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Populärvetenskaplig Sammanfattning
Nyckelord: Utmattningshållfasthet; Restspänningar; Svetsar; Svetsgeometri;
Höghållfasta stål
Under de senaste åren har behovet av att kunna tillverka lättare strukturer ökat
markant. En möjlighet att minska vikten är att använda mer höghållfasta stål och
sammanfoga dem med svetsning. Många komponenter är dock utsatta för
utmattningsbelastning under hela eller delar av sin livstid och svetsar är ofta den
vanligaste platsen för utmattningsbrott. Detta blir mer kritiskt i svetsade
höghållfasta stål, eftersom utmattningshållfastheten hos svetsförbandet inte ökar
genom att stålets styrka ökas. En möjlighet att lösa detta problem är att använda
förbättringsmetoder för att öka utmattningslivslängden.
Huvudsyftet med detta projekt är därför att öka förståelsen för de faktorer som
kontrollerar utmattningshållfastheten och undersöka hur metoden High
Frequency Mechanical Impact- behandling (HFMI) och användandet av Low
Transformation
Temperature
(LTT)
tillsatsmaterial
påverkar
utmattningsegenskaperna hos svetsar i höghållfasta stål. Gas-Metall bågsvetsning
(GMAW) användes för att producera stum- och kälsvetsar med LTT eller
konventionella tillsatsmaterial i stål med sträckgränser från 650-1021 MPa och Tsvetsar i ett stål med en sträckgräns på 1300 MPa. Effekten av HFMI på
utmattningshållfastheten hos svetsar i 1300 MPa sträckgräns undersöktes också.
Stum- och kälsvetsar i 650-1021 MPa-stålen utmattningsprovades under
dragbelastning med konstant amplitud med ett spänningsförhållande på 0,1
medan T-svetsar utmattningsprovades för konstant amplitud böjningsbelastning
med ett spänningsförhållande på -1. Nominell spänning användes för utvärdering
av stum- och kälsvetsar medan Effective Notch Stress (ENS)-metoden användes
för T-svetsarna. Den relativa effekten av huvudparametrar som restspänning och
svetstågeometri utvärderades. Restspänningar uppmättes med röntgendiffraktion
för svetsade och HFMI-behandlade svetsar. Neutrondiffraktion användes
dessutom för att undersöka restspänningar nära ytan i svetstån i 1300 MPa LTTsvetsar.
Resultaten visade att användningen av LTT-tillsatsmaterial ökade
utmattningshållfastheten hos svetsar i stål med sträckgräns från 650-1021 MPa.
För stumsvetsar var den karakteristiska utmattningshållfastheten (FAT) för LTTsvetsar vid 2 miljoner cykler upp till 46% högre jämfört med motsvarande svetsar
utförda med konventionella tillsatsmaterial. I kälsvetsar uppnåddes en maximal
förbättring av 132% vid användning av LTT tråd. Ökningen i
v

utmattningshållfasthet berodde på de lägre dragspänningarna, eller i vissa fall
tryckspänningar, som producerades nära svetstån i LTT-svetsar. Svetsgods med
en
martensitbildningstemperatur
runt
200°C
gav
den
högsta
utmattningshållfastheten.
I stål med 1300 MPa sträckgräns, observerades FAT på 287 MPa för LTT-svetsar
och 306 MPa för konventionella svetsar, båda mycket högre än IIW FAT-värdet
på 225 MPa. De relativa fasomvandlingstemperaturerna för stålet och
svetsgodset, provgeometrin och belastningstypen är möjliga orsaker till att
utmattningshållfastheten inte förbättras med användning av LTT-tillsatsmaterial.
Neutrondiffraktion visade att användandet av LTT-tillsatsmaterial skapade
tryckspänningar i alla riktningar vid svetstån nära ytan. Det konstaterades
dessutom att spänningsgradienten vid svetstån är mycket brant både tvärs svetsen
och i djupled. På grund av svårigheter att noggrant mäta restspänningar lokalt vid
svetstån, relateras oftast restspänningar några millimeter från svetstån till
utmattningslivslängden, både i litteraturen och i rekommendationer. Denna
undersökning visar emellertid att man måste vara försiktig när kopplar dessa till
utmattningslivslängden, särskilt för LTT-svetsar, eftersom spänningen i
grundmaterialet några millimeter från svetsen kan skilja sig markant från
spänningen lokalt vid svetstån.
HFMI ökade den genomsnittliga utmattningshållfastheten hos konventionella
svetsar i 1300 MPa stål ca 26% och för LTT svetsar med 13%. Svetståradien ökade
något men framför allt skapades en mer enhetlig geometri längs en behandlad
svetstå. Stora kompressiva restspänningar, särskilt i längdriktningen,
intrducerades intill svetstån både för LTT och konventionella svetsar. Slutsatsen
är att ökningen av utmattningshållfastheten genom HFMI-behandling beror på
den kombinerade effekten av modifieringen av svetstågeometrin, ökning av
ythårdheten och införande av kompressiva restspänningar i det behandlade
området.
Det slogs fast att restspänningen har en relativt större effekt än svetståns geometri
på utmattningshållfastheten hos svetsar. Detta baserades på observationen att en
måttlig minskning av restspänningen på ca 15% vid 300 MPa-spänningsnivån
hade samma effekt på utmattningshållfastheten som en ökning av svetståradien
med ca 85% från 1,4 mm till 2,6 mm för kälsvetsar. Det observerades också en
högre utmattningshållfasthet för HFMI-behandlade konventionella svetsar
jämfört med obehandlade svetsar med liknande svetståradie men med olika
restspänningar.
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In recent years a strong interest has been expressed to produce lighter structures.
One possible solution to reduce the weight is to utilize high strength steels and
use welding as the joining method. Many components experience fatigue loading
during all or part of their life time and welded connections are often the prime
location of fatigue failure. This becomes more critical in welded high strength
steels as fatigue strength of welds does not increase by increasing the steel
strength. A possible solution to overcome this issue is to use fatigue improvement
methods.
The main objectives of this project are, therefore, to increase understanding of
the factors that control fatigue life and to investigate how the fatigue strength
improvement methods; high frequency mechanical impact (HFMI) treatment and
use of Low Transformation Temperature (LTT) consumables will affect fatigue
properties of welds in high strength steels. In this regard, Gas Metal Arc Welding
(GMAW) was used to produce butt and fillet welds using LTT or conventional
fillers in steels with yield strengths ranging from 650-1021 MPa and T-joint welds
in a steel with 1300 MPa yield strength. The effect of HFMI on fatigue strength
of the welds in 1300 MPa yield strength steels was also investigated. Butt and fillet
welds in 650-1021 MPa steels were fatigue tested under constant amplitude tensile
loading with a stress ratio of 0.1 while T-joints were fatigue tested under constant
amplitude fully reversed bending load with a stress ratio of -1. The nominal stress
approach was used for fatigue strength evaluation of butt and fillet welds whereas
the effective notch stress approach was used in case of T-joints. Relative effects
of the main parameters such as residual stress and weld toe geometry influencing
fatigue strength of welds were evaluated. Residual stresses were measured using
X-ray diffraction for as-welded and HFMI treated welds. Neutron diffraction was
additionally used to investigate the near surface residual stress distribution in 1300
MPa LTT welds.
Results showed that use of LTT consumables increased fatigue strength of welds
in steels with yield strengths ranging from 650-1021 MPa. For butt welds, the
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characteristic fatigue strength (FAT) of LTT welds at 2 million cycles was up to
46% higher when compared to corresponding welds made with conventional filler
materials. In fillet welds, a maximum improvement of 132% was achieved when
using LTT wires. The increase in fatigue strength was attributed to the lower
tensile residual stresses or even compressive stresses produced close to the weld
toe in LTT welds. Weld metals with martensite transformation start temperatures
around 200 °C produced the highest fatigue strength.
In 1300 MPa yield strength steel, similar FAT of 287 MPa was observed for LTT
welds and 306 MPa for conventional welds, both much higher than the IIW FAT
value of 225 MPa. The relative transformation temperatures of the base and weld
metals, specimen geometry and loading type are possible reasons why the fatigue
strength was not improved by use of LTT wires. Neutron diffraction showed that
the LTT consumable was capable of inducing near surface compressive residual
stresses in all directions at the weld toe. It was additionally found that there are
very steep stress gradients both transverse to the weld toe line and in the depth
direction, at the weld toe. Due to difficulties to accurately measure residual
stresses locally at the weld toe most often in the literature and recommendations
residual stresses a few millimetre away from the weld toe are related to fatigue
properties. However, this research shows that caution must be used when relating
these to fatigue strength, in particular for LTT welds, as stress in the base material
a few millimetre from the weld toe can be very different from the stress locally at
the weld toe.
HFMI increased the mean fatigue strength of conventional welds in 1300 MPa
steels about 26% and of LTT welds by 13%. It increased the weld toe radius
slightly but produced a more uniform geometry along the treated weld toes. Large
compressive residual stresses, especially in the longitudinal direction, were
introduced adjacent to the weld toe for both LTT and conventional treated welds.
It was concluded that the increase in fatigue strength by HFMI treatment is due
to the combined effect of weld toe geometry modification, increase in surface
hardness and introduction of compressive residual stresses in the treated region.
It was concluded that the residual stress has a relatively larger influence than the
weld toe geometry on fatigue strength of welds. This is based on the observation
that a moderate decrease in residual stress of about 15% at the 300 MPa stress
level had the same effect on fatigue strength as increasing the weld toe radius by
approximately 85% from 1.4 mm to 2.6 mm, in fillet welds. Also, a higher fatigue
strength was observed for HFMI treated conventional welds compared to aswelded samples having similar weld toe radii but with different residual stresses.
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ASTM

American Society for Testing and Materials

A5

Elongation measured over distance of five times
the specimen diameter
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Depth of HFMI treated region in base metal
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Modulus of elasticity
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Effective notch stress

ε
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First welded side at the weld toe

FAT

IIW fatigue class, i.e., the nominal stress range in
MPa corresponding to 97.7% survival probability
at 2 × 106 cycles to failure

ɸ

Angle between stress parallel to the surface and

GMAW

Gas metal arc welding

HAZ

Heat affected zone

HFMI

High frequency mechanical impact treatment

hkl

Miller indices of crystallographic planes

HSS

High strength steel

HV0.2

Vickers hardness using 0.2 kg load

IIW

International Institute of Welding

𝐾𝐾𝑤𝑤

Stress concentration factor

the maximum principle stress

L

Toe distance

LTT

Low transformation temperature

LSP

Laser scanning profiling
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Linear elastic fracture mechanic

L1

Lower weld toe in first welded side

L2

Lower weld toe in second welded side
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wavelength

m

Slope of SN line

MCW

Metal cored wire

Ms

Martensite transformation start temperature

Mf

Martensite transformation finish temperature

Nf

Cycles to failure

Ps

Probability of failure

ѱ

Rotation angle of X-ray beam

r

Weld toe radius

R

Stress ratio

RS

Residual stress

Rp0.2

Yield strength

Rm

Tensile strength

SLP

Structured light projection

W

Width of HFMI treated region

WIA

Weld impression analysis

SD

Standard deviation

SLP

Structured light projection

SS

Stainless steel

SS-HAZ

Second welded side, 2 mm away from the weld
toe into HAZ

SS-WT

Second welded side at the weld toe

𝑆𝑆𝑎𝑎

Stress range

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝑆𝑆𝑚𝑚

Maximum applied stress
Minimum applied stress
Mean stress
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∆𝑆𝑆

Stress range

t

Plate thickness

Ts

Transformation start temperature

tref

Reference thickness

teff

Effective thickness

𝛳𝛳

Diffraction reflection angle

U1

Upper weld toe in first welded side

U2

Upper weld toe in second welded side

𝜐𝜐

Weld toe angle
Poisson’s ratio
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1 Introduction
1.1

Background

Over the last years a strong interest has been expressed to produce lighter
structures. One possible solution to reduce the weight is to utilize high strength
steels significantly more than today and use welding as the joining method.
Welding is the main joining method for fabrication of a large proportion of all
engineering structures. Many components experience fatigue loading during all or
part of their life time and welded connections are often the prime location of
fatigue failure [1,2]. This becomes more critical in welded high strength steels as
fatigue strength of welds does not increase by increasing the steel strength. A
possible solution to overcome this issue is to use fatigue improvement methods.
The two main approaches are (a) modification of the weld toe geometry (by, for
example, grinding or re-melting methods) and (b) modification of the residual
stress induced by welding (for example by shot peening). The former improves
the fatigue strength through reduction of the local stress concentration factor by
ensuring a smooth transition between the weld profile and base metal. The latter
contributes to fatigue strength increase by reducing tensile residual stresses or
even by inducing compressive residual stresses in the weld toe region [2–6].
Many studies have been conducted to investigate different fatigue improvement
methods. One recent method is application of high frequency mechanical impact
(HFMI) treatment. A number of publications have shown the usefulness of this
method to increase the fatigue strength of welds. However, almost all the reported
studies are for welds in steels with up to 960 MPa yield strength level [7–11].
Another recent approach to increase the fatigue strength is to weld with special
consumables of so-called Low Transformation Temperature (LTT) type. This
method is a more economical technique since it does not require any additional
treatment after welding. The applicability of LTT fillers to increase the fatigue
strength of welds has been investigated for steel welds with yield strengths up to
800 MPa and mostly for cruciform shaped welds. Also no study has been done to
compare the effect of LTT filler to that of HFMI treatment on fatigue strength
of welded high strength steels [4,12–16].
This study is, therefore, focused on investigating the effect of applying a HFMI
treatment or use of LTT consumables in welding on fatigue strength of welds in
steels with higher strengths up to 1300 MPa yield strength. Relative effects of the
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main parameters such as residual stress and weld toe geometry influencing fatigue
strength of welds have been evaluated.

1.2

Objective and research questions

The main objectives of this project are:
-

To increase understanding of the factors that control fatigue life of
welded high strength steels
To investigate how HFMI treatment or use of LTT consumables will
affect fatigue properties of welds in high strength steels

Research questions:
RQ1: What are the relative effects of weld toe geometry and residual stress on
fatigue strength of welds in high strength steels?
RQ2: How does application of HFMI treatment or use of LTT consumables
affect fatigue strength of welded high strength steels?
RQ3: How does the residual stress distribution in the weld toe region look and
how does it affect the fatigue strength of welds in high strength steels?
RQ4: What is the relationship between the steel strength and the degree of fatigue
strength improvement in welded high strength steels?

