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"A little learning is a dangerous thing;
drink deep, or taste not the Pierian spring:
there shallow draughts intoxicate the brain,
and drinking largely sobers us again."

Alexander Pope, An Essay on Criticism, 1709.
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Abstract

Abstract

The present research focuses on the fatigue behaviour and mechanical properties
of a laser welded thin high-strength low-alloy (HSLA) steel. Under a maximum laser power
of 2 kW, single pass and double pass butt welded joints were developed by autogenous laser
welding (ALW) on 3 mm thick Strenx® 700MCE steel. This steel has a minimum vyield
strength at 700 MPa and its typical applications include elements and parts of trailer, trucks,
crane, cars and wagon. This work aims to understand the effect of weld bead geometry,
imperfections and local properties such as microstructure, hardness and residual stresses in
the fatigue strength, fatigue lives and tensile strength of the butt welded joints. It also sought
to establish the laser welding parameters for the development of single pass ALW as well as
to determine their influence on the main factors that affect fatigue behaviour and mechanical

properties.

Design of experiments and analysis of variance (ANOVA) was used to establish
and validate the effect of the welding parameters on the weld bead geometry. Extensive
experimental work was carried out, including, among others: the welding of two sets of butt
joints in addition to previous tests; the determination of S-N curves, fatigue crack growth
rate (FCGR) curves and residual stresses for four welded series and the base metal (BM).
The finite element method (FEM) was used in order to determine the stress concentration
factor (SCF). The main novel contributions achieved by the research carried out include:

(1) Determination of the effect of the main laser welding parameters on the weld
bead geometry in low ranges of laser power (1-2 kW), welding speed (1.5-2.5 m/min) and
heat inputs (20-80 J/mm);

(2) Development of single pass ALW with B quality level according to the ISO
13919-1 welding quality standard, with a detailed description of imperfections including
undercuts and porosity distributions and faithful geometric modeling of weld bead profiles

either real or based on average dimensions for a better determination of SCFs by FEM.
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Abstract

(3) Understanding the effects of laser welding parameters on main factors that
influence fatigue behaviour and the mechanical properties of the HSLA steel. A low HI in
the heat-affected zone (HAZ) and fusion zone (FZ) where fatigue cracks started and
propagated, achieves the following positive effects: smaller width of these zones, bainitic
microstructure that retards the growth of cracks, high hardness in the FZ and less softening
in the HAZ, low residual tensile stresses and even residual compressive stresses in the center

of the FZ, however it also causes a slight increase in porosity and underfill.

(4) Understanding the influence of the main factors on fatigue behaviour and
mechanical properties of the HSLA steel. It was demonstrated that in the fatigue limit
assessment, where the crack initiation period prevails, the stress-concentrating approach and
the consideration of the local properties of hardness and residual stress and an appropriate
SCF that reflects the weld bead profile, achieves a close estimate of the fatigue limits thus

explaining the small differences between the welded joints.

(5) The application of the crack propagation approach, assuming an initial crack
size and appropriate FCGRs at high stress levels to joints welded with thin plates where the
fatigue life is strongly influenced by the quantity, size and location of crack-like
imperfections which determines the formation of characteristic surface cracks leading to

neglect the crack initiation period.

Keywords Fatigue, HSLA steel, Laser welding, Mechanical properties
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Resumo

Resumo

O presente trabalho estuda o comportamento a fadiga e as propriedades
mecanicas de chapas finas de aco de baixa liga e alta resisténcia, soldadas a laser. Usando
uma poténcia maxima do laser de 2 kW, as juntas sdo soldadas de topo a topo com uma sé
passagem e dupla passagem, em aco Strenx® 700MCE de 3 mm de espessura. Esse ago tem
limite de escoamento minimo de 700 MPa e suas aplicagdes tipicas sdo elementos e pecas

de reboques, camides, guindastes, carros e vagoes.

O trabalho visa compreender o efeito da geometria do corddo de solda,
imperfeicdes e propriedades locais como microestrutura, dureza e tensdes residuais na
resisténcia a fadiga, vida a fadiga e resisténcia a tracao das juntas soldadas de topo. Pretende-
se também estabelecer os pardmetros da soldadura a laser autdgena de passe Unico e
determinar sua influéncia nos principais fatores que afetam o comportamento a fadiga e as

propriedades mecanicas.

Plano de experimento e analise de varidncia foram usados para estabelecer e
validar o efeito dos pardmetros de soldadura na geometria do corddo de solda. Foi realizado
um extenso trabalho experimental que incluiu: a soldadura de dois conjuntos de juntas de
topo em adiga@o aos testes anteriores; a determinag@o das curvas S-N, a obtengdo de curvas
da velocidade de crescimento de fendas por fadiga e tensdes residuais para quatro séries
soldadas e o metal base, entre outras. O método dos elementos finitos foi utilizado na
determinagdo do fator de concentragdo de tensdo. As principais contribui¢des do trabalho

realizado, sdo:

(1) Determinagdo do efeito dos principais parametros de soldadura a laser na
geometria do corddo para baixas faixas de poténcia do laser (1-2 kW), velocidade de
soldadura (1,5-2,5 m / min) e entradas de calor (20-80 J / mm).

(2) Desenvolvimento do procedimento de soldadura a laser autogena de
passagem unica com nivel de qualidade B de acordo com a norma de qualidade ISO 13919-

I, com a descricdo detalhada de imperfei¢des, incluindo defeitos na raiz do cordao e
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Resumo

distribuigdes de porosidade e modelagdo geométrica dos perfis de cordao de soldadura, reais
ou, baseados em dimensdes médias para uma melhor determinacdo dos fatores de

concentracao de tensdo pelo método dos elementos finitos.

(3) Compreender o efeito dos parametros de soldadura a laser nos principais
fatores que influenciam o comportamento a fadiga e as propriedades mecanicas. Uma
entrada de calor baixa, na zona afetada pelo calor e na zona de fusdo onde as fissuras de
fadiga se iniciam e propagam, produz os seguintes efeitos positivos: menor largura dessas
zonas, microestrutura bainitica que retarda o crescimento das fendas, alta dureza na zona de
fusdo e menos amaciamento na zona afetada pelo calor, baixas tensoes residuais de tracao
e até tensdes compressivas residuais no centro da zona de fusdo. No entanto, também causa

um ligeiro aumento da porosidade e falta de enchimento.

(4) Analisar a influéncia dos principais fatores de soldadura no comportamento
a fadiga e nas propriedades mecanicas do aco de baixa liga de alta resisténcia. Foi
demonstrado que na avaliacdo da tensdo limite de fadiga, onde o periodo de iniciacdo da
fenda prevalece, a abordagem baseada na concentracdo de tensdo e na considerag¢do das
propriedades locais de dureza e tensdo residual conduz a uma estimativa adequada dos

limites de fadiga, permitindo explicar as pequenas diferencas entre as juntas soldadas.

(5) A aplicagdo da abordagem baseada na propagagdo de fendas, assumindo um
tamanho de fenda inicial e taxas de crescimento de fenda de fadiga apropriadas em altos
niveis de tensdo para juntas soldadas de chapa fina, onde a vida a fadiga ¢ fortemente
influenciada pela quantidade, tamanho e localizagdo de fissuras ou imperfeicdes que
determinam a formagao de fissuras superficiais caracteristicas que reduzem o periodo de

iniciagdo da fenda.

Palavras-chave:  Ago HSLA, Fadiga, Propriedades mecanicas,
Soldadura laser
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Chapter 1

Chapter 1: Introduction

1.1. Research background and motivation

Current challenges such as weight reduction and environmental protection in
mechanical constructions seem feasible with the use of high strength steels (HSS), thin plates
and advantageous welding processes. The automotive sector may be the most visible case
that has shown significant savings in weight, cost and reduction of greenhouse gas emissions
due to the replacement of lower strength steels with high strength steels in several of its thin

components, some of which are welded by laser [1].

Due to the appropriate combination of mechanical properties and weldability,
high-strength low-alloy (HSLA) steels are used in a variety of applications such as
automotive, structural, oil and gas pipelines, pressure vessels, shipbuilding and offshore
structures [2-4]. Thermomechanical control process (TMCP) has allowed the development
of HSLA steels by increasing mechanical strength while retaining toughness and weldability
[5]. HSLA steels with yield strengths above 1000 MPa are available, however the welding

process limits their exploitation.

The deterioration of the mechanical properties in welded components that used
high-strength HSLA steels and conventional welding processes is generally attributed to the
high heat input, which produces changes in the microstructure, residual stresses, distortions
and weld bead imperfections [6, 7]. This has led to a search for solutions that are productively
efficient and take advantage of the high strength of steels.

