 1 0.258 609 189,058 Outside gauge length 
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Table B 4. Fatigue test results for HFMI-S specimens with stress amplitude values at half-life. 

Specimen f (Hz) e (%) S (MPa) 2Nf Failure type 

81 1 0.284 543 105,396 Outside gauge length 

82 1 0.393 609 22,824 Outside gauge length 

83 1 0.498 657 6,000

85 1 0.550 656 4,548

86 0.5 0.706 669 2,000

87 0.25 0.806 689 2,228

90 1 0.446 638 8,214

92 1 0.498 619 10,644

93 1 0.339 540 52,700

94 0.5 0.604 688 5,477 Knife-edge 
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Appendix C – Combined nonlinear iso-
tropic-kinematic hardening 

The full material description consists of elastic response, yield condition, hard-
ening rule and flow rule according to (Lemaitre and Chaboche, 1990). Elastic 
response is determined by elastic modulus E and Poisson’s ratio ν. von Mises 
yield criterion 

 2 0I yF J X k    KX (C1) 

is used as yield condition. J2 is the second invariant of stress σ minus the kine-
matic hardening variable XK. XI is the isotropic hardening variable and ky is the 
initial yield stress in tension at zero plastic strain. 

Nonlinear kinematic hardening is described by 

   2
3

d C p d p dp K p KX X  , (C2) 

where C is the initial kinematic hardening modulus and γ describes the decrease 
in C with increasing plastic deformation. p is accumulated plastic strain and εp

is plastic strain. 
Isotropic hardening is described by 

 I IdX a Q X dp  (C3) 

where Q gives the maximum change in yield surface size due to cyclic hardening 
or softening and a determines the rate at which the yield surface size changes. 

Flow rule for the combined nonlinear isotropic-kinematic hardening is given 
by 

 2

' '3
2

d d
J






K

p
K

X
X

 , (C4) 

where the plastic multiplier dλ is defined as 
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with H denoting Heaviside step function. The hardening modulus h in Equation 
(12) is 
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Appendix D – Simulated stress-strain 
curves for S1 CA loading 

Figure D 1  -  Figure D 3 show the simulated stress-strain curves  for  different  
stress ratios and ΔS1. Table D 1 - Table D 3 summarize the hysteresis loop strain 
ranges, stress ranges, maximum stresses and mean stresses. All values represent 
stable hysteresis loops. 

Figure D 1. Simulated local stress-strain curves for a) AW, b) RS (HFMI), c) RS + Geometry 
(HFMI) and d) full HFMI under CA loading when R = -1 and S1 = 300 MPa. 
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Table D 1. Simulated hysteresis loops for R = -1 CA loading and S1 = 300 MPa. Values sum-
marize observations from Figure D 1. 

R = -1  (mm/mm)  (MPa) max (MPa) mean (MPa) 

AW 0.0037 889 649 204

RS (HFMI) 0.0037 890 241 -204

RS + Geometry (HFMI) 0.0024 559 35 -244

Full HFMI 0.0022 535 -48 -316

Figure D 2. Simulated local stress-strain curves for a) AW, b) RS (HFMI), c) RS + Geometry 
(HFMI) and d) full HFMI under CA loading when R = 0 and S1 = 300 MPa. 

Table D 2. Simulated hysteresis loops for R = 0 CA loading and S1 = 300 MPa. Values summa-
rize observations from Figure D 2. 

R = 0  (mm/mm)  (MPa) max (MPa) mean (MPa) 

AW 0.0037 902 704 253

RS (HFMI) 0.0038 882 392 -49 

RS + Geometry (HFMI) 0.0024 567 247 -37 

Full HFMI 0.0023 543 241 -30 
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Figure D 3. Simulated local stress-strain curves for a) AW, b) RS (HFMI), c) RS + Geometry 
(HFMI) and d) full HFMI under CA loading when R = 0.5 and S1 = 250 MPa. 

Table D 3. Simulated hysteresis loops for R = 0.5 CA loading and S1 = 250 MPa. Values sum-
marize observations from Figure D 3. 

R = 0.5  (mm/mm)  (MPa) max (MPa) mean (MPa) 

AW 0.0031 743 706 335

RS (HFMI) 0.0031 740 640 270

RS + Geometry (HFMI) 0.0020 467 503 269

Full HFMI 0.0019 447 563 340
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Appendix E – Notch stress analysis 

The elastic notch stress factors for the longitudinal attachments used in VA fa-
tigue tests of HFMI-treated welded joints from Marquis and Björk (2008), FAT-
WELDHSS (Vanrostenberghe et al., 2015) and Yıldırım and Marquis (2013) 
were estimated by FE-analysis according to IIW recommendation (Fricke, 
2012). The longitudinal attachments were modelled in 3D according to the given 
global dimensions. Due to symmetry, one eighth of the attachment was mod-
elled in each case. Weld geometry was given only in (Yıldırım and Marquis, 
2013). In the other cases, a weld angle of 45° and weld leg length of 8 mm was 
assumed. As only the weld toe was considered in the analysis, weld root was not 
modelled. In addition, in most cases, the welds were full penetration welds. 
Notch radius of 1 mm was used in all cases as suggested also for HFMI-treated 
structures by Yıldırım and Marquis (2014). Second-order solid elements were 
used. Maximum element size was t/2, where t is modelled plate thickness. Min-
imum element size at the weld toe was r/10 i.e. 0.1 mm for 1 mm weld toe radius. 
An example of the applied mesh is given in Figure E 1. Elastic modulus of 210 
GPa and Poisson’s ratio of 0.3 were used in the analysis. To determine the notch 
stress factor Kn, a unit load was applied. 

Figure E 1. An example of applied mesh in the notch stress FE-analysis. 







Welding is a widely used joining method in 
shipbuilding and construction of offshore 
structures and steel bridges. The endurance 
of these structures is typically limited by 
fatigue strength of welded connections. 
High-frequency mechanical impact (HFMI) 
has recently emerged as an efficient and 
user-friendly method for improving the 
fatigue strength of welded steel structures. 
One of the benefits of HFMI is that the level 
of fatigue strength improvement increases 
with increasing steel strength. This offers 
potential for high-strength lightweight 
design. So far, HFMI has most often been 
used in conjunction with repair welding, but 
today the method has become a part of 
industrial processes for new constructions. 
As commercial applications are becoming 
more common, there is a need to standardize 
the procedure. Particularly, better 
understanding of the effectiveness 
limitations of HFMI is needed to develop a 
solid basis for fatigue recommendations. 
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