1.3

Limitations

This study deals with fatigue strength of welds in high strength steels (HSS) with
yield strengths ranging from 650-1300 MPa. Therefore, within the text when
discussing about HSS, it refers to steels with a yield strength in this range. HFMI
and LTT filler materials have been used as fatigue strength improvement
methods. Other fatigue improvements methods such as shot-peening have not
been studied here. It should also be mentioned that only constant amplitude highcycle fatigue life of welded joints were investigated in this project.
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2 Fatigue
2.1

Definition

Fatigue is the process by which a crack can form and then grow until final failure
of the component, under repeated loading [3,17]. According to the American
Society for Testing and Materials (ASTM), Standard E 1823 [18] fatigue is defined
as: “the process of progressive localized permanent structural change occurring
in a material subjected to conditions that produce fluctuating stresses and strains
at some point or points and that may culminate in cracks or complete fracture
after a sufficient number of fluctuations”. Fatigue is the cause of about 90% of
engineering component failures [17]. For example, fatigue was the cause of a very
severe railroad accident that occurred in Germany in 1998 where 101 people died
and around 100 were injured [19].
The process of fatigue fracture is usually divided into three phases:
1: crack initiation or nucleation
2: crack growth and
3: final fracture.
Cracks often initiate along slip lines oriented in the planes of maximum shear
stress. Cracks can also initiate at or near material discontinuities such as inclusions,
grain boundaries, pores and voids.
Phase 2 which is crack growth has two stages itself. The two stages of fatigue
crack growth are called “stage І” (shear mode) and “stage ІІ” (tensile mode).
Fatigue crack growth is shown schematically in Figure 1. As shown in the figure,
during the first stage of crack growth, a crack initiated from the surface and grows
within a few grains primarily controlled by shear stresses and strains. When the
crack reaches over several grains, it will continue to grow in a direction
perpendicular to the largest tensile principal stress. The final fracture, phase 3, will
take place when the crack becomes so large that the remaining part of the cross
section is too small to withstand the load and subsquently complete fracture
happens [20–24].
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Figure 1. Schematic illustration of stage І and stage ІІ of fatigue crack growth.

2.2

Fatigue testing

There are mainly three methods used to define the fatigue life of a material: the
stress-life method, the strain-life method and the fracture mechanics method.
Depending on whether it is the stress or strain that controls the cycling between
maximum and minimum stress/strain levels, one can use stress- or strain-life
methods.
Since in this project all the fatigue tests have been performed with a stress control
approach, the main concepts in the stress-life method will be discussed.
Figure 2 illustrates a typical stress cycle in which important concepts are shown.
In this figure ∆S, or stress range, is the difference between the maximum and
minimum stresses.
∆𝑆𝑆 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

(2.1)

𝑆𝑆𝑎𝑎 = ∆S/2

(2.2)

𝑆𝑆𝑚𝑚 = (𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 )/2

(2.3)

Stress amplitude or 𝑆𝑆𝑎𝑎 is half of the stress range.

Averaging the maximum and minimum values gives the mean stress 𝑆𝑆𝑚𝑚 .
The stress ratio R is:
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𝑅𝑅 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 /𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

The common range for the stress ratio is: −1 ≤ 𝑅𝑅 ≤ 1.

(2.4)

Figure 2. Terminology for alternating stress.

The results of tests from a number of different stress levels may be plotted to
obtain a stress-life curve, also called 𝑆𝑆 − 𝑁𝑁 curve where N is the number of cycles
to failure. The amplitude of stress, 𝑆𝑆𝑎𝑎 , or stress range, ∆𝑆𝑆, is commonly plotted
versus the number of cycles to failure 𝑁𝑁𝑓𝑓 . The following equation can be fitted to
obtain a mathematical representation of the S-N curve:
∆𝑆𝑆 = 𝐶𝐶 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝑓𝑓

In this equation, C and D are fitting constants.

(2.5)

In some materials, primarily in steels, there appears to be a stress level below
which the material has an infinite life. Such a limiting stress level is called the
fatigue limit or the endurance limit and it is usually reported after 2-5 million
cycles[22, 27, 28]. Figure 3 shows a typical 𝑆𝑆 − 𝑁𝑁 curve.

5

2.3

Figure 3. Typical 𝑆𝑆 − 𝑁𝑁 curve.

Fatigue of welded components

Fatigue failure is considered to be a main factor which limits the design stresses
for components subjected to repeated loading. This is particulary important for
welded components because fatigue strength of welded structures are much lower
than those of un-welded components. This is illustrated in Figure 4 which
compares the S-N curves of a smooth plate, a plate with a hole and a welded part
[3,27].

Figure 4. Fatigue strength comparison for a smooth plate, a plate with a hole and a
fillet welded attachment.
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2.3.1

Factors affecting fatigue strength of welds

Fatigue strength of welded structures is influenced by many factors. The main
parameters include: a) Weld imperfections; b) Residual stresses; b) Stress
concentration at the weld toe and d) Size effects.
In addition, other factors such as joint type may affect the fatigue life of
weldments. In the following, the four main factors listed above will be discussed.
2.3.1.1
Weld imperfections
For un-welded components, the initiation stage is the most important because the
majority of the life is spent in the initiation of small cracks. However, in the case
of welded structures it is generally accepted that imperfections always exist in the
welds and therefore the initiation phase is relatively insignificant. The majority of
the fatigue life in welded components is therefore spent in propagation of the
cracks until final failure occurs [24].
The effect of weld defects on fatigue life has been studied extensively [28–31]. In
recent years, Commission XIII of the International Institute of Welding (IIW)
has been promoting research to develop a weld quality guideline which
quantitatively relates weld acceptance criteria to the fatigue life of welds [32].
Introduction of the new Volvo weld class system has also been an attempt in this
regard [29].
Weld imperfections such as slag inclusions, gas pores, lack of penetration at the
weld root or undercut at weld toes may be present in welded joints. Another type
of imperfection is misalignment which decreases the fatigue life by enhancing the
severity of existing stress concentrations [33]. The severity of imperfections
depends on their size, shape, distribution and location in the weld. It will be more
critical to fatigue failure if imperfections are planar, such as cracks which are
located in the weld especially in the weld toe. In general, non-planar defects such
as solid inclusions and gas porosities are less detrimental to fatigue performance
of welds than the crack-like defects. For the former, the stress concentration
factor is much smaller than for crack-like defects [34]. Wahab and Alam [35]
studied the effect of solidification cracks, undercut and porosity on fatigue crack
propagation life of welds. They found that the fatigue crack propagation life
decreases significantly with weld imperfections. Fatigue strength was decreased to
about 55% for the weld containing solidification cracks, 45% for undercut and
18% for porosity at 2 million cycles, compared to fatigue strength of an ideal weld.
2.3.1.2
Residual stresses
Residual stresses are called “self-equilibrium stresses” since they are in equilibrium
within the body of the material without any applied external forces. They are
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called “residual stresses” because they remain in the component from the
previous operations. Welding is one of the processes which results in high levels
of tensile residual stresses which may approach the yield strength of the base metal
and this contributes to a reduction in fatigue strength of welded components and
structures. On the other hand, compressive stresses at the surface of weldments
can significantly improve the fatigue strength of welds. Thus, for the accurate
assessment of fatigue strength a detailed knowledge of the residual stress is
required [23].
Residual stresses produce the same effects that comparable mean stresses would.
Figure 5 shows the effect of tensile residual stresses on stress cycles. It is clear
from the figure that by adding tensile residual stresses to a stress cycle, the mean
stress is shifted up and hence makes the structure less fatigue resistant [23,24,36–
39].

Figure 5. Effect of tensile residual stress on stress cycles.

2.3.1.3
Stress concentration at the weld toe
A weld profile causes a change in shape and hence will result in stress
concentration. This concentration occurs primarily at the weld toes that is at the
junction of the weld bead and base metal. If there is a smooth transition between
the weld toe and base metal, the stress concentration will be low. However, if
there would be an abrupt change in geometry, as can occur in welded joints, then
the stress concentration would be high. The weld toe is therefore the most
probable crack initiation location in welds. In addition, residual stresses induced
by welding and possible presence of crack-like flaws make the weld toe a critical
location for cracking [27].
The effect of the weld toe geometry on fatigue strength of welded parts has been
studied extensively. It has been found that the weld toe radius and angle, especially
the weld toe radius, are the main geometrical features that control the fatigue life.
By increasing the weld toe radius, the angle or both of them, the fatigue strength
will increase due to a decrease in stress concentration at the weld toe [40–48].
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Niu and Glinka [41] proposed the following relationship for the stress
concentration factor, ܭ௪ , at a weld toe based on the weld profile:
ܭ௪ = 1 + 0.5121(ᢥ)

0.572

ݐ
( ).ସଽ
ݎ

(2.6)

In this equation, ᢥ is the weld flank angle,  ݎis the weld toe radius and  ݐis the
plate thickness.
Figure 6, schematically represents weld toe geometry including weld toe radius (r)
and weld flank angle (ᢥ) for a fillet weld with a plate thickness of t. In the figure
the weld toe angle is indicated by  and equals to 180-ࡏ.

Figure 6. Schematic representation of weld toe radius (r) and angle (ߠ) for a fillet weld
with a plate thickness of t.

From the above equation it can be drawn that by increasing the toe radius and
decreasing the flank angle, the stress concentration factor decreases. This results
in higher fatigue strength of welded parts.
2.3.1.4
Size effects
By increasing the size of the component the fatigue strength decreases. This is
due to the increase in probability of weak points with increasing dimensions.
Fatigue strength decreases by increasing the plate thickness by two effects [17,49]:
1. By increasing the plate thickness, in a constant weld toe radius, the ratio
between toe radius and plate thickness becomes smaller which results in
higher stress concentration at the weld toe.
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2. In a thicker plate tensile residual stresses in the weld toe spread over a
larger depth. This means that propagation of cracks from the weld toe
will become much faster.
Based on IIW recommendations [33] the effect of plate thickness on fatigue
strength should be taken into account in cases where the weld toe is the potential
fatigue crack location. The lower fatigue strength for thicker members is taken
into consideration by multiplying the FAT class of the structural detail by the
thickness reduction:
ܨ௧ = ቆ

ݐ
ቇ
ݐ



(2.7)

where the reference thickness ݐ = 25. The thickness correction exponent, n,
is dependent on the effective thickness ݐ and the joint category which is 0.3
for most of the joints in as-welded condition and is 0.2 in the condition where the
toe is ground.
For the determination of ݐ , the following cases have to be distinguished:
if ܮ/ < ݐ2 then ݐ = ݐ
if ܮ/ ݐ 2 then ݐ = 0.5  ܮ כA or ݐ =  ݐwhichever is the larger.  ܮis toe
distance which is shown in Figure 7.

Figure 7. Definition of toe distance, L, in a welded structure with thickness t.
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2.3.2

Fatigue strength of welded high strength steels

The main driving force in development of high strength steels (HSS) has been the
desire for lighter structures and often cost benefits. For example, Gresnigt and
Steenhuist [50] reported a decrease of about 50% in total cost for manufacturing
of a welded plate structure when upgrading the steel from S355 to S960. HSS are
used in bridges, buildings, storage tanks, cranes, pipelines, offshore structures and
transportation vehicles.
Important factors in achieving a higher strength of steels are the chemical
composition and the microstructure. There are mainly two methods used in
production of high strength steels. The first option is increasing the content of
alloying elements which results in higher strength at the expense of reduction in
weldability and ductility. The second option is heat treatment and control of
temperature during rolling which also results in improvement in ductility and
weldability of these steels. Thermomechanically rolled steels (TM) and quenched
and tempered steels (Q&T) are two different production routes to obtain high
strength levels. It should be noted that Q&T steels typically have higher strength
than TM steels [50].
Common welding methods can be used for welding of HSS but they require more
care and attention than when welding lower strength steels. There are three main
concerns in welding of HSS:
-

The risk of cold cracking.
Mechanical properties of the weld metal.
Fatigue performance.

Preheating of the weld area is the most effective and widely used method to avoid
cold cracking. Control of heat input, interpass temperature and use of filler
materials with low amount of hydrogen will also decrease the risk of cold cracking.
Development of welding consumables which provide both high strength and high
impact toughness has been a step toward achieving better mechanical properties
in welded high strength steels [51,2]. The fatigue issue will be treated separately in
more detail in the following sections.
As mentioned earlier, weldments present much lower fatigue strength than unwelded components. This becomes more critical in structures made from high
strength steel because the fatigue strength of the steel in the as-welded condition
does not increase in proportion to the yield or tensile strength. Most of a welded
component’s fatigue life is usually spent in crack propagation. Since the crack
propagation rate is determined by the elastic behaviour of the steel, which is
similar for steels of various strength levels, strength will have little effect on
11

fatigue life. As illustrated in Figure 8, fatigue strength of an unwelded component
increases with strength but remains more or less constant for a welded
component [3,4].

Figure 8. Effect of tensile strength on fatigue strength of welded and unwelded
components.

2.3.3

Fatigue improvement techniques

Fatigue performance of welded components can be improved by employing good
detail design practices, for example by upgrading the details weld class to one
having a higher fatigue strength. Good control of the welding process which
results in high quality welds with a minimum of defects can also improve the
fatigue life of welds. As an alternative, post-weld treatments can be employed to
improve the fatigue strength of welds. Different improvement methods have
been studied and implemented to increase the fatigue life of welded structures
[52–55]. IIW Commission XIII, Fatigue of Welded Components and Structures,
has approved a guideline concerning post-weld treatment methods for steel and
aluminium structures [56]. This guideline covers four commonly applied post
weld treatment methods: burr-grinding, TIG dressing, hammer peening and
needle peening. Recently IIW also approved a guideline concerning
recommendations on high frequency mechanical impact (HFMI) treatment of
welded components [57].
In general there are two main approaches for improving the fatigue strength of
weldments: a) Modification of the weld toe geometry and b) modification of the
residual stress induced by welding.
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2.3.3.1
Weld toe geometry modification
The weld geometry is one of the primary factors which controls the fatigue life of
welded components. Accordingly, procedures that improve the weld geometry
profile, especially the weld toe geometry, will have a beneficial effect on fatigue
life. Weld toe geometry modification methods rely mainly on reducing the local
stress concentration due to the weld profile. They may also remove or reduce the
weld toe flaws [55].
There are mainly three different types of techniques to improve the fatigue life of
welds via weld toe geometry modification. These are listed in Figure 9.

Figure 9. Weld toe geometry modification methods for improving fatigue life of
weldments. Adapted after [57].

Machining techniques rely on mechanical means to improve the weld toe profile.
Using re-melting methods, the weld toe region is re-melted to a shallow depth
which results in improved weld toe shape and removal of probable slag inclusions
and toe undercuts in that area. Special welding techniques improve the weld toe
geometry by controlling the weld profile.
2.3.3.2
Residual stress modification
Residual stress modification techniques reduce the high tensile residual stress in
the weld toe region and may even produce compressive residual stresses at the
weld toe. Some of these methods also result in a reduced stress concentration at
the weld toe by improving the weld toe geometry. Figure 10 shows the main
residual stress modification methods for improving the fatigue strength of welds.
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Figure 10. Residual stress modification methods for improving fatigue life of
weldments. Adapted after [57].