Laser welding is gaining more applications due to the improvement in laser
technology and the advantages of laser welding over conventional process. The key feature
of laser welding is its high power density that allows depth penetration with a lower heat
input, high cooling rate and a narrow heat-affected zone (HAZ) [8, 9]. Although these
characteristics are propitious for the welding of HSLA steels, laser welding also poses
challenges due to process sensitivity in keyhole mode and because there are several welding
parameters that must be adjusted to obtain sound welds with appropriate mechanical
properties.
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FATIGUE BEHAVIOUR AND MECHANICAL PROPERTIES OF THIN LASER WELDED HSLA STEEL

There is a large number of studies about the effect of laser welding parameters
in the weld geometry and imperfections for various materials as well as those that report the
mechanical properties obtained under specific welding conditions. In HSLA steels, welds
free of defects or tensile mechanical properties equal or similar to the base metal (BM) have
been reported [10, 11], however, this is not the case regarding fatigue strength, where large
reductions are commonly reported in the as-welded condition; additionally, the fatigue limit

seems practically constant despite increasing the mechanical strength of the steel [12, 13].

While the fatigue behaviour of welds has been widely studied, there are still gaps
in knowledge due to the complexity of the subject. The weld quality, the residual stresses,
the material and the thickness effects have been pointed out as the main factors that influence
the fatigue behaviour of the welded joints [14]. On the other hand, the use of steel plates
with a thickness of less than 5 mm is limited, however, in the literature there is a great interest
in investigating the fatigue strength of welded joints with thin steel plates and slender

components as well as considering weld beads’ real geometry and local properties [15-17].

Strenx® 700MCE steel is a HSLA steel with low carbon content, minimum yield
strength of 700 MPa and an elongation of 10-12% and, according to the manufacturer, is a
hot-rolled structural steel made for cold forming, designed for stronger and lighter structures
with good weldability [18]. The typical applications are elements and parts of trailer, trucks,
crane, cars and wagons [19]. As an example, in trailer chassis applications, the replacement
of S335 steel grade by Strenx® S700MC steel could produce a saving in weight of 30 %
[20].

There are few works where Strenx® S700MCE steel or similar ones are laser
welded and those do not consider the fatigue behaviour in thin plates, taking into account
local properties such as residual stress, hardness, weld imperfections and crack growth rate.
On the other hand, laser welding works at low laser powers in keyhole mode are scarce.
Thus, there are knowledge gaps and data shortages on this type of steels that must be
identified and covered in order to contribute to the development of solutions in welded joints

in a way that tends to weight reduction and environment protection.
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1.2. Aim and objectives

1.2.1. Aim

The present research focuses on the fatigue behaviour and mechanical properties
of a thin HSLA steel welded by laser. The aim is to understand the effect of weld bead
geometry, imperfections, hardness and residual stresses in fatigue strength, fatigue life and
tensile strength of laser welded butt joints in Strenx® 700 MCE steel, 3 mm thick. It is also
sought to establish relationships between the factors that affect fatigue behaviour and the
laser welding parameters, as well as the effect of the latter in the development of butt welded

joints with a single pass.

1.2.2. Objectives

e To develop the laser welding for butt joints single pass autogenous
obtaining acceptable weld bead using low laser power.

e To obtain a set of butt joints with differences in the main factors that affect
fatigue behaviour for further study and to determine the weld quality,
imperfection size distributions and weld profiles.

e To establish relationships between the laser welding parameters and
microstructure, weld bead geometry, imperfections and residual stresses.

e To understand the effect of local properties in the fatigue crack growth rate
of the laser welded butt joints.

e To understand the effect of weld bead profile, imperfections, hardness and
residual stresses in the tensile strength, fatigue strength and fatigue life of
the laser welded butt joints.
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1.3. Scientific and technological challenges

The low laser power (2 kW) of the laser equipment available limits the laser
power-welding speed space for the search of sound weld beads with a penetration of 3 mm
and in keyhole mode. Therefore, obtaining welds with acceptable quality poses as a first
challenge and understanding the complex phenomenon of fatigue in a thin element
considering its main factors constitutes the second challenge of this work.

1.4. Thesis structure

Chapter 2 comprises the literature review of this thesis, its purpose being to
establish the frame of reference and identify knowledge gaps in relation to laser welding and
high-strength thin-gauge steels’ fatigue behaviour. Emphasis is placed on the relationships
between laser welding parameters and the main factors influencing the mechanical properties
and fatigue behaviour.

In Chapter 3, a single pass autogenous laser welding is developed to weld 3mm
thick Strenx® 700 MCE HSLA steel. Using a one-factor-at-a-time strategy, the effect of the
main laser welding parameters on the weld bead geometry was determined, as well as the
influence on imperfections. A set of welding parameters for a suitable weld bead were
identified. Microstructure and mechanical properties (hardness and tensile strength) as a
function of heat input were established and discussed.

In Chapter 4, a 22 factorial experimental design based on laser power and
welding speed was conceived in order to obtain four butt joints with different heat inputs,
hardness and imperfections. One of the joints was welded with the parameters that produced
an adequate weld bead from Chapter 3, with the addition of a double-welded joint. The
previously mentioned obtained butt welded joints will be used in the study of fatigue
behaviour in the following chapters. With the imperfections and weld profile being
influencing factors in fatigue strength, these two aspects were described in detail, having the

weld quality level also been evaluated according to the 1ISO 13919-1 standard. The analysis

4 2021



Chapter 1

of variance (ANOVA) was applied to the weld geometry to validate the effect of the laser

welding parameters.

The experimental results of four butt-welded joints” S-N curves are analyzed and
discussed in Charter 5. The influence of weld profile, imperfections, residual stress and
hardness on the fatigue behaviour at low stress levels through the stress-concentrating effect
were explained. The welded series’ fatigue limits were predicted through the stress-
concentrating effect and by the relationship proposed by Murakami.

In Chapter 6, the fatigue crack growth in the fusion zone (FZ) and in the HAZ
for four welded series was studied. Paris’ Law parameters considering the effect of the crack
closure were obtained. The fracture analysis of fatigue specimens at high stress levels served
to make estimates and predictions by the fracture mechanics approach to welded joints’

fatigue lives.

Finally, general conclusions and future work are presented in Chapter 7.
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Chapter 2

Chapter 2: Literature review

2.1. High strength steels overview

The high strength steels (HSS) term refers to steels that exceed a certain level of
strength. Although this value is generally not explicitly defined in some works and design
guides, in the European Standard Eurocode 3 it has been established as 460 MPa [1].
Currently the previous level has been widely exceeded by a variety of steels as can be seen
in Figure 2.1, where especially steels with automotive applications such as advanced high
strength steels (AHSS), high-strength low-alloy (HSLA) steels and other type of steels are

located in the elongation-tensile strength space.

80
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Figure 2.1 Location of HSS in the space elongation-tensile strength [2].

The production of HSS with increasing tensile strength has allowed considerable
reductions in weigh and cost and environmental benefits. For example, Hulka et al. [3]
showed an case where under tension loads, the plate thickness was reduced 60% when S960
steel was used instead of S355 steel, Nowacki et al. [4] presented a chart with various savings
(in thickness, weight, time and others) that exceeded 70% in comparisons between the use
of S335 and S1100QL, meanwhile, He at al. [5], in a case study that estimates various
environmental benefits from the use of AHSS instead of common steels, it is shown for
example that the replacement of 50% of the vehicle body results in 185.6 kg CO2eq

reduction in cradle-to-gate greenhouse emissions gas (GHG) per vehicle.
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The key factor in the production of current HSS has been attributed mainly to
thermo-mechanical controlled processing (TMCP) although quenching and tempering
processes (Q&T) are also used. TMCP is a sophisticated combination of well-defined
deformation operations and heat treatments in a single stage to control the microstructure of
steels for to produce multiphase steels [6]. This technology is used to produce both HSLA
steels and AHSS.

Unlike AHSS, HSLA steels have a broader spectrum of applications such as
automotive, structural, oil and gas pipelines, lifting, shipbuilding, pressure vessels, farm
machinery and industrial equipment [1, 7, 8]. HSLA steels are classified as microalloyed
steels, have low carbon content and with a varied chemical composition. The good
combination of properties such as tensile strength, toughness and weldability is mainly based
on a fine grain size, low carbon content and the precipitation strengthening of vanadium,
niobium and titanium, although other elements can strengthening by solid-solution or

improve the hardenability and the resistance to atmospheric corrosion [8, 9].

More demanding or additional requirements in several of the industries that have
used HSLA steels are being covered by new solutions aimed to weight reduction and enhance
specific properties according to the application. For example, in a reactor pressure vessel
application, fracture toughness, fatigue crack growth rate and neutron irradiation
embrittlement resistance plus tensile strength were considered the influencing properties in
the evaluation of three types of A508 steels [10]. A steel presented an excellent combination
of strength and fracture toughness based on a tempered martensitic microstructure, however,
due to its nickel content, which is prone to neutron irradiation, required further evaluation.
In other case of a pipeline application, a good balance between high strength, low
temperature toughness and good weldability were highlighted in the analysis of two
manufacturing concepts on X100 pipeline steel [11].

The above examples show a sensitive interdependence between the process
parameters, the chemical composition and the microstructure of the steels, which determines

the desired properties in each application.
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In general, the high strength of HSLA steels can be achieved with
microstructures such as martensite and bainite, however, the balance between tensile
strength and toughness has been reported due to microstructures such as acicular ferrite,
bainites or combinations between phases [12, 13]. On the other hand, good weldability in
steels mainly refers to the minimal risk of cold cracking with normal welding practices, the
use of filler metals with low hydrogen content and no need for temperature control in
welding. This property in HSLA steels is due to the very low carbon content and the low
carbon equivalent (CE) and in the case of thin plates avoids the use of pre- and post-weld
treatments as well as reduces costs and increases productivity.

2.2. Strenx® 700MCE steel

According to the steel producer, Strenx® 700 MCE steel is a hot rolled structural
steel for cold forming. The chemical composition (max %) and tensile mechanical properties
are shown in Table 2.1 and Table 2.2, respectively. This steel is produced in thicknesses
from 2 to 10 mm, covering the requirements of S7T00MC in EN 10149-2 and the E letter
corresponds to a minimum energy impact of 27 J/-40°C [14].

Table 2.1 Chemical composition (%).

C Mn Si P S \Y Nb Al Ti Fe
0.12 2.1 0.21 0.020 0.010 0.20 0.09 0.015 0.15 balance

Table 2.2 Tensile mechanical properties.

Yield strength Tensile strength Elongation
(min MPa) (MPa) (min %)
700 750-950 10

S700MC steel is a HSLA steel, produced by TMCP whose mechanical properties
are due to a ferritic-bainitic microstructure hardened through precipitation, solution, plastic
deformation and grain refinement [15]. Various authors [16-18] agree with the previous
microstructure. The role of the alloying elements such as Nb, V and Ti is reported according
to the fine and coarse precipitates found in the microstructure. Gorka and Stano [19] in the
ferrite identified a hardening effect by (Ti, Nb) (C,N)-type dispersive precipitates of few
nanometers in size; the reduction of the growth of recrystallized austenite grains by coarse
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precipitates like the previous ones and carbides (Ti, Nb)C-type precipitates, while; Goritzki
et al. [20] established an adverse effect on toughness by coarse inclusions of complex
composition based on titanium carbonitride and aluminum oxide Al2O3. The high strength
of this grade of steels is due to various hardening mechanisms, although it has not been
conclusively determined which is the mechanism that contributes the most to high strength,
however, DeArdo et al. [12] point out that in the case of bainitic microstructure, the greatest

effect is probably due to the density of dislocations and the solid -solution.

Due to properties as high strength, toughness and weldability, ST00MC steel is
used in various applications such as large cranes, earthmoving equipment, telescopic booms,

truck trailers and agricultural machinery [14, 21].

The weldability attributed to S7T00MC steel can be judged based on the practical
procedure given in [22]. Through this procedure the material is located by means of the
carbon percent and CE in one of the three zones (Figure 2.2). The zones indicate the greater
or lesser possibility of cold cracking (being higher in zone 1) and temperature control
requirements according to the thickness, filler material and joint restriction. Steels with
carbon content less than 0.1%, although with a high CE, would be located in zone | where
the risk of hydrogen cracking is lower. In relation to Strenx® 700 MCE steel, assuming the
carbon content 0.1 %, the maximum percentages for the remaining chemical elements (Table
2.1) and by means of the relation (2.1) [22], the CE results 0.53, therefore it is located on the
border between zone | and zone I11. The steel manufacturer, for welding for this grade of
steels up to 30 mm thick, does not prescribe preheating temperatures and between welding

passes [14], thus indicating good weldability.

Mn+Si Cr+Mo+V Ni+Cu (2.1)

CE = C
t—  t 5 t s
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Figure 2.2 Diagram carbon-carbon equivalent [22].
2.3. Laser welding

The applications of laser welding are wide and varied. Sectors such as aerospace,
automotive, biomedical, construction, railway, power generation and shipbuilding are
among the most common; various types of steels, aluminum alloys, titanium alloys and
dissimilar materials are some of the materials joined by laser welding [23]. The different
modes of laser beam emission and interactions with the materials and the combinations with
arc processes allow applications from very thin to thick thickness and in various types of
welded joints. Autogenous laser welding (ALW), narrow gap laser welding (NGLW), pulsed
laser, hybrid laser-arc are among others, types of laser welding that enrich the application

alternatives in the field of welding.

A high power density is the significant feature of laser welding compared to
conventional welding processes. Narrow and deep penetration, low heat input, small heat-
affected zone (HAZ) and fusion zone (FZ), minimal distortion and other advantages such as
flexibility and automation can be achieved by laser welding systems [24]. Characteristics
like the previous ones have allowed laser welding to continue increasing the applications.

Figure 2.3 illustrates an industrial application and a weld bead of laser welding.
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Figure 2.3 A laser welding application (a) [25] and ALW weld bead (b) [26].

2.3.1. Laser optics and beam quality

In laser welding, the coherent electromagnetic radiation emitted by the laser is
conducted and focused on the welded joint. If the beam is delivered by optical fiber, the
divergent beam is collimated and focused by lenses, see Figure 2.4a. Ideally at the welding

site, high power concentrated in a small zone and constant throughout it is desirable; the

diameter fy (waist diameter, spot diameter or focus diameter) and the length f; (focus depth)

define this zone. Due to the laser optic system, a minimum beam diameter fq is produced,

the beam diverges beyond of the waist beam a certain angle y and a beam shape (Gaussian)
where the power intensity varies in the space is formed, see Figure 2.4b. Through the
characteristics and quality of the optical system and laser, the geometric parameters and the

energy available at the welding site can be determined as indicated below.
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(a) lenses Gaussian

=

Figure 2.4 Schemes of the laser optical system a) and irradiance distribution in space b), adapted from [27]

The size of the focus diameter fq is determined by the focal lengths Fr and F¢ of

the lenses and by of the optical fiber diameter O:

fa= (2.2)
The beam parameter product (BPP) which is a quality index of the laser
establishes the angle of divergence :

_ 4 BPP
fa

(2.3)

The intensity of a laser beam is measured by the irradiance I, which is defined
as the power of electromagnetic radiation per unit area (also named power density). For the
fundamental transverse electromagnetic mode of any laser, the cross section of the beam is
circular and the profile of the irradiance (I (r, z)) in this section is Gaussian [27].
Conventionally it is assumed that the waist radius is the radius value where the irradiance
drops to 0.135lo, being lo the peak of irradiance on the beam waist center. In order to

establish a distance in the direction z where the beam diameter is approximately constant (2Z
or fi), the Rayleigh range it is generally used, in which the diameter increase to v2 fq, with

this, the distance Z is:
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fy
_Ja 2.4)
2=

Therefore, the focus depth f; can be determined in function of the focus diameter
and the divergence angle y. In the Figure 2.4a, the schematic Non-Gaussian beam (dotted
line) considers a laser output more real than a Gaussian beam. The decrease of the
focusability for a beam more real can be evaluated by the beam factor M? which is the
relation between BPP Non-Gaussian and Gaussian. The value of M? is always greater than

one and depends of the laser type, its optics and the power [28].

In summary, the fiber diameter © and focal lengths determine the focus diameter
fa, while a low BPP value and an M? value close to one, allow a deep focal length for less

power variation in the weld zone.

2.3.2. Disk Laser

Various types of laser are used in welding: CO2, Nd: YAG, diode, fiber and disk.
These lasers differ in power, wavelength, efficiency and in specific characteristics that allow
them to compete as sources for welding, however, the current development focuses on the
last three types [29]. A disk laser is a solid-state laser whose gain medium is a wafer-thin
crystalline disk made of Yb: YAG pumped by a diode laser and the optical resonator
composed of internal and external mirrors to the cavity containing the disk [30]. Figure 2.5
shows two diagrams of the disk laser. The principal advantages of disk lasers are: high output
power, high electrical efficiency and high beam quality simultaneously [29, 31].
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Figure 2.5 Schemes of disk laser systems [30, 32].

From the commercial information of a disk laser manufacturer [25], some
technical characteristics of their models are the following: power at the workpiece: 1-16 kW,
power constancy 1%, beam quality (BPP) 2-25 mm-mrad, laser light cable diameter: 50-600

pm and wavelength 1.03 um. According to [31] the quality parameter M? can go from 1.2 to
20 for powers of 100 W to 8 kW, respectively.

The general characteristics of the laser equipment available for the research work
can be seen in Table 2.3.

Table 2.3 General characteristics of available laser equipment.

Laser: Trumpf TruDisk 2000

Laser maximum output (W) 2000
Beam wavelength (nm) 1030
Fiber diameters (um) 50, 200
Beam parameter product (mm-mrad) 2

2.3.3. Operation modes

In laser welding two operation modes are distinguished from an irradiance level

that produces a large increase in penetration. It is generally considered that on an irradiance
of 10° W/cm? [33], the keyhole mode is produced, while below this level, the conduction

mode occurs. In the keyhole mode, deep and narrow penetration, high welding speed and
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low heat input (HI) can be achieved, however, certain disadvantages are present, such as
close fitting due to small focused spot size, accurate beam-joint alignment and variety of
weld bead defects can be produced. Although the conduction mode has a low penetration it
also has advantages such as the process is stable, allows better control of the HI, the width

beam reduces close fitting and not require high beam quality [34].