Peening is a cold working process which plastically deforms the surface by
impacting it with a tool or small shots. Shot peening is a peening process which
is performed by accelerating metallic or ceramic shots toward the surface of the
part. Hammer peening and needle peening are similar techniques to shot peening
except that the shots are replaced by a solid tool and a bundle of metallic wires
with rounded ends, respectively. HFMI is similar to needle peening with the main
difference that the indenters are excited by an ultrasonic generator. This method
will be dealt with in the following sections in more detail. In overloading
treatments, lower tensile residual stresses or even compressive residual stresses at
the surface will be introduced as a result of local yielding. In thermal methods the
primary effect is the reduction of tensile residual stresses using a heat source [52].
A recent approach in improving the fatigue life of welded components is the use
of so called Low Transformation Temperature (LTT) filler materials. This method
will be discussed more in detail in the following section.
2.3.3.3
Low Transformation Temperature filler materials
Application of LTT consumables in welding is a recent approach to increase the
fatigue strength of welded parts in a single step i.e., without applying any postweld treatment. A large number of investigations have confirmed the
effectiveness of using LTT filler materials in increasing the fatigue life of welds
[4,13,14,58–60]. LTT consumables are designed to produce weld metals
consisting mainly of martensite while welds produced using conventional filler
materials are typically bainitic or ferritic depending on the strength level [61].
Volume expansion resulting from the transformation of austenite to martensite
can negate or even counter the volume contraction due to cool down to room
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temperature. The transformation temperature is important as the level of residual
stress is strongly dependent on this [62]. For example, Wang et al. [63] found that
the martensite transformation start temperature (Ms) should be about 190°C to
get the largest benefit from the transformation induced volume expansion in LTT
welds.
The phase transformation temperature of LTT weld metals is governed by the
content and type of alloying elements [64]. LTT consumables produced
containing different combinations of alloying elements have been reported in the
literature. These have Cr and Ni as the main alloying elements often with
additions of smaller amounts of Mn and Mo [65–68]. For example, as the earliest
approach, Ohta [65] introduced a Fe-based LTT wire with 10% Ni and 10% Cr
as the main alloying elements, resulting in an Ms of 180°C.
The effect of phase transformation temperature of different welding filler
materials on the residual stress and fatigue strength has been investigated in
several studies [58,61,69–71]. Francis et al. [58] showed that by decreasing the
transformation start temperature from 460°C to 280°C, tensile residual stresses
are reduced and even compressive residual stresses can be generated within the
weld after cooling to ambient temperatures. Eckerlid et al. [71] evaluated the
residual stress and fatigue strength of cruciform joints in 700 MPa steel welded
using LTT and conventional consumables. They reported a fatigue strength
improvement of 25-90% for LTT welds compared to conventional welds at 2
million cycles.
2.3.3.4
High frequency mechanical impact treatment
High frequency mechanical impact (HFMI) is a general name to describe
technologies which improve the fatigue strength of welded structures by locally
modifying the residual stress and weld toe geometry using ultrasonic or pneumatic
technologies. HFMI makes use of cylindrical indenters which are accelerated
against a component. This method is known by many names: ultrasonic impact
treatment (UIT), ultrasonic peening (UP), ultrasonic peening treatment (UPT),
high frequency impact treatment (HiFiT), pneumatic impact treatment (PIT) and
ultrasonic needle peening (UNP) [55].
Important parameters which define the peening intensity of HFMI treatment are:
vibration frequency which is typically in the range of 20-50 kHz, the amplitude of
vibration which is typically 20-50 µm and indenter’s characteristics. The indenters
are high strength steel (HSS) cylinders and manufacturers have customized the
effectiveness of tools by using indenters with different diameters, tip geometries
or multiple indenter configurations. The high frequency makes HFMI less noisy
and faster than needle and hammer peening with vibration frequencies of 50-1000
Hz. The indenters should be continuously moved in an oscillating motion parallel
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to the direction of the weld at the weld toe. HFMI treatment should cover all the
weld toe line and should result in a shiny groove [11,57].
Several papers have demonstrated the effectiveness of HFMI to improve the
fatigue strength of welds [11,72–80]. The improvement is achieved via
modification of the weld toe geometry, induced compressive residual stresses and
increased surface hardness in the treated region [11,81–85]. It has been found that
the fatigue strength of HFMI treated welds increases with increasing steel yield
strength [86,87]. However, there is a lack of information on the degree of fatigue
strength improvement achieved by HFMI for steels with yield strength of 1000
MPa and higher. Berg and Stranghöner [87] investigated the increase in fatigue
strength of high frequency hammer peened (HFHP) high strength steel welds
with yield strength ranging from 960 to 1400 MPa. The results of their work show
that the fatigue strength of HFHP samples was at least twice that of as welded
samples. They found a fatigue strength improvement of approximately 15% and
10% with an increase of yield strength from 1100 to 1300 MPa and 960 to 1100
MPa, respectively. Longitudinal and transverse attachments as well as butt welds
with plate thickness of 4-8 mm were used for fatigue testing in axial loading with
a stress ratio of R=0.1.
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3 Experimental
3.1

Base and filler material

The base materials used in this study were Domex 650, Weldox 700, Weldox 900,
XABO 890 and Weldox 1300 which are high strength steels (HSS). Two other
base metals, a 12% Cr ferritic (12Cr) and a 304L austenitic stainless steels (SS)
were also used to get a wider variation of steel and weld metal compositions. The
steels all had a thickness of 8 mm except Weldox 1300 which had a thickness of
15 mm. The chemical composition and mechanical properties of base materials
are given in Tables 1 and 2, respectively.
Ten different filler materials, four experimental and six commercial, with typical
all-weld metal chemical compositions shown in Table 3 were chosen. The four
experimentally designed metal cored wires (MCW) with different combinations
of alloying elements to produce a low martensite start (Ms) temperature were
coded as LTTA, LTTB, LTTM, and LTTS. The six commercial wires were: OK
Tubrod 15.30, OK Tubrod 14.11, OK Tubrod 14.03 and Coreweld 89 which are
metal cored wires and, OK Autrod 12.51 and OK Aristorod 89 which are solid
wires. The mechanical properties of filler materials are presented in Table 4.

SS

HSS

Table 1. Chemical composition of base materials (weight %).
Base material

C

Si

Mn

Cr

Ni

Mo

Domex 650

0.06

0.06

1.63

0.02

0.04

-

Weldox 700

0.13

0.3

1.18

0.27

0.04

0.13

Weldox 900

0.16

0.22

1.4

0.25

0.05

0.458

XABO 890

0.17

0.41

1.46

0.59

0.03

0.45

Weldox 1300

0.25

0.5

1.4

0.8

1.3

0.7

12Cr

0.014

0.70

0.68

11.25

0.44

0.016

304L

0.019

0.36

1.22

18.29

8.01

-
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Table 2. Mechanical properties of base materials.
Base metal

Rp0.2 (MPa)

Rm (MPa)

Domex 650

650

736

Weldox 700

817

852

Weldox 900

1004

1032

XABO 890

1021

1051

Weldox 1300

1295

1562

12Cr

294

477

304L

331

646

Table 3. Typical all-weld metal chemical composition of filler materials (weight %).
Consumable

C

Si

Mn

Cr

Ni

Mo

LTTA
LTTB

0.02
0.04

0.28
0.6

1.25
0.55

8.5
1.0

8.9
12.5

0.03
0.4

LTTM

0.01

0.7

1.50

13.0

6.0

-

LTTS

0.01

0.7

1.70

16.0

7.5

-

OK Tubrod 15.30

0.02

0.70

1.30

19.0

10.0

-

OK Tubrod 14.11
Conventional
OK Tubrod 14.03
wires
Coreweld 89

0.03

0.8

1.5

0.04

0.01

-

0.07

0.60

1.70

0.00

2.30

0.60

0.08

0.6

1.3

0.5

2.6

0.7

OK Autrod 12.51

0.1

0.9

1.5

0.1

0.03

0.2

OK Aristorod 89

0.08

0.8

1.8

0.4

2.2

0.55

LTT wires

Table 4. Typical mechanical properties of all-weld metal.

LTT wires

Conventional
wires

Consumable

Rp0.2 (MPa)

Rm (MPa)

LTTA

500

1150

8

LTTB

890

1000

11

LTTM

740

1130
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LTTS

300

880

20

OK Tubrod 15.30

335

515

37

OK Tubrod 14.11

420

555

47

OK Tubrod 14.03

760

840

23

Coreweld 89

910

965

72

OK Autrod 12.51

470

560

26

OK Aristorod 89

920

1000

17
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A5 (%)

3.2

Welding

In this project Gas Metal Arc Welding (GMAW) with two different welding
setups has been used. One setup to produce cruciform and butt welds and another
setup to produce T-joint welded samples.

3.2.1

Cruciform and butt welds

Manual GMAW was used to produce 19 series of cruciform fillet welds and 3
series of butt welds, each consisting of 11 samples. In each series, 10 samples were
used for fatigue testing and one for residual stress and chemical analysis. Table 5
presents the base and filler materials used for butt and fillet welds. The joint type
is also shown in the table. Fillet welds were produced with a single or two beads
and butt welds with two beads.
Welding was performed horizontally in position PB for the fillet welds, aiming
for a final throat thickness of approximately 4 mm, and in position PA for the
butt welds. Welding parameters were selected in order to get similar weld profiles
while keeping heat input at approximately 1 kJ/mm. Ar + 2% CO2 was used as
shielding gas (except for series F10 and F11 where Ar + 18% CO2 was used) at a
flow rate of 20 l/min. Preheat temperatures of 50-100°C and interpass
temperatures of 100-125°C were used. Dimensions and configurations of
cruciform fillet and butt welds together with the welding sequence are shown in
Figures 11 and 12, respectively. As can be seen in Figure 11, welds were numbered
consecutively with welds 1 and 2 on the first welded side and welds 3 and 4 on
the second side opposite to welds 1 and 2, respectively. Start/stop positions were
located on each side of the flanges for fillet welds in order to avoid influence on
fatigue properties. One example is shown in the photograph of a fillet weld in
Figure 13.

19

HSS
SS

Fillet welds

HSS

Butt welds

Table 5. Base and filler materials used for butt and fillet welds.
Series

Base material

B1

Weldox 700

Filler material
LTTA

beads
2

B2

Weldox 700

LTTM

2

B3

Weldox 700

OK Tubrod 14.03

2

F1

Weldox 700

LTTA

1

F2

Weldox 700

LTTB

1

F3

Domex 650

LTTM

1

F4

Weldox 700

LTTM

1

F5

Weldox 700

LTTM

2

F6

Weldox 700

OK Tubrod 14.03

1

F7

Weldox 700

OK Tubrod 14.03

2

F8

Weldox 900

LTTM

1

F9

Weldox 900

LTTS

1

F10

Weldox 900

OK Aristorod 89

1

F11

Weldox 900

OK Autrod 12.51

1

F12

XABO 890

LTTM

1

F13

XABO 890

LTTS

1

F14

XABO 890

LTTS

2

F15

XABO 890

OK Aristorod 89

1

F16

12Cr

LTTM

1

F17

12Cr

OK Tubrod 15.30

1

F18

304L

LTTM

1

F19

304L

OK Tubrod 15.30

1

Figure 11. Design and dimensions of cruciform fillet weld specimens together with the
welding sequence (all dimensions in mm).
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Fig. 12. Design and dimensions of butt weld specimens.

Figure 13. Photograph of a cruciform fillet weld sample. Note the location of welding
start/stop position.

3.2.2

T-joint welds

Welded assemblies were produced by joining two plates of 1300 MPa yield
strength steel, Weldox 1300, with dimensions of 500 × 200 × 15 mm. Robotic
GMAW with Ar + 18% CO2 as shielding gas, was used to produce full penetration
fillet welds from both sides. LTT and conventional welds were produced in five
beads. In conventional welds OK Tubrod 14.11 was used as filler material in the
root bead (bead 1) and a high strength (Coreweld 89) filler material for the other
beads while in LTT welds all beads were welded using the LTTM consumable.
Welding parameters are summarized in Table 6. The welding sequence is shown
in Figure 14 (a). The different weld toes were named L1, L2, U1 and U2 (see
Figure 14 (a)). The welded assemblies were sliced and machined to produce
specimens, with dimensions as shown in Figure 14 (b). Table 7 presents the base
and filler materials used for welding. The post weld treatment is HFMI which was
used for two weld series. HFMI treatment procedure is presented in the next
section.
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Table 6. Welding parameters.
Bead
No.

Current
(A)

Voltage
(V)

Welding speed
(mm/s)

Energy input
(kJ/mm)

Pre-heat
temperature (ºC)

Maximum inter-pass
temperature (ºC)

1

245

27

4

1.65

75

125

2,3,4
and 5

245

28.5

3.3

2.11

75

125

Figure 14. Design and dimension of T-shaped fatigue specimens. (a) The welding
sequence with five beads. The upper (U1 and U2) and lower weld toes (L1 and L2) in
the first and second welded sides are also shown, (b) Design and dimension of Tshaped fatigue specimens.
Table 7.Base and filler materials used for T-joints.

3.3

Series

Base material

Filler material

Post weld treatment

T1

Weldox 1300

Coreweld 89

-

T2

Weldox 1300

LTTM

-

T3

Weldox 1300

Coreweld 89

HFMI

T4

Weldox 1300

LTTM

HFMI

High frequency mechanical impact treatment

HFMI was performed on T-joint samples made from the 1300 MPa yield strength
steel. Treatment was performed at a frequency of 20 000 ± 400 Hz with an
amplitude of vibration of 40 μm. The radii of the indenters were 1.5 mm for the
lower weld toes (L1 and L2) and 3 mm for the upper ones (U1 and U2) (see Figure
22

14). The reason for selecting a larger tip radius for the upper weld toe was the
larger as-welded upper weld toe radius. During the treatment, the peening head
was positioned at the weld toe and it was continuously moved in an oscillating
motion following the weld toe line until a shiny and uniformly treated groove was
obtained. The angle between the axis of peening head and the base metal surface
was 45°. Figure 15 gives an example of a weld toe region after treatment.

Figure15. HFMI treated regions in a welded sample. Lower (L1) and upper (U1) weld
toes in the first welded side are shown. A shiny and uniform treated region is seen
along the lower weld toe (L1).

3.4

Weld profile investigation

The weld toe is the most critical location for fatigue failure in welded parts.
Therefore, measuring the weld toe geometry in an accurate and precise way is of
prime importance. There are several destructive and non-destructive methods to
measure the weld toe geometry. Destructive methods are mainly based on cross
sectioning and then measuring the radius using optical microscopy and a software
for image analysis. Non-destructive methods can be straight forward like using
reference blocks, feeler gauges or Weld Impression Analysis (WIA), also known
as the plastic replica technique. They can also be more advanced like Structured
Light Projection (SLP) and Laser Scanning Profiling (LSP) methods [88–94].
In this project WIA and SLP methods were employed for the weld toe geometry
measurements. These two methods will be discussed in the following briefly.
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3.4.1

Weld impression analysis

In WIA the weld surface geometry is captured by applying a suitable twocomponent polymer to create a replica, this is then sectioned and characterized
by image analysis to measure the desired geometry parameters. WIA was used to
measure weld toe radius and angle in welds produced on 800 MPa yield strength
steels, series F4-F7 in Table 5.

3.4.2

Structured light projection

The use of SLP based techniques has increased recently. The main advantages of
using these techniques are that they are automated, flexible and fast. In SLP
methods, during the measurement, light patterns with known structures are
projected sequentially on the weld profile. At the same time, images of the weld
are captured by the camera. Using the triangulation method the 3-D image of the
object is then derived. The obtained images can then be post-processed to
determine weld geometry parameters [95].
A 3-D measuring system, GOM scanner model ATOS Core 80, which is based
on the SLP method was used to measure the weld toe geometries in T-joint
welded samples. Measurements were done on as-welded samples produced using
conventional or LTT consumables and also on HFMI treated samples. The weld
toe radii were measured in both lower and upper weld toes. The evaluation was
done on nine different surface profiles, with a distance of 10 mm from each other
along the weld toe lines, for each sample. In order to be able to measure changes
in the weld toe geometry due to the HFMI treatment, 3-D images of the welds
obtained before and after HFMI, were superimposed using the GOM Inspect
software [96]. The main geometrical features after HFMI treatment: width of
indentation (W), depth of indentation in the base metal (Db) and depth of
indentation in the weld (Dw) were then measured for the lower weld toes (L1 and
L2). These parameters together with the toe radius (r), are illustrated in Figure 16.
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Figure 16. A surface profile showing the weld toe region after application of HFMI
treatment. Note the definition of toe radius (r), width of indentation (W), depth of
indentation in the base plate (Db) and depth of indentation in the weld (Dw) after the
treatment. The figure is adapted from [7].