When a laser beam hits a metal surface, if the irradiance is not enough, the
absorbed energy only forms a weld puddle and the heat is quickly dissipated by conduction,
whereas, if the irradiance is enough the metal liquid rises the boiling temperature and a
keyhole is formed due to the evaporation, see Figure 2.6. In conditions of stability the
keyhole is maintained during the welding and a deep and narrow penetration is achieved. A
characteristic aspect ratio of the weld bead (depth/width) has each mode [35], that according

to Quintino et al. [33], a ratio greater than 1.5 identifies the keyhole mode.

Laser beam

ot 'l ‘

a sk

/LN - .
3D conduction &
< — |3
k=
- e 8
a

- —
Keyhol/ N

Single reflection Multiple reflections
T < Tgoil T ~ Tgoil
(a) (b)

Figure 2.6 Scheme of laser welding operating modes, adapted from [36].

In a research of how laser welding affects the formability of a DP980 Double
Phase steel [37], it was used two types of lasers with two different beam size, one much

smaller than the other (600 um and 12x0.5 mm). Characteristic weld beads were obtained
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for each operating modes, thin and deep in the keyhole mode and wide and small penetration

in conduction mode.

2.3.4. Laser Welding Parameters

For a base metal (BM), thickness, joint design and laser welding equipment, a
set of welding parameters must be established for achieve a proper weld bead geometry, free
of defects, adequate mechanical properties as well as the efficiency in the process.
Considering that the high power density is the prominent characteristic of laser welding and
the HI is a factor determinant for any welding process, the welding parameters could be

grouped as main and secondary, as indicated below:

e Main: power (P), welding speed (v), focus diameter (fq), focus position (fp)

and focus length (f)).

e Secondary: shielded gas, surface condition, joint preparation, welding

position and beam tilt.

In the case of thin materials, the focus position and focus length parameters may
have less effect if the focal length is deep. Although some parameters have been called
secondary, due to the sensitivity of laser welding they can affect the weldability and
efficiency. In addition to the mentioned welding parameters, depending on the emission
mode (continuous mode, pulsed mode) and the type of laser process, other parameters could

influence in the weldability of the materials.

Unlike conventional welding processes, where knowledge and experience have
allowed effective joint of the most of materials in industrial applications, in laser welding,
achieving good weldability in a given application generally requires experimental work,
several attempts and optimization, so that achieving a defect-free weld has become a
challenge [38]. In the literature, several methods have been reported to determine the
welding parameters for a satisfactory welding, these can include in: trial and error, design of
experiments, use of analytical models, optimization methodologies and simulation by finite
element method [39].
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2.3.5. Effect of Laser Welding Parameters on Weld Geometry

The penetration and width of the weld bead are of primary importance in any
welded joint, therefore the relationship with the laser welding parameters need to be known.
In the work [33], using a 19mm thick API 5L: X100 steel plate, for a wide power range (2-
8 kW), welding speed (0.3-3 m/min) and heat input (50-1200 J/Jmm) were stablished the
respective functions in relation to penetration depth. Figure 2.7a and 2.7b show the
relationship of penetration with power and speed, respectively. The welding parameters:

beam diameter, 0.6 mm; BPP, 16 mm-mrad and focal position, 0 mm, were constant.
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Figure 2.7 Penetration depth as function of power (2) and of welding speed (b) [33].

As seen in the two Figure 2.7, the relationships tend to be linear except for low

values of the welding speed, where a large increase is observed as the welding speed is
reduced.

The HI is an important welding parameter, represents the energy per unit length
supplied to the welded joint, in laser welding the nominal heat input can be determined by
the expression:

HI =60 % - (2.5)
v

where, with the power P in (kW) and the welding speed v in (m/min) results the HI in (J/mm).

The value of the HI necessary for complete penetration in a given joint is very useful because

it allows the variation of power and welding speed in order to modify the weld bead
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geometry. The HI has been investigated in some works founding that the increase of the HI
increase the penetration depth [33] as well as the width of the weld bead [40].

Sharma et al. [41], for combinations between steels: Dual Phase (DP),
Transformation induced plasticity (TRIP), Boron alloyed and mild steels for butt welds in
thicknesses ranged from 1 to 2 mm using Yb: YAG laser in keyhole mode, through of three
series in which the power and welding speed varied between, 2-4.5 kW and 70-150 mm/s,
respectively, developed an expression that allows to calculate the welding speed v (mm/s) as

function of power P (kW) and thickness t (mm), thus:
t
v = 0.27 exp[—0.886 (F) —0.577] (2.6)

For the previous relation was reported an error ranged -39 % to 27 %.

From an efficiency point of view, high powers, high speeds and small focus sizes
are desired. When reviewing the literature, a wide range of these three factors is found for
complete penetration in ALW of HSS. In Table 2.4 are presented data reported in various
works with exception of the irradiance and the nominal HI that were calculated based in the

focus diameter, power and welding speed.

Table 2.4 Welding parameters used in various works.

Steel Thickness diz(rJr(]::tser Power V\geldigg IHeat Irradiance Mode Reference
Laser pee nput
(mm) (um)  (KW)  (m/min)  (J/mm) (wl/gfnZ)

Fiber S700 13.0 800 13.0 0.72 1083 2.6 keyhole [26]
Fiber S960 8.0 800 6.4 1.08 356 1.3 keyhole [42]
Disk Domex 960 5.0 200 3.3 1.00 198 10.5 keyhole [43]
Fiber S690QL 3.0 600 3.0 2.50 72 11 keyhole [44]
Fiber S700MC 5 200 2.5 0.50 300 2.0 keyhole [45]
Fiber TRIP 2.0 200 2.0 3.50 34 6.4 keyhole [46]
Disk  Docol 1200M 1.8 300 2.5 6.00 25 3.5 keyhole [47]
Disk  Docol 1200M 1.8 600 35 6.00 35 1.2 keyhole [47]
Fiber DP 980 1.2 600 6.0 16.00 23 21 keyhole [48]
Diode DP 980 1.2 6 mm? 4.0 1.00 240 0.1 conduction [48]
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Some observations can be highlighted from the table above. The value of 10°
W/cm? commonly assumed to differentiate the two modes agrees; in general, the HI
necessary for a complete penetration increase when increase the thickness; the HI per mm
of thickness varies between 14 to 80 J/Jmm? in keyhole mode; for a same thickness it is
possible to achieve complete penetration with less HI if a focus of smaller diameter is used
and even for relatively thin thicknesses, if small focus is not used, powers above 3 kW have
allowed to reach full penetration. Expression (2.6) was tested for the data in Table 3.4,

finding that it is valid for thin thicknesses.

For certain power, the beam size modifies the irradiance. Kawahito et al. [49],
using four focus diameters: 130, 200, 360 and 560 um, investigated the effect of power
density for a stainless steel SUS304, 8 mm thick. They found that at high welding speeds the
penetration increase remarkable with the power density. Therefore, a small focus diameter
increases the penetration. In relation to the effect of the focus position on the penetration in

[50] was found that the penetration increase for negative focus positions.

Other factors than the main ones have also been studied in laser welding.
Sokolov and Salminen [51], studied the effect of edge surface preparation in the penetration
depth in a 20 mm thick butt welded joint in low alloy S355 steel. The edges of the plates
were prepared by shot blasted or milling machine obtaining different roughness. They
founded that penetration depth varied with de roughness and gap, it was also observed that
the penetration had variation along of the weld axis. Maina et al. [52], found that the surface
condition has a great influence on the laser micro-welding of copper. They established that
the absorption ratio and the stability of the process increase by controlling the surface

topology and therefore the penetration and the surface quality of the weld increase.

2.3.6. Effect of Laser Welding Parameters on Imperfections

Due to the laser welding comprises complex multidimensional mechanisms, the
ensuring a high quality welded joint without defects is a major challenge [38]. The welding
parameters must be chosen appropriately to avoid imperfections that can compromise the
structural integrity of the welded joints. The 1ISO 13919-1 standard [53] presents three

quality levels (B, C and D) and 18 imperfections for laser beam welds. In the literature there
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are a variety of imperfections and denominations, the possible causes and their general

prevention [54-56].

Imperfections such as undercuts, underfill, excess weld (humping), lack
penetration, porosity, spatter and bad aspect of the weld seam are commonly reported in
works [50, 57], where the effect of laser welding parameters on imperfections has been
studied for ALW in thick steel plates. In the work [50] was studied principally the effect of
welding speed and the focus position, it was established that high welding speeds tend to
decrease the underfill and that the two mentioned welding parameters can serve to optimize

the weld bead, see Figure 2.8.
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Figure 2.8 Welding speed and defocusing effects in the weld bead [50].
Meanwhile in [57] the effect of the laser focusing properties (fg and f|) on weld

defects was investigated for a HSS. Two optics systems were used: system A (fqg = 200 pum,

fi = 2 mm) and system B (fg = 270 um, fi = 4 mm). A variety of defects were observed
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throughout the speed range in the system A, while in the system B the defects decrease and
there is no porosity at low speeds. According to the authors the system B offers better
weldability at low speeds that was attributed to the distribution of the power density along
the keyhole, in the case of system B the power density was more balanced meanwhile, in the
system A, there was a great variation. This study establishes that a stable keyhole for
complete penetration is achieved with power density within 50-120 kW/mm2. Figure 2.9

illustrates imperfections reported in the previous work for certain range of the welding speed.
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Figure 2.9 Defects of the system A produced as function of welding speed [57].