3.5

Fatigue testing and evaluation

Fatigue testing in this project has been done under constant amplitude load
control in tension in case of cruciform and butt welds and with a bending load
for the T-joint samples. A summary of the parameters used for the testing is
shown in Table 8.
Table 8. A summary of parameters used for the fatigue testing.
Weld
configuration
Cruciform and butt
T-joint

Base metal yield
strength (MPa)

Stress
ratio

Loading type

Plate thickness
(mm)

Frequency
(Hz)

650-1021

0.1

Tension

8

29-40

1300

-1

Fully reversed
bending

15

3-7

In cruciform and butt welds 10 samples were used for fatigue testing for each
combination of base and filler material. In T-joint samples tests were carried out
using 7 conventional and 7 LTT welded samples in as-welded condition and 7
LTT and 8 conventional welds after HFMI treatment.
Distortion of T-joints was evaluated by measuring the maximum vertical
displacement at the ends of the clamped plate and was found to be 1.8 mm for
the LTT and 1.3 mm for the conventional as-welded samples To investigate the
effect of the initial distortion on the fatigue strength two series of LTT samples,
each consisting of three samples, were fatigue tested at load levels of 7, 10 and 15
kN. The first series were tested by taking the distortion into consideration in such
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a way that the gap between the plate back side and the fatigue rig were filled by
thin metallic plates (shims). The other series were tested without shims and force
was used to tighten the sample to the rig rigidly. Similar fatigue testing was
performed for the conventional welds with and without shims but only under 7
kN load level. The stresses induced by clamping of distorted samples were also
analysed using finite element analysis assuming a linear-elastic behaviour.
Figure 17 shows a T-joint welded sample mounted in the fixture under fatigue
loading. Fatigue tests were stopped after complete fracture of samples in case of
cruciform and butt welds. In T-joint welds testing was stopped when the
displacement was 30% higher than the initial value.

Figure 17. A T-joint specimen mounted in the fixture and fatigue tested under a cyclic
reverse bending load.

The nominal stress approach was used for calculation of stress in cruciform and
butt welds while the Effective Notch Stress (ENS) method was used for
determination of stress in T-joint welds. In cases where the nominal stress is hard
to estimate because of geometrical or loading complexities, as is the case in the
T-joints under bending load in this project, the ENS approach can be used to
evaluate the fatigue strength of welded parts. The maximum first principle stresses
at the weld toes were therefore calculated using the ENS approach and assuming
a linear-elastic behaviour [97]. The finite element analysis package (ABAQUS)
was used for calculations. Models were meshed with tetrahedral elements and
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were graded so that the element size in the most stressed radii were approximately
0.1 mm. A fictitious weld toe radius of 1 mm was assumed in the calculations.
For evaluation of the test data, the number of cycles (𝑁𝑁) was treated as the
independent parameter in the equation:

(3.1)

log(𝑁𝑁) = log(𝐶𝐶) − 𝑚𝑚 ∗ log(∆𝑆𝑆)

In this equation, 𝐶𝐶 and m are fitting constants. The number of cycles were plotted
against the stress ranges (∆𝑆𝑆) and the mean fatigue strength (50% survival
probability) and characteristic fatigue strength, FAT, (97.7% survival probability)
were calculated based on IIW recommendations. In evaluation of fatigue test data,
run-outs were included and treated as normal fails. Statistical analysis was done
according to IIW recommendations [6].

3.6

Residual stress measurements

Residual stresses can be measured using both destructive and non-destructive
methods. Some destructive methods are hole drilling and slicing. X-ray diffraction
(XRD) and neutron diffraction are examples of non-destructive methods. Since
in this project residual stress measurements have been performed using X-ray and
neutron diffraction these methods are described in more detail in the following
sections.

3.6.1

X-ray diffraction

XRD is a method commonly used to measure residual stresses. The measurement
of residual stress by X-ray diffraction (XRD) relies on the fundamental
interactions between the X-ray beam, and the crystal lattice. Using Bragg’s law,
very small changes in inter-planar spacing of crystalline materials can be measured
based on a direct relationship between the inter-planar spacing and the angle of
X-ray diffraction:
𝑛𝑛𝑛𝑛 = 2𝑑𝑑sinϴ

(3.2)

In this equation 𝜆𝜆 is the wavelength of X-rays, 𝑑𝑑 is the inter-planar spacing
between crystallographic planes and ϴ is the reflection angle.

Measuring the strains at the surface of material using the sin2 ѱ technique is a
common method for determining stresses in welded components [98]. The stress
normal to the surface is assumed to be zero. The stress to be determined is the
stress parallel to the surface (𝜎𝜎ɸ). As illustrated in Figure 18, ɸ is the angle
between this stress and the maximum principle stress (𝜎𝜎1 ).
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Figure 18. Plane stress condition at a free surface. The strain component is measured
along ɛѱɸ .

In the figure ѱ is the rotation angle of the x-ray beam. To obtain 𝜎𝜎ɸ from
equation 3.3 it is necessary to measure 𝑑𝑑ɸѱ at a number of different ѱ tilts keeping
ɸ constant:
𝑑𝑑ɸѱ = 𝑑𝑑ɸѱ

(1 + ʋ)
𝜎𝜎ɸ sin2 ѱ + 𝑑𝑑ɸ0
E

(3.3)

When plotting the measured lattice spacing 𝑑𝑑ɸѱ against sin2 ѱ the slope of the
curve is 𝑑𝑑ɸѱ (1 + ʋ)/𝐸𝐸 multiplied by the stress (𝜎𝜎ɸ ) . The stress(𝜎𝜎ɸ) is then
calculated from the slope. The intercept of the curve with the Y-axis gives the
reference lattice spacing 𝑑𝑑ɸ0 .

In this project the residual stresses were measured using X-rays with Xstress 3000
instruments. The 𝑠𝑠𝑠𝑠𝑠𝑠2 ѱ method was used with Cr-Kα radiation for {211} planes
in the ferrite phase and the ѱ angle was varied between −40◦ and +40◦ with ±
5° oscillations (more than 15 angles in total). In cruciform welds the transverse
stress (normal to the weld toe) was measured at the last welded corner along the
centreline of the flanges 1-40 mm from the weld toe using a 2 mm collimator [99].
Measurements were performed on the as received welded plates, with no prior
grinding or polishing. In T-joint welds measurements were performed at distances
of 0.5, 2 and 4 mm from the weld toe in the base metal. Two measurements were
also done on the weld surface at 4 and 8 mm from the weld toe. Measurements
were performed for both first and second welded sides for as-welded and HFMI
treated samples. A collimator with a size of 3 mm x 1 mm was used such that the
3 mm side was oriented parallel to the weld toe fusion boundary.

3.6.2

Neutron diffraction

Since the penetration depth of X-rays is only tens of micrometres from the
surface, residual stresses inside the material cannot be measured [100]. Other
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techniques, such as neutron diffraction, are therefore necessary to measure the
residual stress, both near the surface and in the interior of components
[38,101,102].
The neutron was discovered by Chadwick in 1932. The neutron is a particle of
zero electric charge, with mass m = 1.67 × 10-24 g, with a radius of r0 = 6 × 1016 m, with a spin of 1/2 and a magnetic moment µ = -1.9 µN (nuclear magnetons).
There are two types of sources which produce beams of thermal neutrons: nuclear
fission (steady state) reactors and neutron spallation (pulsed) sources. Most of the
present neutron sources are fission reactors. In reactors, when a fissile nucleus
(235 U or 239 Pu) captures a neutron, the nucleus splits into two nearly equal-mass
fragments which produces about 2.5 neutrons for each fission. Reactor sources
are optimized for research purposes rather than energy production, which means
that instead of high temperature they produce a high neutron flux. The neutrons
emitted from the reactor are moderated by heavy water to thermal equilibrium at
around room temperature, which provides a wavelength spectrum, in the range
of nm, very useful for diffraction in engineering materials. Spallation sources
produce neutrons by bombarding a heavy metal (e.g. Pb and W) with sharp pulses
of high energy protons. When protons impinge on the target the energetic
collision between protons and nuclei results in the emission of high energy
neutrons with a wide range of energies. These neutrons are then moderated to
provide the spectrum of wavelengths that is useful for the diffraction experiment
[103].
In this project, neutron diffraction measurements were performed with the
SALSA (Strain Analyser for Large and Small scale engineering Applications)
instrument at Institut Laue-Langevin (ILL) located in Grenoble, France. SALSA
is a monochromatic strain diffractometer dedicated to measure strains. The
experimental setup used for stress measurements in a T-shaped welded sample is
shown in Figure 19. As shown in the figure, SALSA uses a hexapod as sample
manipulator. This is basically a robot with six degrees of freedom achieved by
using six independent hydraulically controlled pistons. The load capacity of the
SALSA hexapod is in excess of 500 kg and it allows tilts up to 30◦ and a
translation range of 600 mm. The positioning precision will vary between 20 and
50 µm, depending on the load and position in space [104].
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Figure 19. Experimental setup for residual stress measurements in a T-shaped
welded sample in the SALSA instrument.

3.6.2.1
Measurement of stress-free lattice parameter
Measurement of lattice spacing (d0) in the stress-free condition was needed for
calculation of strains. To achieve this, a plate was cut from the sample and then
three cubes from base and weld metals with 4·4·4 mm3 were machined by electroerosion, (Figure 20).
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Figure 20. Cubes machined from the base and weld metal (stress-free samples) used
for the reference lattice spacing (d0) measurements.

3.6.2.2
Stress measurements and calculations
Residual stress measurements were done from the surface to the depth in the base
material for positions FS-WT (first welded side at the weld toe), SS-WT (second
welded side at the weld toe) and SS-HAZ (second welded side, 2 mm away from
the weld toe into HAZ) as shown in Figure 21. To achieve this, neutron scanning
was performed by moving the gauge volume from a point above the surface to
points inside the material in steps of 0.15 mm and in greater steps inside the
material as shown in the figure. Longitudinal, transverse, and normal stresses were
measured based on the assumption that these directions, by symmetry, are the
principal stress directions as shown in Figure 22.
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Figure 21. Location of measurement positions. Distance between two points are 0.15
mm close to the surface and gradually increases to 2 mm at greater depth.
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Figure 22. Welded specimen showing the three directions of stress measurements
and the neutron diffraction plane.

The inter-SODQDUVSDFLQJ G RIWKH)H^`FU\VWDOORJUDSKLFSODQHZDVFKRVHQ
for measurements of all the principal stress directions. The gauge volume
dimension was determined by using slits in front of the incoming beam and
collimating the diffracted beam. A gauge volume of 0.6·0.6·10 mm3 was used for
the normal and transverse stress measurement, while a gauge volume of 0.6·0.6·2
mm3 mm was used in the longitudinal direction. The used wavelength was 1.8
Ångström.
The lattice spacing d is related to the scattering angle  by Bragg’s law as shown
in Eq. 1.
ఏ

ߣ = 2݀ sin ቀଶቁ

(3.4)
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and precise determination of the peak position. The stress-free lattice spacing
(d0) measurements combined with the lattice spacing measurements were used
WRFDOFXODWHVWUDLQ ƥ XVLQJ(T3.5.
ௗ

ߝ = ቀௗ ೖ െ 1ቁ = െ cot ߠ × ȟɅ
బೖ

33

(3.5)

where ε is strain, hkl are Miller indices of diffracted planes, d is the lattice spacing,
d0 is strain-free spacing and Δθ is peak shift. The principal stress (𝜎𝜎𝑖𝑖𝑖𝑖 ) could be
analysed once the strain was determined, using the Hooke’s law for a three
dimensional state of stress as shown in Eq. 3.
𝐸𝐸

𝜈𝜈

𝜎𝜎𝑖𝑖𝑖𝑖 = (1+𝜈𝜈) �𝜀𝜀𝑖𝑖𝑖𝑖 + (1−2𝜈𝜈) (𝜀𝜀11 + 𝜀𝜀22 + 𝜀𝜀33 )�

(3.6)

where 𝛦𝛦 and 𝜐𝜐 are the Young’s modulus and Poisson’s ratio, respectively, and i=
1, 2, 3 indicates the component of stress and strain relative to the principal stress
directions. Elastic constants values of 𝛦𝛦 = 210 GPa and 𝜐𝜐 =0.33 were used to
calculate stress from measured strains.

3.6.2.3
Near surface stress correction
Near the surface the gauge volume is only partially penetrating into the material.
The surface position with respect to the gauge volume was determined with the
known intensity profile. When the gauge volume near a surface is only partially
penetrating into the material, the effective position of strain information is
geometrically displaced from the centre of the gauge volume. In order to correct
these effects a computer program was developed using Mathcad based on
intensity-weighed centre of gravity calculations. This enabled the determination
of the centre of the diffracting volume inside the gauge volume for each step of
the scan, taking into account the size and shape of the gauge volume, the exact
position of the sample relative to the neutron beam, and different paths of the
neutrons within the sample [103,105].

3.7

Microstructural, chemical, hardness and
fractography analysis

Microstructural analysis and fractography have been performed to help better
discuss the obtained fatigue test results. These analysis are briefly explained in
the following.

3.7.1

Microstructural analysis

Microstructure of LTT and conventional welds were examined by light optical
microscopy and in some cases additionally using scanning electron microscopy.
In this regard samples were cut, hot mounted and then polished. A 5% nital
solution was used as the etchant for the conventional welds and Kalling’s solution
(1.5 gr CuCl2, 33mL HCl, 33 mL ethanol, 33 mL H2O (distilled)) for the LTT
welds.
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3.7.2

Chemical analysis

The actual weld metal chemical composition for different combinations of base
and filler materials in cruciform fillet and butt welds, were analysed using a
Spectro Lab S optical emission spectrometer and Leco combustion equipment.

3.7.3

Hardness measurements

Macrohardness measurements in the weld, base metal and weld toe region was
done using HV10 on cross sections that were cut, polished and mounted.
Microhardness measurements were performed in T-joint welds in the lower weld
toe regions at the first and second welded sides using HV0.2. The distance between
adjacent measurement points in microhardness measurements was 0.1 mm.

3.7.4

Fractography

Analysis of fractured surfaces were performed to gain an overall understanding
of the fracture, to determine the fracture sequence, to locate the fracture origin
or origins and to detect any macroscopic features relevant to fracture initiation or
propagation. Fracture surfaces were first thoroughly examined with naked eye and
surfaces were then studied at higher magnification using a stereomicroscope and
a scanning electron microscope.
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4 Results
Results consists of five chapters and the most interesting findings in the project
will be presented. In the first chapter the results related to the weld toe geometry
measurements will be presented. Then hardness and chemical analysis will be
shown. Residual stress findings obtained using X-ray and neutron diffraction are
presented and finally the fatigue results will be given. In each chapter first the
results of cruciform and butt welds are presented followed by the results for the
T-joint welds.

4.1

Weld toe geometry

4.1.1

Cruciform welds

Table 9 shows the results of the weld toe radius and angle measurements using
the WIA method for samples in series F4-F7. The results are an average from six
measurements together with the maximum and minimum values.
Table 9. Weld toe radius (r) and angle (Ө) measurements results using WIA together
with the calculated stress concentration factor (Kw).
Weld

r (mm)

Max r

Min. r

ϴ (°)

Max. ϴ

Min. ϴ

Kw*

F4

1.4

1.5

1.2

F5

1.3

1.6

1.0

F6

2.6

3.1

2.2

149

F7

1.4

1.7

1.0

119

128
134

145

127

2.10

131

2.06

159

148

1.6

140

120

2.2

136

*equation 2.6

From Table 9 it is clear that the largest values for both the weld toe radius and
angle is found for the single-pass weld produced by conventional filler material
(series F6). No significant difference can be seen between F4, F5, and F7.

4.1.2

T-joints

The weld toe radius for as-welded and HFMI treated samples for LTT and
conventional welds are obtained using SLP method are illustrated in Figure 23.
The error bars indicate the corresponding standard deviations (SD).
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Figure 23. Weld toe radius showing only a small difference between as-welded and
HFMI treated samples. Note the higher standard deviations (SD) for as-welded
samples.

From Figure 23 it can be seen that the weld toe radius is almost the same for the
conventional and LTT welds in as-welded condition. It is also seen that HFMI
did not change the toe radii significantly. However, a higher standard deviation is
found for as-welded samples as compared to HFMI treated samples. Larger radii
were measured in the upper weld toes than in the lower weld toes for both aswelded and HFMI treated samples.
Part of a sample welded with conventional consumables in as-welded condition
and another sample after HFMI treatment, obtained using 3-D scanning of the
weld profiles, are shown in Figures 24 (a) and (b). As can be seen from the figure,
the HFMI treatment produced a very uniform profile along the weld toe line while
in the as-welded sample, (Figure 24 (a)), the weld surface is less uniform.

Figure 24. Comparison of typical weld surface profiles a) before and b) after HFMI
treatment. HFMI treatment produced a more uniform profile along the weld toe line.
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An example of the surface geometry change induced by the HFMI treatment is
presented in Figure 25. A maximum height difference of 0.25 mm is found in the
lower weld toe while the upper weld toe remains almost unchanged after the
treatment. Material transfer due to the treatment is also visible in the weld toe
regions, being more pronounced in the lower weld toe. Directions of material
transfer in the lower and upper weld toes are indicated by dashed arrows in the
figure.

Figure 25. Comparison of a surface profile before and after HFMI treatment. The colours
show the change in height according to the right hand scale. Green represents no
change in surface height. Material transfer due to the treatment is indicated by dashed
arrows in the lower (L1) and upper (U1) weld toes.

After HFMI treatment, the depth of indentation in the base metal (Db) was
measured to be 0.23 mm for the conventional weld and 0.17 mm for the LTT
weld. The width (W) of the HFMI treated region was 2.73 mm for the
conventional treated weld and 2.84 for the LTT treated one. The measured values
represent the average of five measurements. No significant depth of indentation
in the weld (Dw) was found for the two welds. This is seen in Figure 26 which
shows an example of measured depth and width of indentation. The material
transfer due to the treatment is also indicated by a dashed arrow. The measured
parameters were defined in Figure 16.
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Figure 26. HFMI treated and as-welded surface profiles from the same location in a
weld toe of a conventional weld, showing the depth of indentation in the base metal (Db)
and width (W) of the treated region. No significant depth of indentation in the weld (Dw)
is seen. Note material transfer from the weld toe base metal to the weld toe fusion zone
as indicated by dashed arrow.

4.2

Hardness

Microhardness maps (HV0.2) for the T-joints in conventional and LTT welds in
the lower weld toe regions on the second welded sides are shown in Figures 27
(a) and (b) for as-welded condition, and in Figures 28 (a) and (b) after HFMI
treatment, respectively. A summary of the results is given in Table 10. Comparing
the LTT and conventional welds in as-welded condition (Figure 27 and Table 10),
a higher hardness is seen in the weld toe region for the LTT weld. The maximum
hardness at the weld surface close to the weld toe is approximately 350 HV0.2 in
the conventional weld and about 410 HV0.2 in the LTT weld. In the HAZ the
maximum hardness is about 450 HV0.2 in the conventional weld and about 470
HV0.2 in the LTT weld.

40

Figure 27. Microhardness maps for as-welded samples in the lower weld toe regions
second welded sides for a) a conventional weld, b) a LTT weld. Approximate position
of fusion boundaries are shown in the figure with dashed lines. Note the higher
hardness in the LTT weld.

Figure 28. Microhardness maps for the second welded side lower weld toe regions after
HFMI treatment for a) a conventional weld and b) an LTT welded sample. Fusion
boundaries are shown in the figure. Note the higher hardness close to the surface of
the HFMI treated region for the conventional weld than for the LTT weld.
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Table 10. A summary of the microhardness (HV0.2) measurements of the conventional
and LTT welds extracted from Figures 27 and 28 for as-welded and HFMI treated
welds.
Hardness at HAZ surface close to the weld toe (HV0.2)
As welded
HFMI treated

Conventional

350-450

LTT

370-470

Conventional

350-500

LTT

350-450

A comparison of the hardness values of as-welded samples to those of HFMI
treated welds (Figures 27 and 28 and Table 10), shows that the hardness is
increased in the entire HFMI treated region for the conventional weld. The
hardness at the surface reaches a maximum of 500 HV0.2 in the weld toe region.
No significant increase in hardness was seen for the LTT weld.

4.3

Chemical analysis

The result of chemical analysis of the butt and cruciform welds is presented in
Table 11. From Table 11 and Table 3 it can be seen that the alloying content of
the welds is significantly lower than for the all-weld metals. The dilution level
calculated using Ni varied between about 25-35% for single-pass welds and was
approximately 10-15% for two-pass welds.
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Table 11. Chemical analysis of butt and fillet welds (weight %).

4.4

Weld

C

Si

Mn

Cr

Ni

Mo

N(ppm)

B1

0.079

0.3

1.22

6.4

5.9

0.039

60

B2

0.055

0.61

1.22

8.8

4.0

0.081

90

B3

0.12

0.54

1.79

0.088

1.74

0.5

40

F1

0.089

0.29

1.26

5.70

5.3

0.01

60

F2

0.07

0.51

0.72

0.69

8.24

0.38

30

F3

0.055

0.58

1.40

9.6

4.5

0.01

90

F4

0.066

0.66

1.29

10

5

0.05

70

F5

0.037

0.68

1.29

11.9

5.6

0.03

80

F6

0.096

0.62

1.88

0.04

2.13

0.54

40

F7

0.099

0.65

1.90

0.06

2.08

0.64

40

F8

0.059

0.58

1.43

9.50

4.20

0.15

50

F9

0.071

0.73

1.66

12.50

5.80

0.10

80

F10

0.10

0.54

1.52

0.34

1.47

0.53

50

F11

0.11

0.49

1.28

0.11

0.03

0.21

50

F12

0.066

0.57

1.38

9.00

3.80

0.16

50

F13

0.087

0.75

1.78

11.30

5.80

0.12

70

F14

0.043

0.82

1.75

13.80

6.50

0.057

80

F15

0.12

0.59

1.55

0.45

1.34

0.52

50

F16

0.021

0.73

1.08

12.7

4.2

0.07

120

F17

0.027

0.67

1.02

16.3

5.6

0.05

310

F18

0.021

0.57

1.39

15.2

6.6

0.16

330

F19

0.028

0.5

1.32

18.6

9.4

0.15
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Residual stress measurements

4.4.1

Cruciform fillet welds

Figure 29 shows the longitudinal surface residual stresses at 1 mm distance from
the weld toe for fillet welds, measured using X-ray diffraction method.
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Figure 29. Longitudinal surface residual stresses (stresses transverse to the weld toe)
at a distance of 1 mm from the weld toe for fillet welds, measured using X-ray diffraction
method. Residual stress measurement results are not available for series indicated by
N.A.

As can be seen from the figure the measured residual stresses for LTT welds are
much lower than the conventional welds. In one case, series F12, even
compressive residual stresses were obtained. It is also seen that larger tensile
residual stresses were obtained in conventional welds in lower strength base
metals, stainless steels and Weldox 700, compared to those obtained in higher
strength base metals, Weldox 900 and XABO 890. The experimental uncertainty
for all welds is in the order of 5-20 MPa.

4.4.2

T-joints

4.4.2.1
X-ray diffraction
The transverse (perpendicular to the weld toe line) and longitudinal residual
surface stresses as a function of distance from the lower weld toe in the first
welded sides are shown in Figures 30 and 31, respectively.
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Figure 30. Transverse residual stresses as function of distance from the weld toe,
before and after HFMI treatment. Note the compressive residual stresses very close to
the weld toe in the HFMI treated samples.

Figure 31. Longitudinal residual stresses as function of distance from the weld toe. Note
the very similar residual stresses for as-welded LTT and conventional welds, very close
to the weld toe. Compressive residual stresses very close to the weld toe are seen in
HFMI treated samples.
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No significant difference in magnitude of transverse and longitudinal residual
stresses can be seen comparing the values for LTT welds to those in conventional
welds, in as-welded condition.
From Figures 30 and 31 it is also evident that almost the same distribution of
residual stresses are seen for LTT and conventional welds after application of
HFMI treatment. Large compressive residual stresses are seen in the weld toe
after HFMI treatment. This is more pronounced in the longitudinal direction. A
maximum of 228 MPa and 355 MPa transverse compressive residual stresses were
measured in 0.5 mm from the weld toes in HFMI treated conventional and LTT
welds, respectively. Larger longitudinal compressive residual stresses up to 800
MPa, corresponding to 62% of the steel yield strength, can be seen 0.5 mm from
the weld toe for HFMI treated LTT and conventional welds.
4.4.2.2
Neutron diffraction
The residual stresses measured using neutron diffraction in an LTT welded
sample at position SS-WT (Figure 21) as a function of distance from the plate
surface is presented in Figure 32 (a) and (b). Since the stress distribution for
positions SS-HAZ and FS-WT are similar to that for position SS-WT, the results
for these positions are not presented here but are discussed in detail in Paper F.

Figure 32. a) Residual stresses as function of distance below the plate surface at the
weld toe on the second welded side (SS-WT in Figure 21). b) Residual stress from
surface to 0.5 mm below the surface. Note the compressive residual stresses near the
surface.
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In Figure 32, the point closest to the surface for which residual stress was
measured is 120 µm below the surface. The experimental uncertainties varies from
about ±140 MPa close to the weld toe surface to ±30 MPa at greater depths. A
summary of observations extracted from Figure 32 is given in Table 12.
Table 12. A summary of the main residual stress results for position SS-WT in the
transverse (T), longitudinal (L) and normal (N) directions, extracted from Figure 32.
T

L

N

Stress 120 µm below the surface (MPa)

-35

-58

-259

Stress gradient within 0.12-0.5 mm below the surface
(MPa/mm)

565

747

1469

Max. tensile stress (MPa)

902

1088

612

From Figure 32 and Table 12, the most interesting observation is the presence of
very steep near surface stress gradients for all stress components. It can also be
seen that compressive residual stresses 120 µm below the surface are present in
all directions being highest in the normal direction. Maximum tensile stresses of
about 900 MPa 3.5 mm below the surface, in the transverse, about 1090 MPa 3.2
mm below the surface, in the longitudinal and about 610 MPa 3.2 mm below the
surface in the normal direction can be seen. Stress then decreases and is fairly
constant from 5-8 mm and approaches zero 12 mm from the surface.

4.5

Fatigue testing

4.5.1

Fatigue strength of cruciform fillet welds

In all cruciform fillet welds (series F1-F19 in Table 5), fatigue cracking initiated at
a weld toe and propagated through the base metal. A cruciform test sample before
and after fatigue testing is shown in Figure 33, as an example.
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Figure 33. A cruciform fatigue test sample before and after testing.

Figures 34 shows a typical fracture surface of a sample welded with LTTM
consumable and fatigue tested under 224 MPa tensile load and fractured after
134 600 cycles (Series F4, Table 5).

Figure 34. The typical appearance of the fatigue fracture surface of an LTT welded
sample. Different regions of the fracture surface are shown with A, B and C.

The fracture surface shows three distinct regions which are indicated in the figure.
Region A is where fatigue crack initiation and growth occurs. Region B with
fibrous appearance and radial lines is formed during the later part of the crack
growth stage. The smaller, smoother area at the edge of the fracture surface
(region C) is the remaining cross section that existed at the time of final fracture.
From the general appearance of the fracture surface it can be seen that the cracks
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mainly initiated from the first welded side. Fracture surfaces for welds made by
LTT and conventional filler materials were very similar. For almost all samples
crack initiation occurred from the first welded side. In Figure 34 a ratchet mark
on the fracture surface is shown. Cracks were not found to initiate from welding
defects such as spatters or cold laps.
The results of fatigue testing of fillet welds made using LTT and conventional
consumables on steels with different yield strengths are presented in Figures 3537.

Figure 35. Fatigue test results for cruciform specimens produced using LTT and
conventional filler materials in Weldox 700 and Domex 650 steels.
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Figure 36. Fatigue test results for cruciform specimens produced using LTT and
conventional filler materials in Weldox 900 steel.

Figure 37. Fatigue test results for cruciform specimens produced using LTT and
conventional filler materials in XABO 890 steel.
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The calculated characteristic fatigue strengths (FAT), the mean fatigue strengths
at 2 million cycles and the slope of the lines in Figures 35-37 and for stainless
steel welds are given in Table 13.
Table 13. Characteristic fatigue strengths (FAT), mean fatigue strengths at 2 million
cycles and slope of the S-N lines (m) in Figures 35-37 and for stainless steel welds.
Weld

FAT
(MPa)

Mean fatigue strength
(MPa)

m

F1 (Weldox 700-LTTA)

123

148

4.47

F2 (Weldox 700-LTTB)

122

150

4.77

F3 (Domex 650-LTTM)

78

107

3.40

F4 (Weldox 700-LTTM)

87

117

3.74

F5 (Weldox 700-LTTM (2 beads))

110

137

4.41

F6 (Weldox 700-OK Tubrod 14.03)

65

74

2.42

F7 (Weldox 700-OK Tubrod 14.03 (2 beads))

69

78

2.79

F8 (Weldox 900-LTTM)

112

140

4.90

F9 (Weldox 900-LTTS)

150

187

7.19

F10 (Weldox 900-OK Aristorod 89)

69

78

2.66

F11 (Weldox 900-OK Autrod 12.51)

65

85

2.62

F12 (XABO 890-LTTM)

143

179

7.87

F13 (XABO 890-LTTS)

158

209

6.15

F14 (XABO 890-LTTS (2 beads))

162

198

5.56

F15 (XABO 890-OK Aristorod 89)

68

80

2.77

F16 (12Cr-LTTM)

99

111

3.55

F17 (12Cr-OK Tubrod 15.30)

101

136

3.97

F18 (304L-LTTM)

141

160

6.87

F19 (304L-OK Tubrod 15.30)

77

92

3.52

It is seen from Figures 35-37 and Table 13, that fatigue strengths of welded high
strength steels produced using LTT filler materials are higher than those of welds
produced using conventional filler materials. Considering Table 13, it is found
that LTT welds presented a minimum FAT improvement of 34% and a maximum
improvement of 132% when compared to the FAT values of welds deposited
using conventional filler materials.
Fatigue testing results of welds produced on Weldox 700 steel (Figure 35 and
Table 13) show that LTTA and LTTB welds present higher fatigue strengths than
LTTM welds. It is also seen that two-pass LTTM welds show higher fatigue
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strength than the corresponding single-pass welds. However, no significant
difference is seen between fatigue strengths of single-pass and two-pass welds
produced using conventional consumables. Fatigue testing results of welds
produced on XABO 890 steel (Figure 37 and Table 13) show that the fatigue
strength of LTTS welds is the highest, followed by the LTTS (2 beads), LTT-M
and finally welds produced by the conventional wires.
From fatigue testing results of welds produced on stainless steels (Table 13), it is
seen that fatigue strength of series F18 (304L-LTTM) is the highest, followed by
series F17 (12Cr-OK Tubrod 15.30), series F16 (12Cr-LTTM) and finally series
F19 (304L-OK Tubrod 15.30).