In the work [49], at 6 kW in a welding speed ranged 4.5 to 10 m/min and for the
spots diameter of 360 and 560 um, a window of sound welds between defects as porosity,
humping and underfill was displayed, see Figure 2.10a. In this work, imperfections-free
welds are attributed to the long molten pool that suppresses and accommodates the spattering
and a stable keyhole without bubbles on the tip.

Lisiecky [45] investigated the effect of the HI in laser bead-on-plate welding of
5 mm thickness, determined the necessary HI for complete penetration and showed the
influence of ranges of power and welding speed on the formation of imperfections, see
Figure 2.10b.
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Figure 2.10 Sound welds windows in space depth-welding speed (a) [49] and welding speed-power (b) [45].

In two studies, [58] and [15], where the S7T00MC steel was laser welded, a
quality level B according to the 1SO 13919-1 standard and mainly imperfections such as
undercuts, underfill, excess weld, porosity, misalignment, incomplete penetration, spatter,

and bad appearance, were reported.

The stability of the keyhole appears as an important factor for a uniform
penetration and to avoid defects as porosity in many materials [55, 59, 60]. In Zhao et al.
[61] it is pointed out that for a range of defocusing the keyhole was stable and therefore
porosity decrease significantly. In [62] the correlation between the keyhole oscillations and
the frequency characteristics of the laser welding light emissions was studied. It was found
that a significant oscillation of the keyhole results in variation of the penetration and rough
surface of the weld bead therefore the welding process is unstable being the cause of the
oscillation the inappropriate selection of the welding parameters. It was also determined for
a carbon steel that the keyhole is more stable to high power, low speed and focus position
below of workpiece surface. The instability of the keyhole also causes the variation of the

weld bead section along of the weld axis as shown in some works [50, 63].

Other aspects have also been reported to cause imperfections, Lampa [64],
investigated the effect of the separation between plates (gap) in butt joints formed with 2

mm thick stainless steel. It was observed that when the gap increases, underfill occurs.
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As reviewed in these last two sections, there are several welding parameters
influencing the weld bead geometry and imperfections, although there are general trends in
the effects of each parameter, these are affected by the specific welding conditions of each
case. On the other hand, there are conflicting criteria, for example productivity leads to the
use of high speeds while low speeds are recommended for greater stability of the keyhole.
Although it is possible to establish ranges of welding parameters in which there are welds
without defects, these ranges are narrow or not applicable to low values of welding
parameters such as power or welding speed. It has also been seen that despite keeping the
welding parameters constant, there are always variations in the profile of the weld bead along
the axis of the weld. Therefore, to achieve a suitable weld, a careful selection of the welding
parameters and the evaluation of the variation of the section of the weld bead and

imperfections in its length is required.

2.3.7. Modelling and Optimization in laser welding

The demands on the weld quality for a certain application may require
minimizing the presence of imperfections, optimizing the weld bead profile or avoiding that
the mechanical properties of the welded joint decrease excessively with respect to the BM.

Several approaches are found in the literature for these purposes.

Guo et al. [42] reported in 8 mm thick S960 steel ALW that sound weld and
complete penetration was achieved after of many trials. The cross sections of the weld beads
obtained with different values of power are shown in Figure 2.11, the weld bead optimized
corresponded to 6.5 kW (Figure 2.11d). It should be noted that the optimized weld bead has

a slight excess weld at the weld root.
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Figure 2.11 Wed bead cross sections for different power laser (kW), 6 (a), 6.2 (b), 6.7 (c) and 6.5 (d) [42].

The same author in another work [65] applied design of experiments (DoE) and
optimization multi-variable at the NGLW process for find the better combination of
parameters in order to achieve weld bead sound and efficiency. The laser power, welding
speed and wire feed rate were the input variables while the weld integrity, weld bead width
and de number of passes were the output variables. This approach was applied to S960 steel
in 6 mm of thickness and after of the validation experimental, the relations of the
optimization model were also applied to two steels with different thickness (8 and 13 mm).
In the case of the 13 mm thickness, the optimization model results were modified slightly,

indicating that the model has a limitation in the range of thicknesses it can cover.

Khan et al. [66] developed mathematical models to determine optimal laser
welding parameters for minimization of weld bead width and maximization of penetration
depth and shearing force of two stainless steels. They used a factorial design of three factors
and three levels that allowed assessment the effect of each parameter, the solutions unlike
other works, were validated for ranges of each parameter. This author highlighted that the
conventionally the selection of laser welding parameters for new welded products depends

of the skill of engineer or machine operator can lead a time consuming trial and error.
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In [38] it is used an optimization method based in back-propagation neural
network (BPNN) and genetic algorithm (GA) for welding defects reduction through the
relationship between the welding parameters (power, welding speed and focal position) and
the welding defects indexes for the weld bead. For 2 mm thick DP590 steel welded with
fiber laser were founded porosity, incomplete penetration, drop-thru, humping and large
fusion zone. The parameters that allowed to optimize the weld bead eliminating the defects
as mentioned were: 2.14 kW, 2.73 m/min and -1.68 mm (Note the precision used in welding

parameters).

Beyounis and Olabi [39], presented a review of the application of methods for
the modelling and optimization in welding process using statistical and numerical
approaches. Factorial design, artificial neural networks (ANN), GA, Taguchi and response
surface methodology (RSM) are the principal methods reviewed in some applications to both

weld bead defects and mechanical properties of the variety of welding processes.

According to the review from trial and error to various optimization
methodologies they do not guarantee the elimination of defects and the variation of the weld

profile along of the weld axis.

2.3.8. Laser welding of high strength steels

Although laser welding has characteristics that advantage over conventional
welding processes, the heating and cooling cycles of welding differ considerably from the
careful TMCP or Q&T used for the production of HSS. The hardening mechanisms and hard
microstructures of the BM undergo changes in the welded zone due to the heat introduced
for welding. The FZ and the HAZ produced by welding show microstructures different from
that of the BM, these changes can affect the mechanical properties of the welded elements.
On the other hand, the keyhole mode comprises vaporization that can also cause the loss of

alloying elements.

Starting from the fact that mechanical properties are governed by the
microstructure, understanding its evolution by effect of laser welding is of outstanding

importance. The HI is the common measure of comparison of the heat effect in any welding
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process, for the case of laser welding comprises the power and the welding speed according
to the relation (2.5).

2.3.8.1. Effect on microstructure and hardness

Guo et al. [26], determined the microstructure evolution in three welding
processes (GMAW, ALW and NGLW) of S700 steel in 13 mm thickness. The bainitic
microstructure of the base metal was transformed into the HAZ and FZ in various
microstructures according to HI of each welding process. For the ALW, with 13 kW of
power, welding speed of 0.72 m/min (HI=1083 J/mm) and focus diameter 800 pum, the
microstructure evolve to bainite and small quantities of martensite in the FZ and to
martensite in the HAZ, see Figure 2.12. Consequently to microstructure changes, hardness

profiles are produced in the welded area, such as those indicated in Figure 2.13.

Figure 2.12 Microstructures of steel S700 in ALW, BM (a), HAZ (b) and FZ (c) adapted from [26].
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Figure 2.13 Micro-hardness of steels S700 [26].
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As can be seen in previous Figure 2.13, the sizes of the HAZ and FZ of the laser
processes are smaller than those the conventional process, the HAZ softening in the GMAW
process is more greater than the laser process, the FZ hardness are greater than the BM for
the laser processes and therefore the hardness in each zone is consistent with its

microstructure.

Farabi et al. [67] analyzed the microstructures and hardness of two steels Dual
Phase (DP600 and DP980, 1.2 mm thickness) welded by diode laser. It was used a power of
4kW, welding speed of 1 m/min (H1=240 J/mm) and beam dimension of 12x0.9 mm2. The
BM microstructure of these two steels consists mainly of ferrite and martensite in different
proportions and shape. According to the authors, for the two steels in the HAZ, there were
tempering of the martensite, affecting more to the DP980 steel because of its greater amount
of martensite, and in the FZ of the two steels, the martensite formed is due to rapid cooling
of the laser process. Figure 2.14a-c for DP 600 steel and Figure 2.14d-f for DP980 steel,
illustrate the significant changes in BM microstructure in HAZ and FZ. In the hardness
profiles that are shown in Figure 2.15, it is observed that the DP 600 steel suffers an increase
in the FZ and a small softening in the HAZ, in contrast, the DP980 steel does not increase
the hardness in the FZ and has a wide and sharp softening in the HAZ in which the hardness

decreases considerably.