4.5.2

Fatigue strength of butt welds

The results of fatigue testing of butt welds produced using LTT and
conventional consumables are presented in Figure 38.

Figure 38. Fatigue test results of butt weld specimens (series B1, B2, and B3 in Table
5) produced using LTT and conventional filler materials in Weldox 700 steel.

The calculated characteristic fatigue strength (FAT), the mean fatigue strength at
2 million cycles and the slope of the lines are tabulated in Table 14.
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Table 14. Characteristic fatigue strength (FAT), mean fatigue strength at 2 million
cycles and slope of the S-N lines (m).
Weld

FAT (MPa)

Mean fatigue strength (MPa)

m

B1 (Weldox 700-LTTA)

228

263

8.14

B2 (Weldox 700-LTTM)

212

295

5.31

B3 (Weldox 700-OK Tubrod 14.03)

156

198

4.41

As can be seen from Figure 38 and Table 14, fatigue strengths of LTT welds
(series B1 and B2) are higher than those of welds produced using conventional
filler materials (series B3). The mean fatigue strength of LTTM welds is the
highest, followed by the LTTA and welds produced by the conventional wires.
LTTA welds show 33% and LTTM 49% increase in mean fatigue strength when
compared to the welds made using conventional consumables. From the FAT
values in Table 14 it can be seen that about 153% and 135% higher FAT values
are achieved for B1 and B2 series, respectively, when compared with the IIW FAT
value of 90 MPa [6].

4.5.3

Fatigue testing of T-joint samples

In all of the T-joint welds fatigue initiation and propagation occurred from the
weld toes in the middle of the weld line both for samples fatigue tested before
and those tested after HFMI treatment. An example of an as-welded LTT
sample after fatigue testing is shown in Figure 39.

Figure 39. An as-welded LTT sample fatigue tested under ±7 kN bending load fractured
after 199 380 cycles. Fracture occurred from the lower weld toe at the first welded side
(L1).
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4.5.3.1
Fatigue strength
The results of fatigue testing of as-welded samples produced with conventional
or LTT consumables before and after HFMI treatment, based on the effective
notch stresses at the weld toe, are presented in Figure 40. The IIW FAT-225 class
[6] which is suggested for fatigue evaluation using the ENS method is indicated
in the figure for comparison.

Figure 40. Results of fatigue testing of T-joint conventional and LTT welds in as-welded
and HFMI treated conditions based on the effective notch stress at the weld toe. Note
the similar fatigue strengths at 2 million cycles for as-welded samples produced using
LTT and conventional consumables. FAT 225 is shown for comparison.

The calculated characteristic fatigue strength (FAT), the mean fatigue strength at
2 million cycles and the slope of the curves [6] are shown in Table 15.
Table 15. Characteristic fatigue strength (FAT), mean fatigue strength at 2 million
cycles and slope of the S-N curves (m).
FAT
(Ps=97.7%)
(MPa)

Mean fatigue strength
(Ps=50%) (MPa)

m

Conventional as-welded (T1)

306

353

2.94

Conventional welds+ HFMI (T3)

315

445

2.79

Sample

LTT as-welded (T2)

287

346

2.65

LTT welds+ HFMI (T4)

250

390

2.60
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It is evident that LTT and conventional welds show almost the same fatigue
strengths. Comparing the mean fatigue values in Table 16 it is seen that HFMI
treated conventional welds show the highest fatigue strength followed by the
HFMI treated LTT welds, conventional as-welded and finally as-welded LTT
samples. An improvement in mean fatigue strength of 26% and 13% at 2 million
cycles is achieved for HFMI treated welds compared to the corresponding aswelded samples in conventional and LTT welds. However, comparing the FAT
values (Ps=97.7%) indicate an increases of 3% in case of conventional welds and
a decrease of about 13% for LTT welds after HFMI treatment due to the larger
scatter for LTT welds. It is also clear from Figure 40 that the FAT values of HFMI
treated samples and as-welded samples are all higher than IIW FAT 225.
4.5.3.2
Effect of distortion
Results of the complementary fatigue testing to investigate the effect of initial
distortion on fatigue strength are presented in Table 16.
Table 16. Effect of distortion on number of cycles to failure at different load levels for
LTT and conventional welds.
Weld

15

Conventional

-

-

LTT

11 292

10 578

10
7

No. of cycles with shims

No. of cycles without
shims

Load (kN)

Conventional

-

-

LTT

66 895

35 766

Conventional

258 158

201 276

LTT

251 305

174 800

From Table 16 it can be seen that no significant difference in number of cycles to
failure is observed comparing LTT weld tested with shims to that without shims,
with a 15 kN load. However, the number of cycles to failure gets about 1.5 and 2
times higher in LTT welds tested with shims than those tested without shims, for
7 kN and 10 kN, respectively. Comparing the number of cycles in LTT and
conventional welds for 7 kN (Table 16) it can be seen that distortion had a smaller
effect on the fatigue life of welds produced using conventional filler materials
than for LTT welds.
Finite element analysis suggests that stresses as high as 940 MPa were applied to
the lower weld toes by clamping of the distorted samples.
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5 Discussion
The main objectives of this project are to increase understanding of the factors
that control fatigue life and to investigate how the fatigue strength improvement
methods HFMI treatment or use of LTT consumables will affect fatigue
properties of welds in high strength steels. In the following sections these aspects
are explored. Relevant research questions are discussed and answers summarised
at the end of the corresponding section.

5.1

Relative effects of weld toe geometry and
residual stress

The aim of this section is to answer research question number 1. The research
question was:
RQ1: What are the relative effects of weld toe geometry and residual stress on
fatigue strength of welds in high strength steels?
A summary of the fatigue strengths, weld toe radii and residual stresses for four
series of fatigue tested cruciform and T-joint welds (series F4-F7 in Table 5 and
series T1 and T3 in Table 7) is presented in Table 17 for further discussion.
Table 17. A summary of the obtained results of weld toe radii and residual stresses for
series F6 and F7 in Table 5 and series T1 and T3 in Table 7.
Series

Joint type

Treatment

Beads

F6

Cruciform

-

F7

Cruciform

T1
T3
*

Radius (mm)

1

Mean fatigue
strength (MPa)
74

2.6

Transverse residual
stress (MPa)
301*

-

2

78

1.4

260*

T-joint

-

5

353

1.6

1**

T-joint

HFMI

5

445

1.7

-220**

in base material 1 mm from the weld toe
in base material 0.5 mm from the weld toe

**

A comparison of the relative effects of stress and toe geometry can be made for
the two cruciform welds in Table 17 (F6 and F7). These welds show almost
identical mean fatigue strength. F6 has a toe radius of 2.6 mm and F7 a toe radius
of 1.4 mm. Assuming the same difference in residual stress at the weld toe as 1
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mm away, a decrease in residual stress by about 40 MPa (Table 17) would then
balance the decrease in toe radius from 2.6 mm to 1.4 mm.
This result can be compared to those by Björk et al. [106] who discussed the
relationship between the weld toe geometry and fatigue strength for non-load
carrying fillet welded X-joints. From the results of their work it can be inferred
that typically a 1 mm increase in the weld toe radius from 1.5 mm to 2.5 mm
resulted in about 20-30 MPa increase in FAT. Although speculative this suggests
that FAT of weld F6 should have been approximately 24-36 MPa higher than for
F7 if residual stresses were similar. In other words it seems that a decrease in
residual stress of 40 MPa should correspond to an increase of FAT of about 2436 MPa in this particular case. Nguyen and Wahab [107,108] developed a
mathematical model to investigate the effect of weld geometry and residual
stresses on fatigue life of butt welds. The geometry is different from the present
study but results suggest roughly the same relation as found for the welds in the
present study.
Thus, a moderate decrease in residual stress of about 15% at the 300 MPa stress
level had the same effect on fatigue strength as increasing the weld toe radius by
approximately 85% from 1.4 mm to 2.6 mm. The results have been presented
and discussed in Paper A in more detail.
Another observation is that welds T1 and T3 have almost identical weld toe radii
but T3 has higher fatigue strength of 445 MPa compared to the fatigue strength
of T1 which is 353 MPa (Table 17). The increase in fatigue strength can be related
to the compressive residual stresses and also increase in the weld toe surface
hardness due to the HFMI treatment of T3. However, the contribution of the
hardness to the fatigue strength cannot be quantified from the present results.
The results have been discussed in Papers B, C and E in more detail.
Therefore RQ1 can be answered as: Residual stress has a relatively larger influence
than the weld toe geometry on fatigue strength of welds. Detailed information
and discussion can be found in Paper A.

5.2

LTT welding consumables

The aim of this section is to answer partly research question numbers 2, 3 and 4.
The research questions were:
RQ2: How does application of HFMI or use of LTT consumables affect fatigue
strength of welded high strength steels?
RQ3: How does the residual stress distribution in the weld toe region look and
how does it affect the fatigue strength of welds in high strength steels?
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RQ4: What is the relationship between the steel strength and the degree of fatigue
strength improvement in welded high strength steels?
The part of RQ2 which is related to this section is: how does application of LTT
consumables affect fatigue strength of welded high strength steels?
A summary of the transformation start temperatures (Ts), residual stresses (RS)
and FAT values for the weld series is given in Table 18 for further discussion.

HSS
HSS

T-joints

SS

Fillet welds

HSS

Butt welds

Table 18. A summary of the transformation start temperatures (Ts), residual stresses
(RS) and FAT values for weld series.
beads

Ts
(°C)

RS
(MPa)

FAT
(MPa)

m

LTTA

2

286

N.A.

228

8.14

LTTM

2

301

N.A.

212

5.31

OK Tubrod 14.03

2

524

N.A.

156

4.41

LTTA

1

300

105

123

4.47

Weldox 700

LTTB

1

330

75

122

4.77

F3

Domex 650

LTTM

1

286

N.A.

78

3.40

F4

Weldox 700

LTTM

1

275

88

87

3.74

F5

Weldox 700

LTTM

2

271

116

110

4.41

F6

Weldox 700

OK Tubrod 14.03

1

508

302

65

2.42

F7

Weldox 700

OK Tubrod 14.03

2

499

261

69

2.79

F8

Weldox 900

LTTM

1

280

120

112

4.90

Series

Base material

B1

Weldox 700

B2

Weldox 700

B3

Weldox 700

F1

Weldox 700

F2

Filler material

F9

Weldox 900

LTTS

1

204

76

150

7.19

F10

Weldox 900

OK Aristorod 89

1

544

247

69

2.66

F11

Weldox 900

OK Autrod 12.51

1

659

232

65

2.62

F12

XABO 890

LTTM

1

292

-12

143

7.87

F13

XABO 890

LTTS

1

208

72

158

6.15

F14

XABO 890

LTTS

2

185

23

162

5.56

F15

XABO 890

OK Aristorod 89

1

534

172

68

2.77

F16

12Cr

LTTM

1

304

131

99

3.55

F17

12Cr

OK Tubrod 15.30

1

134

167

101

3.97

F18

304L

LTTM

1

116

N.A.

141

6.87

F19
T1

304L
Weldox 1300

OK Tubrod 15.30
Coreweld 89

1
5

-234
436

330
136

77
306*

3.52
2.94

T2

Weldox 1300

LTTM

5

230

60

287*

2.65

* Calculated using the effective notch stress (ENS) method.
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Fatigue test results (Table 18) show that LTT welds have much higher fatigue
strengths than welds produced using conventional filler materials in steel with
yield strengths ranging from 650-1021 MPa. In 1300 MPa yield strength steels no
improvement in fatigue strength was seen when using LTT wires in welding
although it should be kept in mind that geometries were different. This will be
discussed in a separate section.

5.2.1

LTT welds in 650-1021 MPa yield strength steels

It can be seen from Table 18 that LTT welds have lower predicted transformation
temperatures than welds produced using conventional filler materials. The lower
transformation temperatures of LTT welds can be related to the higher amount
of alloying elements, especially higher Ni and Cr levels [64,109,110]. This will
consequently results in reduction in tensile residual stresses or may even produce
compressive residual stresses and hence increases the fatigue strength (see Table
18). The relation between the transformation start temperatures and residual
stresses for different combinations of filler materials and high strength steels is
illustrated in Figure 41. It should be mentioned that martensite or bainite
transformation start temperatures (Ms or Bs) of different weld series were
calculated from weld metal chemical compositions using standard empirical
formulas [111] or MTDATA (thermodynamic approach) [112]. The latter was
used for series F1-F7 and F16-F19. For stainless steels, the transformation start
temperatures, Ms(ss), were calculated using a formula more suitable for stainless
steels [113]. Detailed information can be found in Paper D.
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Figure 41. Correlation between transformation start temperatures and residual
stresses of fillet welds.
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Three regions can be seen in the figure. These regions are:
a) At low temperatures (below about 175°C); the martensitic transformation is
not completed in this region since the difference between martensite start (Ms)
and finish temperatures (Mf) is typically about 175°C [14], Therefore, the volume
expansion due to transformation is smaller resulting in higher tensile residual
stresses.
b) At high temperatures (higher than approximately 350°C); the martensitic
transformation is completed, but the weld contracts during cool down from Mf
to room temperature which results in tensile residual stresses.
c) At intermediate temperatures; temperatures between those in a and b; where
the minimum tensile residual stresses, and even in one case compressive residual
stresses, were obtained. All LTT welds in high strength steels are within this
region. The relation between the transformation temperatures and residual
stresses found in the present study is in good agreement with findings by Wang
et al. [63] who observed almost the same relationship between the transformation
start temperatures and residual stresses.
A relatively large variation in residual stresses can be seen for a given
transformation temperature. Base metals with varying strength levels when
welded using different filler materials may result in nearly the same weld metal
chemical composition and the same transformation temperatures. One reason
which could explain the variation can be related to the fact that the calculated
transformation temperatures may not be the actual temperatures at which the
transformation occurs. For example, Chen et al. [114] measured the Ms
temperatures for two LTT alloys by thermal dilatation and compared results to
predicted values calculated using eight different empirical formulas. Calculated Ms
temperatures varied from 22 to 315°C while Ms temperatures of 190°C and 160°C
were measured for the two LTT welds using thermal dilatation.
The relation between the transformation start temperatures and characteristic
fatigue strengths (FAT values) is illustrated in Figure 42.
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Figure 42. Correlation between transformation start temperatures and fatigue strength
of fillet welds.