Figure 2.14 Evolution of microstructure in DP steels; BM (left)-HAZ (center)-FZ (right); (a)-(b)-(c) DP600
and (d)-(e)-(f) DP980 [67].
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Figure 2.15 Hardness profiles of the dual phase steels DP600 (a) and DP980 (b) [67].

When comparing the width of the heat affected zones of the laser welds in Figure
2.13 and 2.15, it can be seen that there is an appreciable difference that may be mainly due

to the larger size of focus used in the welding of the DP steels.

In two studies [68] and [15], the microstructure changes of STO0MC steel due to
different heat inputs were analyzed through the corresponding cooling rates expressed as tgs
cooling times. Lahtinen et al. [68] worked with four tg/s cooling times 5, 10, 15 and 20 s
compared the ST00MC-1 and S700MC-2 steels, where the difference was the addition of a
micro-alloying element to a of the steels. They found a great effect on the mechanical
properties that were related to the critical changes in the microstructure due to the cooling
rates used. The recrystallized zone (CG-HAZ) was identified as the most problematic zone
due to size, softening and microstructure. The microstructures found were composted by
martensite and bainite and a greater tendency to form hard phases by low HI and due to the
addition of the micro-alloying element. Figure 2.16 shows characteristic microstructures in

HAZ for the two steels STO0MC at tg/5 cooling times of 5 and 20 s.
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Figure 2.16 Microstructures in HAZ for high heat input (tss = 20 s, left) and low heat input (tss = 5 s, right)
for ST00MC-1 steel (a) and (b) and S7T00MC-2 steel (c) and (d), respectively.

Meanwhile, Gorka [15] in a study of assessment to the weldability of a ST00MC
steel of 10 mm thickness, established that the microstructure can be from martensite for short
times to a mixture of bainite and ferrite for big times. Figure 2.17 illustrates the
microstructures found for cooling times tg;s of 3.4, 12.9 and 87.8 s. This author found that
welding cycles can produce small precipitates (Ti, Nb) (C, N)-type together with large
particles (Ti, Nb) N and TiC which lead to a higher density of dislocations and ductility

reduction.
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Figure 2.17 Microstructures of steel STO0MC for three cooling times [15].
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As can be seen in these last two works, small variations in the chemical
composition of the steels and the different cooling times cause large changes in the
microstructure. Being the HAZ of greatest interest in welding, as reviewed and additionally
according to works [46] and [42] the hard bainite or martensite microstructures of the BM

evolve into tempered microstructures, so this area was softened.

In summary, depending on the initial microstructure of the BM and the HI,
different microstructures are produced in the HAZ and FZ that determine the distribution of
the hardness. In general, in laser welding as low heat inputs and high cooling rates are
provided, so in the FZ, hard microstructures are produced if the BM is soft and, conversely,
a hard microstructure can be smoothed if the HI is not low enough. In the HAZ there is
almost always softening, although its magnitude depends mainly on the HI value.

2.3.8.2.  Effect on tensile strength and ductility

As is well known, tensile strength is positively correlated to hardness while the
opposite occurs with the ductility. Since the detriment of the mechanical properties has been
associated mainly due to the size and softening of the HAZ and in the previous section it was
shown that this generally occurs although to a lesser degree in laser welding, therefore it is

necessary to determine the effect on tensile strength and ductility in laser welded elements.

In the work [46] where two steels (Docol 1200M, 1 mm thick and TRIP, 2 mm
thick) were welded with various conventional welding process (MAG and TIG) and with
laser processes (DL and FL), the effects on HAZ width, hardness and tensile mechanical
properties were reported. It is found that the HAZ width was much smaller in the laser
processes (0.2 mm) than the conventional ones (2 mm). The HAZ hardness in the Docol
1200M steel was lower than the BM for welding laser (373 HV) but was much lower for the
conventional process (236 HV). The tensile strength in all the joints welded in the Docol
1200M steel decreases with respect to the BM, however it decrease less for the laser process,
see Table 2.5. Meanwhile for the weld joint on TRIP steel, the tensile strength decreased in
relation to BM in the conventional process but increased for the laser processes, see Table
2.6. As can be seen, ductility (A %) in all cases decrease in relation to the BM being the

largest decrease for conventional processes. This behaviour was explained by the effect of
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the HI and the changes suffered by the microstructures by the heating and cooling cycles. In

laser processes the HI is lower and the rate cooling is high unlike conventional processes.

Table 2.5 Mechanical properties of Docol 1200M welds [46].

Rp0.2 [MPa] Rm[MPa] A [%]
Base material 1198 1307 4
Laser weld - | 1037 1080 0.8
Laser weld - T 800 837 15
MAG weld - | 652 796 -
MAG weld - T 514 714 3.7

Table 2.6 Mechanical properties of TRIP welds [46].

Rpo.2 [MPa] Rm [MPa] A [%]

Base material 404 885 20.7
TIG 461.0 873.3 6.1
MAG 466.7 847.7 6.5
TIGHT 412.7 830.6 7.9
MAG HT 440.7 840.7 7.1
DL 487 1012 11.6

FL 486.7 997.2 10.7

From the review of two works [47, 48] where the effect of HI on the
microstructure and mechanical properties in butt joints laser welded using thin HSS were
studied, the following can be stablished: when the HI increase, the size of the HAZ and FZ
grows, the tensile strength and the ductility decrease. According to the reported by the
authors, although the tensile strength decreased, it was close to that of the base metal. In the
second study [48] the two steels generated high efficiencies in the tensile strength (over 94%)
in relation to the BM.

According to the effects observed in the previous studies the possibility to
obtaining a tension strength in the welded joints equal to or greater than the base material
can be summarized in the following features: small size and softening of the HAZ and equal
or higher hardness in the FZ, for this the HI must be low as possible. In relation to the

ductility always is less than the BM, however to lower HI the ductility decreases less.

32 2021



Chapter 2

Finally, Guo et al. [42] reported practically the same tensile strength and
elongation between an S960 steel (HSLA) and butt joints in ALW. According to the authors,
defect-free weld seam and adequate penetration were obtained, however, the hardness profile

presented a slight softening at the HAZ and a high hardness in the FZ.

2.3.9. Laser welding of S700MC steel

A different behaviour in relation to the tensile strength and ductility of S7T00MC
steels laser welded was reported in two works. In [58] for a Strenx® S700MC steel of 2 mm
thick butt joints, the tensile strength was slightly greater while the ductility was little lower
than the BM. These results were attributed to a precise adjustment of the laser parameters,
an appropriate preparation and performance process. The microstructure obtained consisting
of ferritic-bainitic in HAZ, bainite with slight amount of ferrite in fusion line and bainite
with various types of ferrite in FZ. The failure of the specimens was in the BM near to the
HAZ. Meanwhile, in the work [15], for a 10 mm thick S7T00MC steel plate, a lower tensile
strength and very lower impact strength were found. The author attributes the results to
changes in the microstructure by the presence of small precipitates together to big particles.
Thus, despite the fact that the two works reported the same B weld quality level, there are

differences in the mechanical properties that must be better investigated.

2.4. Residual stress in high strength steels laser welded

Residual stress is an important factor in the fatigue behaviour of the welded
joints because they are added to stresses that produce the external loads being able to affect
both the fatigue strength and the crack growth rate. Residual stress can be characterized

experimentally, using mathematical models or finite element method (FEM) [69].

There are several experimental techniques such as neutron diffraction, X-ray
diffraction, surface and deep hole drilling, boring, slicing and magnetic methods [70] for
measure the residual stresses, however, the X-ray diffraction technique (XRD) is one of the
most used. The XRD advantages and practical issues are described in [71], some are: it is
considered a non-destructive test for measure the surface residual stress to depths of up to

30 um, but with layer removal can be up to 1 mm; the measurement itself is relatively

Patricio Gustavo Riofrio Villena 33



FATIGUE BEHAVIOUR AND MECHANICAL PROPERTIES OF THIN LASER WELDED HSLA STEEL

straightforward, the equipment available, measurement speed fast-medium, accuracy 20
MPa in steel and biaxial residual stresses measurements. The principle to determine the
residual stresses based in XRD consist in measure the change in the inter-planar spacing d
of polycrystalline solid due to strains introduced for the welding, then the strains are related
to residual stresses. With the XRD technique the angles at which the maximum diffracted

intensities occur are measured and through of the Bragg’s law is possible obtain the spacing

d[72].

In welding processes, the residual stresses are due to the introduction of non-
uniform plastic and elastic strains in the weld seam and the BM, these strains can be
consequence of the contraction and dilatation not free of the melted and surrounding areas
or by processes of phase transformations that involve changes of volumes during the weld
cooling. As a result of the heating and cooling of the weld, there is a distribution of residual
stresses in the direction parallel (longitudinal) to the weld, transverse to it and in the
thickness direction. In a general way, the longitudinal residual stresses are greater than the
transversal stresses, in the weld metal there are high tensile residual stress that can reach to
yield strength, the magnitude and distribution of residual stresses depends de many factors
such as the HI, the transformation temperature, the microstructure, thickness and the plate

constrains [72].

Kumar et al. [73] investigated the effect of welding speed on the residual stresses
that occur when was laser welded a 9 mm thick plate of steel ASTM A387 Grade 9. They
used a power of 8 kW and speeds of 0.75 (plate A) and 1.5 (plate B) m/min corresponding
to heat inputs of 640 and 320 J/mm, respectively. Among several results they found, the
following stand out: the longitudinal and normal residual stresses are the most significant
presenting an M-shape with peaks at tensile close to the edge of the HAZ and with low
tensile or compressive stresses in the FZ, see Figure 2.18a; there was little difference in
residual stresses due to HI; it was determined that in the cooling close to 400°C, there was a
phase change from austenite to martensite producing a significant material expansion; the
final residual stresses are the product of thermal contraction and the expansion of the phase
transformation from austenite to martensite, the strains produced by the expansion of the
martensite reduced the tensile residual stresses or may also cause compressive residual

stresses.
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Figure 2.18 Residual stress distributions in laser welding (a) modified form [73], and in various welding
processes (b) [26].

In another work similar distributions were also found in the investigation of the
residual stresses caused on S700 steel plates by three welding processes: GMAW, ALW and
NGLW [26]. XRD was used to measure the surface stresses and the contour method for the
stresses along the 13 mm thickness of the steel plates. The residual stresses induced in each
process on the surface can be observed in Figure 2.18b. It is established that the residual
stress distributions are influenced by the thermal contraction and by the different phase
changes that occur in the welded zones. It is pointed out that for this particular steel the
transformation temperatures of martensite and bainite in FZ are relatively high (460° C and
540° C), so they do not have a greater compensating effect on the tensile residual stresses.

Rong et al. [69], using a finite element model, predicted the residual stresses of
a 4 mm thick EH36 steel in a butt join configuration, in the midplane of the plate close to
the weld zone, they found a range of transversal residual stresses approximately between
250 and -200 MPa, these values had a good agreement with the experimental results. They
argue that the transfer of the peak value of residual stresses from the FZ to the HAZ was due
to the effect of the solid phase transformation of the material. Derakhshan et al. [74] using
X-ray measurement and numerical simulation determined the residual stresses induced in a
4 mm thick butt joint in structural steel for four welding processes: three laser processes and
a conventional arc process. For the ALW process in which a low heat input (88 J/Jmm) was
used, the longitudinal residual stresses varied from approximately -50 MPa in the FZ to 250
MPa in the HAZ and presented the typical M-shape. These last two works presented residual
tensile stresses lower than the first two works suggesting that the residual stress decreases

Patricio Gustavo Riofrio Villena 35



FATIGUE BEHAVIOUR AND MECHANICAL PROPERTIES OF THIN LASER WELDED HSLA STEEL

with thickness and therefore also decreases with lower heat inputs. Although there are no
conclusive studies, for a same type of laser process, in the reference [75] for a lap joint with

a STS301L it is suggested that the high residual stresses are due to higher HI.

According to above studies it is established that the residual stresses are product
principally of two opposite effects: the deformation that prevent the thermal contraction
inducing tensile residual stresses and the deformation due to the change of volume by the
phase transformations producing residual compressive stresses. The importance of this last
factor is confirmed in recent works with low transformation temperature welding
consumables [76]. As already noted previously, the distribution and magnitude of residual
stresses in welded joints is a phenomenon depending on the HI, the microstructure, the
thickness, the cooling rate and the type of process therefore is a complex phenomenon

depending of many factors.

2.5. Fatigue in Welded Joints

Fatigue is the process of accumulation of damage in a material due to cyclical
loading. Even with cyclical loads less than the load corresponding to the elastic limit of the
material in a certain number of cycles its fracture can occur. In the case of metals, the fatigue
comprises three stages: initiation, propagation and final fracture of element. The crack
initiation stage is due to a variety of microstructural inhomogeneities that cause local
concentration of stresses which produce local plastic deformation or cracking and
detachment of brittle precipitates. It has been pointed out that the crack initiation usually
occurs on the surface in inhomogeneities such as surface roughness, notches, non-metallic
inclusions, second phases, precipitates, pores and other flaws and even though in the case of
metals ideally free of inhomogeneities, cracks can be initiated in the surface due to slip
mechanism in crystallographic planes that creates microscopic extrusions and intrusions by

the plastic deformation by the cyclic loads [77].

In the case of ductile materials, once a crack initiates can grow inside a grain and
expand to other grains, join with other cracks to form a large crack in a way that a widespread

damage occurs, while in materials of limited ductility such as high strength metals, the
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damage is less widespread and tends to be concentrated at defects and the crack grows in a
plane normal to the tensile stress until the failure. When the crack reaches a limit size the

final fracture occurs in a way ductile or brittle [78].

Due to the welding process the features of welded joints are conducive to cracks
initiation because they generally exhibit seam rough surfaces, flaws, section changes and
residual stresses. In addition, the changes caused in the microstructure and in other properties
can also promote the cracks initiation, affect the growth of cracks and the final fracture of

the welded joint.

It is well known that the stress-concentrating effect causes a decrease in fatigue
performance. In the case of welded joints, the weld bead profile produces high local stress
concentrations reducing fatigue strength. When comparing the fatigue strength between a
welded element and a non-welded element both with similar stress concentration factor, the
fatigue strength of the welded element is lower, being the main causes for the lower fatigue
performance of welded elements the presence of sharp discontinuities such as undercuts,
cold laps and non-metallic inclusions that exert a combined effect with stress concentration
due to the weld geometry [79]. These discontinuities are named crack-like imperfections.

Figure 2.19 illustrates the increase in the remote stress o applied to butt weld joint due to

weld toe, ox1, and by the combined effect of the weld toe and undercut, ay.
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Figure 2.19 Sketch of remote stress (o) and local stresses (ok) in imperfections.

The presence of crack-like imperfections has been judged to be unavoidable in
welded joints due to welding processes [80]. The combined effect of weld geometry and
crack-like imperfections facilitates the onset of fatigue, leading to the initiation period being

neglected and therefore that the crack growth period is the dominant one in the fatigue
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performance of the welded joints [79]. With the latter assumption agree various authors [81-
83] and in practical terms it has led to the application of the fracture mechanics approach in

determining the fatigue life at any level of stress.

For other hand the conventional S-N curve approach used to assessment the
fatigue strength of elements with and without notches is widely applied in research work of
welded specimens or components and in design standards to determine the fatigue strength
of particular welded joints. The S-N curve is a global approach because does not distinguish

between crack initiation and crack growth periods.

Maddox [84] and other researchers [83, 85] distinguish several factors that
influence the fatigue strength of welded joints, these mainly converge on: geometrical

notches or imperfections (weld quality), residual stress and material.

2.5.1. S-N curve of welded joints

The S-N diagram experimentally determines the relationship between the
applied stress range, Ao, and the fatigue life in cycles, N. The specimens or components are
tested with constant amplitude, certain stress ratio R and frequency at various stress levels
to define the fatigue life until fracture and the fatigue limit which supposes the stress level
for infinite life. The results have shown that the S-N curve is generally a potential
relationship, therefore on a double logarithmic scale it is a linear relationship. The two

mentioned relationships are indicated below:

C

_ 2.
N = oy (2.7)

log(N) =log(C) - mlog(Ao) (2.8)

where, C and m are parameters that characterized the curve and can be determined through

linear regression and the linearity can be validated by appropriate statistical methods.

Figure 2.20 illustrates a typical S-N curve of a steel welded joint and those
corresponding to similar non-welded elements. As has already been mentioned, the fatigue

strength of welded joints suffers an appreciable decrease in relation to the BM.
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Figure 2.20 S-N curves for welded joint and similar non-welded elements [79].

Some results of S-N curves in welded joints with high strength steels show that
the slope m of the linear relationship approaches a values 3.5-4 [83], while in the W
recommendations it is assumed as 3 [81] . The stress level where the “knee point” is observed
correspond to the fatigue limit and is conventionally assumed for a certain number of life
cycles such as 2x10° or 107, however, there is evidence that even at very low stress levels
there is a finite life [86].

The experimental results in types of joints such as the one in the Figure 2.20
have served as the basis for establishing the S-N design curves in design standards or
recommendations. For example, in the W recommendations [82], the S-N curves are called
FAT class curves and are defined with a fatigue strength at two million cycles, the “knee
point” at 107 cycles and two slopes, m=3 and m=5, down and up, respectively, from the

“knee point”.

2.5.2. Fatigue strength of high strength steels

Regarding the fatigue behaviour of HSS, significant decreases in fatigue strength
are generally reported in the welded joints. This can be illustrated with three studies on butt
joints in 1.2-2.0 mm thick steels whose base materials covered a tensile strength range 440-

1500 MPa. In the study [67], for two DP steels laser welded were reported fatigue limits of
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175 MPa and 125 MPa for the DP600 and DP980 steels, respectively, and relations between
the fatigue limits and tensile strength that resulted in 0.28 and 0.23 according to the same
order. It is also reported that all welded joints failed in the HAZ for the DP980 steel while
for the DP600 steel when the stress level was less than 250 MPa, the fracture was in the BM.