It is evident from the figure that the largest FAT values are achieved for welds
with transformation start temperatures around 200°C. These welds present low
tensile residual stresses (Figure 41). A relatively large variation in FAT values can
be seen for a given transformation temperature. This can be related to the fact
that the calculated transformation temperatures may not be the actual
temperatures at which the transformation occurs. Different weld toe geometries
for welds with similar residual stresses may also result in different FAT values.
The relationship between the steel strengths and characteristic fatigue strengths
(FAT) is shown in Figure 43 for welds in series F3, F4, F8 and F12 (see Table 18).
IIW FAT 71 for the used joint type is also shown in the figure for comparison.
These weld series were all produced using LTTM filler material but in steels with
different yield strengths. Welds in F3, F4, F8 and F12 were deposited on steels
with 650 MPa, 817 MPa, 1004 MPa and 1021 MPa yield strengths, respectively.
About 10%, 22%, 58% and 100% higher fatigue strengths can be observed
comparing the FAT values of series F3, F4, F8 and F12 to IIW FAT 71. Therefore
it can be seen that by increasing the steel yield strength fatigue strength of LTT
welds increase. This could be related to the fact that the constraint from the
surrounding material becomes larger by increasing the base metal’s yield strength
and hence making the effect of the martensite expansion more effective. The
effect of base metal yield strength on LTT effect is discussed in detail in the
following section.
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Figure 43. Correlation between the steel strength and characteristic fatigue strengths
for welds in series F3, F4, F8 and F12.

5.2.2

LTT welds in 1300 MPa yield strength steels

From the fatigue test results (Tables 15 and 18), it can be seen that the application
of the LTT consumable to weld 1300 MPa yield strength steel did not increase
the fatigue strength. This is not following the previous results where considerable
increase in fatigue strength was seen when using LTT consumables in welding of
steels up to 1021 MPa yield strength (see Table 18). Some possible reasons for
this behaviour are discussed in the following.
Weld toe geometry and residual stresses in the weld toe region have been found
to be the main factors influencing the fatigue strength of welded parts [46,115].
Weld toe geometry and transverse residual stress results obtained using X-ray
diffraction (Figures 23 and 30), however, did not show any significant differences
in the toe geometry and residual stresses between LTT and conventional welds.
Therefore, other possible reasons for the similar fatigue strengths of LTT and
conventional welds should be investigated. Transverse residual stresses are
compared since they are critical from fatigue point of view as they are
perpendicular to the direction of crack growth.
The effect of the relative transformation start and finish temperatures of the base
and weld metals on the final residual stress state could be another possible reason
why LTT welds did not perform as expected. Figure 44 presents the
transformation start (Ms) and finish (Mf) temperatures for three high strength
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steels (Weldox 700, Weldox 900 and Weldox 1300) and the LTT and conventional
all-weld metals. In the figure Ms is calculated using equation 5.1 and Mf using the
following formula:

Mf=Ms-175 [14].

(5.4)

Figure 44. Predicted transformation start and finish temperatures for different steels
and the LTT and conventional all-weld metals.

From Figure 44 it can be seen that when the LTT weld starts to transform to
martensite the surrounding base metal is only partly transformed to martensite in
the case of Weldox 1300 while it is almost fully transformed to martensite when
the base metal is Weldox 700. Therefore, a smaller LTT effect would be seen
when the LTT filler is used for welding 1300 MPa yield strength steels than for
lower strength grades.
Other possible explanations for why LTT welds did not present a high fatigue
strength can be related to the specimen geometry, the loading type and stress ratio.
Most of the previous studies on LTT welds have been done on cruciform welds
with a stress ratio of 0.1 in tensile loading mode while a different specimen
geometry (T-shaped specimens in this project) fatigue tested under fully reversed
bending load has been used in this project. The compression part of the bending
load may result in washing out the beneficiary LTT effect.
Complementary fatigue testing results (Table 16) showed that the welding
distortion affected the number of cycles to failure for both the LTT and
conventional welds. This implies that higher FAT values would have been
expected for both LTT and conventional welds if distortion had been
insignificant. The higher effect seen for the LTT welds could possibly be related
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to the fact that a larger initial distortion was observed for these welds. It should,
however, be noted that this observation is based on limited number of samples
tested (see Table 16) and more testing is needed in order to draw definite
conclusion about the effect of distortion.

5.2.3

Neutron diffraction evaluation of near surface
residual stresses

From Figure 32 and Table 12 it can be seen that very steep surface stress gradients
were observed in all positions and directions with the largest gradients occurring
between the two measurements points closest to the surface. These findings can
be discussed in the light of the results obtained by Ramjaun et al. [59] where they
measured residual stresses 0.15 mm below the surface at the weld toe region in
butt welds produced with an LTT consumable, using neutron diffraction. Steep
and localized residual stress gradients of about 400 MPa/mm in the transverse,
500 MPa/mm in the normal and 1000 MPa/mm in the longitudinal directions
were observed across the weld toe. Interestingly enough these are of the same
magnitude as the transverse and longitudinal stress gradients found in this study
but in the depth direction for position SS-WT (see Figure 21). Thus, it can be
concluded that there is a very local stress effect with large gradients both
transverse to the weld toe line and in the depth direction, at the weld toe in LTT
welds.
Another interesting observation can be made by comparing the near surface stress
distribution in the weld toe (position SS-WT in Figure 21) and in the base metal
a few millimetre from the weld toe (position SS-HAZ in Figure 21). Due to
difficulties and limitations to measure residual stresses locally at the weld toe,
especially with X-ray diffraction, most often in the literature and
recommendations [6] residual stresses a few millimetre away from the weld toe
have been measured and related to fatigue properties. However, different near
surface stresses and gradients were observed for positions SS-WT and SS-HAZ
in the present study. Therefore, care must be exercised when relating the residual
stress to fatigue strength, in particular for LTT welds, as stress in the base material
a few millimetre from the weld toe can be very different from the stress locally at
the weld toe.

5.2.4

Summary

This section summarises the answers provided earlier to the research questions
related to LTT filler materials.
RQ2 (the part related to LTT consumables): How does use of LTT
consumables affect fatigue strength of welded high strength steels?
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The present study shows that LTT consumables can successfully be applied to
increase fatigue strength of welds in steels with higher strength levels (up to 1021
MPa yield strength) than previously reported. LTT welds in 1300 MPa yield
strength steel, however, showed almost the same fatigue strength as welds
produced using conventional wires. The effect of transformation start and finish
temperatures of the base and weld metals, specimen geometry and loading type
were discussed as possible reasons why the fatigue strength was not improved.
Effect of use of LTT consumables on fatigue strength of welds in 650-1021 MPa
and 1300 MPa yield strengths have been investigated in Papers D and E,
respectively.
RQ3: How does the residual stress distribution in the weld toe region look and
how does it affect the fatigue strength of welds in high strength steels?
There is a steep residual stress gradient both transverse to the weld toe line and
in the depth direction, at the weld toe in LTT welds. Neutron diffraction
complemented by X-ray diffraction provided a better understanding of the
presence of the complicated and large near surface stress gradients around the
weld toe in the depth direction. Therefore, care must be exercised when relating
the residual stress to fatigue strength as stress in the base material a few millimetre
from the weld toe can be very different from the stress locally at the weld toe.
Detailed information can be found in Paper F.
RQ4 (the part related to LTT consumables): What is the relationship between
the steel strength and degree of fatigue strength improvement in welded high
strength steels?
It was observed that the degree of improvement for LTT welds in high strength
steels with the yield strength ranging from 650-1021 MPa increases with steel
strength. Fatigue strength of LTT welds in 1300 MPa yield strength steels cannot
be compared to other LTT welds produced in lower strength steels since different
fatigue strength evaluation methods were used. More information and discussion
can be found in Papers D and E.

5.3

HFMI treatment

The aim of this section is to answer partly research question numbers 2 and 4.
The research questions were:
RQ2: How does application of HFMI or use of LTT consumables affect fatigue
strength of welded high strength steels?
RQ4: What is the relationship between the steel strength and the degree of fatigue
strength improvement in welded high strength steels?
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The part of RQ2 which is related to this section is: how does application of
HFMI treatment affect fatigue strength of welded high strength steels?
This section consists of five sub-chapters. First the effects of weld toe geometry
on fatigue strength of HFMI treated welds are discussed. Effect of residual stress
and surface hardness due to the treatment will then be investigated. In the fourth
chapter fatigue strength of HFMI treated samples is compared with that of aswelded samples and also with the FAT classes proposed by other researchers.
Research questions are discussed in the relevant chapters and a summary of the
answers to the research questions will be given in the final section.

5.3.1

Weld toe geometry

A summary of the geometry measurement results is given in Table 19. Comparing
the weld toe radii in as-welded samples and after HFMI treatment shows that the
weld toe radii did not increase significantly due to the treatment. This seems to
be in contradiction with previous studies where an increase in the toe radius after
HFMI treatment has been reported [80,116]. This can most probably be related
to the fact that the weld toe radii in as-welded condition (Table 19) were already
large as compared to the weld toe radii reported in previous studies [117,118].
According to the Volvo standard system [119], which considers weld quality
measures such as weld toe radius, the welded joints in this study are grouped into
class VC (high quality welds) with a weld toe radius larger than 1 mm. This should
be kept in mind when comparing to earlier reported results of HFMI treatments
which was done on welds with as-welded toe radii in the ranges of 0.4-1 mm [117]
and 0.3-1 mm [116]. Another reason why the radii did not increase markedly due
to the treatment can be related to the radii of the indenter tips. The radii of the
indenters used were 1.5 mm and 3 mm for the lower (L1 and L2) and upper (U1
and U2) weld toes, respectively. Leitner et al. [116] measured a weld toe radius of
2 mm after HFMI treatment which was equal to the radius of the indentation tip
used. The radius of the indenter tip can therefore be considered to be a limiting
factor when aiming for a larger toe radii in the treated region. A similar
observation was found in [7] where almost similar weld toe radii for different
treatment levels were obtained by using the same tip radius. However,
Ghahremani [118] reported an average weld toe radius of 1.8 mm after HFMI
treatment which is similar to the lower weld toe radii (Table 19) in this study. A
high hardness of the base metal as a consequence of its high yield and tensile
strength would also be a reason why the weld toe radius was not increased
significantly by HFMI [75].
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Table 19. Summary of the weld toe geometry for as-welded and HFMI treated
samples.
Weld (location of
measurements)

Average weld toe radii
(mm)

Width of HFMI
indentation (mm)

Depth of indentation
in the base metal (mm)

Aswelded

HFMI
treated

Conventional (L1)

1.6

1.75

2.73

0.23

LTT (L1)

1.5

1.75

2.84

0.17

Previous studies [27,74,120,121] reported a depth of indentation in the base metal,
Db, in the range of 0.25-1 mm and a width of indentation (W) in the range of 2-7
mm. Marquis and Barsoum [75], in a HFMI design guideline, suggested a depth
of indentation (Db) in the range of 0.2-0.6 mm. and width of indentation (W) in
the range of 2-5 mm. However, on the other hand, using finite element
calculations, Weich [122] suggested that increasing the depth of indentation (Db)
increases the stress concentration factor at the treated toe, resulting in reduction
of fatigue strength. Therefore, a depth of indentation in the range of 0-0.25 mm
was proposed as an optimum. The depth of indentation in the weld, Dw, has only
been evaluated or mentioned in a few of the relevant studies. Ghahremani et al.
[7] performed HFMI treatment on welded steels with yield strength of about 390
MPa at three different levels termed under-, proper- and over-treatment. They
observed no difference of the weld toe radius and width of indentation for the
different treatment levels. It was suggested that an average depth of indentation,
Dave, which is the average of the depth of indentation in the base metal (Db) and
depth of indentation in the weld (Dw), is a key factor relating the HFMI treatment
quality to the geometrical features. They suggested that a proper HFMI treatment
is achieved when Dave is between 0.25 mm and 0.5 mm. A value above or below
this range was considered to be over- and under- treatment, respectively.
Almost no depth of treatment in the weld was obtained after HFMI treatment in
the present study (see Figure 26). Based on the above discussion, it therefore
seems that the depths of indentation in the base metal (Db) in this study, 0.17 mm
and 0.23 mm, are in a reasonable range. However, increasing the toe radius, depth
of treatment in the weld and increasing the width of indentation could be
beneficial to further increase the fatigue strength.
When comparing results from literature and the present study it should be kept
in mind, though, that all the geometrical features of HFMI treatments reported
in literature are for steel with yield strengths lower than 1000 MPa. Some care
should therefore be exercised when interpreting results.
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5.3.2

Surface hardness

Increased surface hardness as a result of strain hardening have been discussed to
be effective in improving the fatigue strength of HFMI treated welds. The strain
hardening is an effect of the larger dislocation density caused by the deformation
induced by HFMI treatment [84,123]. Application of HFMI treatment in the
present study increased the surface hardness in the conventional weld but did not
have a significant effect on hardness for the LTT weld (see Figures 27 and 28 and
Table 10). The increased hardness for conventional welds can be related to the
lower initial hardness in as-welded condition implying a greater potential for strain
hardening by HFMI treatment.
Previous studies [82,121] reported a large increase in surface hardness, as high as
100% as compared to the as-welded condition for HFMI treated welds. A depth
of the hardened region of less than 1 mm has been obtained in most cases. It has
been discussed by Weich et al. [81] and Weich [122] that the increase in hardness
due to HFMI treatment depends on the potential of the steel for strain hardening.
This means that the higher the steel strength the lower the potential to increase
the surface hardness due to the strain hardening is. Weich et al. [81] applied HFMI
on two welded steels with yield strengths of 434 and 719 MPa. They found an
increase in surface hardness of about 66% for the lower strength steel and an
increase of about 28% for the higher strength steel, when compared to the surface
hardness of corresponding as-welded samples. A somewhat larger depth of 0.30.4 mm of increased hardness was also reported for the lower strength steel than
the 0.3 mm depth observed for the higher strength steel. Farajian et al. [124]
applied HFMI treatment on welded steel with yield strength of about 960 MPa.
No significant increase in hardness was observed in the weld toe after the
treatment.
The increase in surface hardness in this study was about 67% in the weld metal
and about 43% in the HAZ, compared to the as-welded sample for welds
deposited using the conventional wire. These values are high considering the very
high steel yield strength of 1300 MPa and comparing with literature data as
discussed above, but confirm the ability of HFMI treatment to increase the
hardness in the treated surface region.

5.3.3

Residual stress

The effectiveness of an HFMI treatment in improving fatigue strength is partly
dependent on its ability to introduce compressive residual stresses in the weld toe
region. A maximum of 228 MPa and 355 MPa transverse compressive residual
stresses were measured 0.5 mm from the weld toes in HFMI treated conventional
and LTT welds, respectively. Larger longitudinal compressive residual stresses up
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to 800 MPa, corresponding to 62% of the steel yield strength, was seen 0.5 mm
from the weld toe for HFMI treated LTT and conventional welds. The
longitudinal residual stress is within the range reported in several studies on
welded steels with yield strengths below 1000 MPa [80,121,116,118,122,125].
However, the transverse residual stress seems to be relatively low. The
compressive residual stresses created by the HFMI treatment of welds have rarely
been investigated for steels with yield strength higher than 1000 MPa. In one case,
Berg and Stranghöner [24] measured longitudinal and transverse compressive
residual stresses close to 75% of the steels yield strength for a welded steel with a
minimum yield strength of 1100 MPa after HFMI treatment.
The above discussion suggests that a higher transverse compressive residual
stresses than the value obtained in this study would have been expected. It should
be noted, though, that the comparison of referred studies with the results of the
present study is accompanied by a number of limitations, namely different
geometries, dimensions, welding method, position of the residual stress
measurements and most importantly different base metal yield strengths. Also as
was stated in the chapter related to LTT welds, residual stress in the base material
a few millimetre from the weld toe can be very different from the stress locally at
the weld toe. This is a factor that should also be considered when comparing the
results to referred studies.

5.3.4

Fatigue strength

In this section fatigue strength of HFMI treated samples is compared with that of
as-welded samples. Comparison is also made to FAT values proposed by other
researchers for welded steels.
Improvements in mean fatigue strength of 26% and 13% at 2 million cycles were
achieved for HFMI treated welds compared to the corresponding as-welded
samples in conventional and LTT welds, respectively. It is seen that HFMI did
not increase the fatigue strength significantly especially for the LTT welds. This
is even more obvious when comparing the FAT values. An increase of about 3%
was obtained comparing the FAT values of conventional welds before and after
HFMI treatment, however, a 13% reduction in FAT was observed after
application of HFMI treatment in LTT welds.
Residual stress (see Figures 30 and 31) and weld toe geometry results (see Figure
23) show very similar values for the LTT and conventional welds after the
treatment. The surface hardness in the conventional weld, however, was increased
after application of HFMI treatment, but did not increase significantly for the
LTT weld (see Figures 27 and 28 and Table 10). Therefore it seems that the
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increase in surface hardness is the main factor resulting in a larger improvement
of fatigue strength for HFMI treated conventional welds.
Different degrees of improvement in fatigue strength of welds after HFMI
treatment have been reported. In a review paper by Jármai et al. [126], up to 110%
increase in fatigue strength has been reported for steels with yield strength higher
than 900 MPa. It has also been discussed that the degree of improvement
produced by HFMI treatment increases with steel yield strength [86,87,126–128].
For instance, Yildirim and Marquis [127,128], after assessing about 228 fatigue
data points, proposed FAT 500 for welded steels with yield strength higher than
960 MPa based on the ENS method assuming a fictitious weld toe radius of r=1
mm and a slope of m=5. The characteristic fatigue strength (FAT) of HFMI
treated conventional welds obtained in this study, based on the natural slope of
2.79, is 315 MPa which is much lower than the proposed FAT value of 500 MPa.
If a forced slope of m=5 is considered, a higher FAT of 357 MPa, would be
obtained which is still lower than FAT 500.
Thus, applying HFMI treatment on 1300 MPa yield strength steel welds, shows a
lower fatigue strength than the value predicted by Yildirim and Marquis [86,128]
and also compared with the results of the previous studies. It should be noted,
though, that the proposed FAT values have been obtained based on data from
fatigue testing under axial loading with a stress ratio of R=0.1 and also for steels
with strength levels less than 960 MPa [9,86] while a bending load with a different
stress ratio and a steel with much higher yield strength has been used in this study.
Clamping stresses due to the welding distortion, as was discussed earlier, affected
the fatigue strength adversely. Higher fatigue strengths would have been achieved
if there was less welding distortion in the welds.
Apart from geometry, surface hardness and residual stress, another possible
reason for the relatively small improvement in fatigue strength in this study could
be the high fatigue strength of the welds in the as-welded condition. The fatigue
results suggest a quite high FAT of 306 MPa, for welds in as-welded condition,
which is about 36% higher than the IIW FAT 225. This agrees well with findings
by Leitner et al. [83], where only a minor enhancement of fatigue strength after
HFMI treatment was found for butt joint specimens. They mentioned the high
quality of welds as the reason for the low increase in fatigue strength.
A further increase in fatigue strength could most likely have been achieved if the
weld toe by HFMI treatment was modified to get larger toe radii and higher depth
of indentation in the weld metal. However, as pointed out above, more studies
on very high strength steel welds are needed to clarify the relative importance of
various factors influencing fatigue performance in order to define conditions for
an optimum HFMI treatment. Further research will also be required to consider
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fatigue testing under different loading conditions and different weld and test
specimen geometries.

5.3.5

Summary

The aim of this section is to summarise the answers provided earlier to the
research questions related to HFMI treatment. Papers B, C and E provide more
information and discussion for the questions in this section.
RQ2 (the part related to HFMI treatment): How does application of HFMI
treatment affect fatigue strength of welded high strength steels?
HFMI increased the mean fatigue strength of conventional welds in 1300 MPa
steels about 26% and of LTT welds by 13%. HFMI increased the weld toe radius
slightly but produced a more uniform geometry along the treated weld toes. Large
compressive residual stresses, especially in the longitudinal direction, were
introduced adjacent to the weld toe for both LTT and conventional welds.
RQ4 (the part related to HFMI treatment): What is the relationship between
the steel strength and the degree of fatigue strength improvement in welded high
strength steels?
The relationship between the steel strength and degree of fatigue strength
improvement cannot be answered within this study as HFMI was only applied to
welds in 1300 MPa yield strength steels. The results obtained in the present study,
however, show lower fatigue strengths compared to the values predicted by other
researchers [86,128]. It should be noted, though, that the proposed FAT values
have been obtained based on data from fatigue testing under axial loading with a
stress ratio of R=0.1 and also for steels with strength levels less than 960 MPa
[9,86] while a bending load with a different stress ratio and a steel with much
higher yield strength has been used in this study. Clamping stresses due to the
welding distortion have also been affecting the fatigue strengths significantly.
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6 Conclusions
In this study the possibility to improve fatigue strength by applying HFMI
treatment or using LTT consumables for butt, fillet and T-joint welds in steels
with yield strengths up to 1300 MPa was investigated. Fatigue testing were done
under tensile load with an stress ratio of 0.1 for butt and fillet welds and in
bending load with an stress ratio of -1 for T-joint welds. The nominal stress
approach was used for fatigue strength evaluation of butt and fillet welds and
effective notch stress was used for the T-joint welds. From this research the
following can be concluded.
LTT welding consumables:
•

The use of LTT consumables increased fatigue strength of welds in steels
with yield strengths ranging from 650-1021 MPa for butt and fillet welds.

•

Weld metals with martensite transformation start temperatures close to
200 °C resulted in the highest fatigue strength.

•

In 1300 MPa yield strength steel, similar characteristic fatigue strengths
(FAT) of 287 MPa was observed for LTT welds and 306 MPa for
conventional welds, both much higher than the IIW FAT value of 225
MPa.

•

Similar distributions of residual stresses and almost the same weld toe
radii were observed for welds in 1300 MPa yield strength steels produced
using LTT and conventional consumables.

•

Neutron diffraction showed that the LTT consumable was capable of
inducing near surface compressive residual stresses in all directions at the
weld toe in a 1300 MPa steel.

•

Very steep stress gradients both transverse to the weld toe line and in the
depth direction, at the weld toe in LTT welds were observed using
neutron diffraction. The largest compressive stresses were seen close to
the surface at the weld toe.
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HFMI treatment:
•

HFMI increased the mean fatigue strength of conventional welds in 1300
MPa steels with about 26% and of LTT welds by 13%.

•

HFMI increased the weld toe radius slightly but produced a more
uniform geometry along the treated weld toes.

•

Large compressive residual stresses, especially in the longitudinal
direction, were introduced adjacent to the weld toe for both LTT and
conventional welds.

•

The increase in fatigue strength due to HFMI is considered to be a
combined effect of weld toe geometry modification, increase in surface
hardness and introduction of compressive residual stresses in the treated
region.

General:
•

Residual stress has a relatively larger influence than the weld toe geometry
on fatigue strength of welds.

•

HFMI treatment was more effective than the use of LTT consumables
in increasing the fatigue strength in a 1300 MPa yield strength steel for
the particular joint type and test conditions used in this project.

•

Residual stress in the base material a few millimetres from the weld toe
can be very different from the stress at the weld toe at LTT welds. Care
must, therefore, be exercised when relating the residual stress to fatigue
strength.
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7 Future work
The relative effects of the weld toe geometry and residual stress on fatigue life of
welds in this project were reported for a specific combination of joint and loading
type. More studies are needed to understand whether the relation is linear and
applies to other weld toe radii or stress ranges or not.
In this research effects of use of LTT fillers in welding and application of HFMI,
both recently developed methods, on fatigue properties were investigated. It
would be interesting to study and compare the effect of these methods to a more
conventional fatigue strength improvement technique such as shot-peening or
needle peening.
This research deals with fatigue strength of welds in high strength steels, with
yield strengths ranging from 650-1300 MPa. No study was, however, undertaken
for the strength range of 1021-1300 MPa which therefore needs to be covered.
Further studies are needed to investigate the relationship between the steel
strength and degree of fatigue strength improvement in welded high strength
steels. IIW has developed a guideline on HFMI of welded high strength steels
with yield strength up to 960 MPa. The guideline suggests an increase in fatigue
strength with increasing steel strength after HFMI. More studies for other
improvement methods, different stress ratios and loading types are needed to
build upon existing knowledge.
Residual stress evaluation using neutron diffraction should be done for the welds
produced in 1300 MPa steels using conventional filler materials, similar to those
performed for the LTT welds. This would give more information about why
similar fatigue strengths of LTT and conventional welds were obtained in this
study.
Further fatigue studies with different stress ratios, loading conditions and joint
types should be performed. One interesting aspect is to investigate the effect of
overloads on stress relaxation and fatigue strength of welds. This knowledge is
very critical in components which experience unexpected high loads during their
working cycles.
Finally, fracture surface studies are needed to better understand the effects of the
weld toe geometry and residual stress on the fatigue life. It would also make it
75

possible to better explain the different behaviour of HFMI treated and welds
produced using LTT filler materials compared to those made using conventional
wires.
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9 Summaries of appended papers
9.1

Paper A: The relative effects of residual
stresses and weld toe geometry on fatigue life
of weldments

The relative influence of residual stress and weld toe geometry on the fatigue life
of cruciform welds was studied. Fatigue strength of cruciform welds produced
using Low Transformation Temperature (LTT) filler material has been compared
to that of welds produced with a conventional filler material. LTT welds had
higher fatigue strength than conventional welds. A moderate decrease in residual
stress of about 15% at the 300 MPa stress level had the same effect on fatigue
strength as increasing the weld toe radius by approximately 85% from 1.4 mm to
2.6 mm. It was concluded that residual stress had a relatively larger influence than
the weld toe geometry on fatigue strength.

9.2

Paper B: Effect of high frequency mechanical
impact treatment on fatigue strength of welded
1300 MPa yield strength steel

Fatigue strength of as-welded and HFMI treated fillet welds in a 1300 MPa yield
strength steel was compared. Fatigue testing was done under fully reversed,
constant amplitude bending load. Finite element analysis was used to calculate the
stress distribution in the weld toe region to permit evaluation of the fatigue data
with the effective notch stress approach.
As-welded samples showed a mean fatigue strength of 353 MPa and a fatigue
characteristic strength of 306 MPa. HFMI treatment increased the mean and
characteristic fatigue strengths by 26% and 3%, respectively, compared to in as
welded condition. The weld toe radii in as-welded condition were large and HFMI
therefore only increased the weld toe radii slightly. However, it produced a more
uniform geometry along the treated weld toes. Large compressive residual
stresses, especially in the longitudinal direction, were introduced adjacent to the
weld toe. The surface hardness was increased in the entire HFMI treated region.
It was concluded that the increase in fatigue strength is due to the combined
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effects of the weld toe geometry modification, increase in surface hardness and
creation of compressive residual stresses in the treated region.

9.3

Paper C: Effect of HFMI treatment procedure
on weld toe geometry and fatigue properties
of high strength steel welds

Effects of HFMI treatment procedure on the weld toe geometry and fatigue
strength in 1300 MPa yield strength steel welds were investigated. In this regard
first the effect of three or six run treatments on the weld toe geometry was
evaluated. The fatigue strength and weld toe geometry of as-welded and HFMI
treated samples were then compared. Fatigue testing was done under fully
reversed, constant amplitude bending load. When increasing the number of
treatment runs from three to six, the weld toe radius and width of treatment
remained almost constant. However, a slightly smaller depth of treatment in the
base metal and a somewhat larger depth of treatment in the weld metal was
observed. HFMI treatment did not increase the weld toe radius significantly, but
resulted in a more uniform weld toe geometry along the weld. It was concluded
that the three run treatment would be a more economical option than the six run
treatment providing a similar or even more favourable geometry modification.

9.4

Paper D: Applicability of low transformation
temperature welding consumables to increase
fatigue strength of welded high strength steels

High strength steels with yield strengths ranging from 650-1021 MPa were fillet
and butt welded using different LTT and conventional consumables. The effects
of weld metal chemical composition on phase transformation temperatures,
residual stresses and fatigue strength were investigated. Lower transformation
start temperatures and hence lower tensile or even compressive residual stresses
were obtained close to the weld toe for LTT welds. Fatigue testing showed very
good results for all combinations of LTT consumables and high strength steels
with varying strength levels. It was concluded that different LTT consumables
can successfully be employed to increase fatigue strength of welds in high strength
steels with yield strength up to 1021 MPa. Weld metals with martensite
transformation start temperatures close to 200°C resulted in the highest fatigue
strengths.
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9.5

Paper E: Improving fatigue strength of welded
1300 MPa yield strength steel using HFMI
treatment or LTT fillers

Effects of application of HFMI or use of LTT consumables on fatigue strength
of welded 1300 MPa yield strength steel were investigated. Fatigue testing was
done under fully reversed, constant amplitude bending load on T-joint samples.
Fatigue strength of LTT welds was the same as for welds produced using a
conventional filler material. However, HFMI treatment increased the mean
fatigue strength of conventional welds about 26% and of LTT welds about 13%.
Similar distributions of residual stresses and almost the same weld toe radii were
observed for welds produced using LTT and conventional consumables. HFMI
increased the weld toe radius slightly and produced a more uniform geometry
along the treated weld toes. Relatively large compressive residual stresses, adjacent
to the weld toe were produced and the surface hardness was increased in the
treated region for conventional welds after HFMI. For this specific combination
of weld geometry, steel strength and loading conditions HFMI treatment gave
higher fatigue strength than LTT consumables.

9.6

Paper F: Neutron diffraction evaluation of near
surface residual stresses in at welds in 1300
MPa yield strength steel

The residual stress distribution both near the surface and in depth around the
weld toe was investigated using neutron diffraction, complemented with X-ray
diffraction. Measurements were done on a 1300 MPa yield strength steel welded
using a Low Transformation Temperature (LTT) consumable. Near surface
residual stresses, as close as 39 µm to the surface, were measured using neutron
diffraction and evaluated by applying a near surface data correction technique.
Very steep surface stress gradients within 0.5 mm of the surface were found both
at the weld toe and 2 mm into the heat affected zone (HAZ). Neutron diffraction
results showed that the LTT consumable was capable of inducing near surface
compressive residual stresses in all directions at the weld toe. It was concluded
that there are very steep stress gradients both transverse to the weld toe line and
in the depth direction. Residual stress in the base material a few millimetres from
the weld toe can be very different from the stress at the weld toe. Care must,
therefore, be exercised when relating the residual stress away from the weld toe
to fatigue strength in LTT welds.
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