Figure 2.21a shows S-N curves of the two steels.
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Figure 2.21 S-N curves for AHSS: DP600 and DP980 (a) [67] and DP440, DP590 and MS (b) [87].

Figure 2.21b shows the S-N curves of three AHSS welded with GMAW process
[87]. As can be seen, the maximum stresses of fatigue limits are approximately in the range
of 240 to 270 MPa, which corresponds in terms of stress amplitudes at 108 to 122 MPa. It is
important to note in Figure 2.21b that the fatigue strength of the steel (DP440) with the
lowest tensile strength was slightly higher than the other steels. Although the authors did not
attribute this fact to the better hardness profile of DP440 steel, they did point out that this
steel did not undergo softening in the HAZ and had a smooth transition increasing the
hardness in the FZ, see Figure 2.22a. In this work the fatigue failure was reported in the

circles marked in black.
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Figure 2.22 Hardness profiles obtained in processes: GMAW (a) [87] and in laser (b) [48].

Meanwhile in the work [48], the stress amplitudes corresponding to the fatigue
limits of a HSLA (tensile strength 546 MPa) steel and DP980 steel laser welded resulted 125
and 150 MPa, respectively. In this study the welding parameters were chosen for cause a
low HI (22.5 J/mm) and widths of the HAZ and FZ very small, see Figure 2.22b.

In the three cases considered, the fatigue limits are within a narrow range (108-
175 MPa) despite the wide range in tensile strength of the steels considered and other
differences related to the welding processes. In other words, the high strength of the steels
does not seem to have a great influence on the fatigue limit. On the other hand, according to
the sites where fatigue failure was reported, lower hardness in the hardness profile seems to

have some influence on fatigue strength.

2.5.3. Effect of the weld quality.

In general terms, the weld quality refers to the presence of imperfections in the
welded joints that decrease their fatigue strength. Avoiding certain imperfections or
minimizing their size or quantity according to the detrimental effect on fatigue strength is
expected a better performance of the welded joints. This effectively occurs as shown in
several studies where post-welding techniques and treatments modifying the severity of
imperfections increase the fatigue strength [88-90], in studies where a high weld quality level

according to a standard meant greater fatigue strength of the welded joints [91] or as
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evidenced in design recommendations, where the fatigue strength for a welded joint can be

increased, if the size of a certain imperfection is under an established limit [82].

In welding quality standards such as I1SO 5817 [92] (does not cover laser
welding) or 1ISO 13919-1 (covers laser welding) [53], three quality levels are distinguished:
B, C and D, being the B level of higher quality. In these standards, which are of a general
application, additional requirements are given for fatigue welded joints. In the case of the
first standard, that mainly refer to adjusting the limits of imperfections to FAT fatigue class
curves, while in the second standard, it is pointed out that if higher requirements are
necessary in the case of dynamic loads, the welds can be machined or grounded to eliminate

imperfections.

On other hand, it should be noted that in guidelines and recommendations for
the design of welded joints [82], the fatigue strength does not differ according to the tensile
strength of the steel, that is, under the same conditions, a low-strength steel has the same
fatigue strength as a high-strength steel. The reason for this fact has been explained in [79]
due to the fact that in the welded joints due to the presence of imperfections, the crack growth
stage predominates, which is not strongly affected by the tensile strength of steels. However
in [93], it has been shown that in high quality welded joints, fatigue strength is positively

correlated to tensile strength.

The 1SO 13919-1 standard identifies eighteen imperfections, but can be
summarized in the following: cracks, incomplete penetration, lack of fusion, porosity,
inclusions, undercuts, underfill, excess weld, misalignment and weld spatter. The cracks are
not allowed at any quality level while others imperfections can be tolerated within certain

sizes and quantities.

The widely studied stress concentration approach in notched elements has also
been applied to weld imperfections such as undercuts, weld toe, underfill, pores, among the
others, in order to assess how they affect the fatigue strength of welded joints. Through the
stress concentration factor (SCF) calculated analytically but especially with the finite
element method (FEM), the geometry of the weld bead and imperfections are defined in
more and more detail in parametric studies in order to define the effect on fatigue strength.

Actually some imperfections are 3D modelled for evaluate the SCF [94]. Approaches based
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on fracture mechanics are also used to study the effect of weld profile and imperfections on
fatigue strength [95].

The weld toe geometry and undercuts are identified as common imperfections in
welding processes with greater negative effect on fatigue strength [96, 97]. On the relative
effect of the geometrical parameters of these two imperfections in the fatigue strength there
are several studies [95, 98, 99], although there may be a discrepancy in which one is more

influential.

Particularly in the case of pores, their quantity and location are of particular
importance in the fatigue performance of aluminum welded joints due to the sensitivity of
this material to presenting this type of defects [100, 101]. However, that, in steels this

problem is considered less, in ALW, pores can also be of consideration.

Others imperfections as the ripples have also been reported affecting the fatigue
strength and as fatigue starts [102], however its effect has not been duly studied. Another
aspect that deserves attention is the variation of the geometry of the weld bead along its axis
with statistical treatments to evaluate the effect on the fatigue strength [103]. The effect of
imperfections according to the thickness of the welded joints is another aspect to be clarified,
as reported in [95], where a greater effect on fatigue strength due to the presence of undercuts

in thin plates (3 mm) than in thick plates (20 mm).

As has been pointed out in other sections, in relation to laser welding in thin
plates, regarding the weld quality and its effect on the fatigue strength, there are also few
studies and, on the other hand, as previously noted, the quality level according to the 1ISO

13919-1 standard does not seem to be correlated with the fatigue strength.

2.5.4. Effect of the weld bead geometry and residual stresses

Due to the importance of the weld profile and residual stresses in fatigue

performance, some studies are reviewed in this section.

In two studies [104, 105], with welded joints in high strength steels and

conventional welding processes, where, on the one hand, the weld bead geometry at weld
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toe was modified by machining or hammer peening to obtain different radii, and on the other
hand, with the use of thermal treatments the residual stresses were relieved, it was shown
that in the case of the welded joints with low residual tensile stresses (150 MPa) the modified
radius had a greater influence on the fatigue strength while in the case of the welded joints
in which high residual compressive stresses (near to -400 MPa) were induced, these had a
greater influence than the modified radius at weld toe. Figure 2.23 illustrates the effect on

fatigue strength of the modified radius in weld toe. As can be seen, significant decreases

occur due to small radii in the weld toe.
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Figure 2.23 Aspect of the machined and non-machined weld toe (a) and fatigue strength (b) [104].

Harati et al. [106] in fillet welds compared welds with different toe radii and
residual stress levels, concluding that residual stresses had a relatively greater influence than

the radius on fatigue strength.

It is well known that residual tensile stresses deteriorate fatigue behaviour as
they contribute to the mechanism of initiation and grow of cracks and that add to the effects
of external loads. On the other hand, there is a large amount of work [88, 89, 105, 109] that
reports on the improvement of fatigue performance of welded joints by techniques that
induce residual stresses to compression in the weld toe. It has been reported for example the

44 2021



Chapter 2

induction of residual stresses of -800 MPa [108] and 32% of improvement in fatigue at 10’

cycles [90] due to technics of shot peening.

2.5.5. Fatigue of S700MC steels

There are few works in relation to the fatigue strength of S7T00MC steels. In
[109] for specimens in non-welded condition, fatigue tests were development in rotational
bending mode, polished specimens with stress ratio R -1 and frequency of 40 Hz. A fatigue
limit of 440 MPa, crack initiation on the surface, without inclusions that decrease the fatigue
strength were some of the relevant aspects, meanwhile, in [86] for similar conditions, but at
high frequency and in the gigacycle region (3x10°-10° cycles) were reported that this steel
does not present a “knee point”. This latter characteristic was also observed in the work
[110], but for specimens laser welded and a decrease of approximately 33% of the fatigue

strength in relation to BM in all fatigue life range was found.

2.6. Fatigue crack growth

As reviewed, the crack propagation stage predominates in the case of welded
joints and because the initiation and growth of cracks generally occurs in the welded area,
the local properties of crack propagation in these zones are relevant to describe the fatigue

behaviour in welded joints.

Once a crack exists in a material, there is a stress distribution around the crack
tip that can be described by the stress intensity factor (SIF) K, whose relationship is:

K =Y ovma (2.9)

where, o is the remote stress acting on an element containing a crack of size a and Y is a
characteristic geometric parameter of the specimen or component. Noting that a certain
fluctuating stress range Ao causes a range of stress intensity factor range (SIFR) AK on an
element, the above concept can be applied to the growth of cracks through the Paris law for

the crack growth rate [79]:
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da
Z — AAKT (2.10)
dN
being, A and n, constants of the material which are determined experimentally. A schematic
da/dN vs AK diagram in a scale log-log take a form as is shown in the Figure 2.24, where

the effect of the stress ratio R is also presented.

Paris law
n
d_a =AAK
dN

fatigue crack growth rate log da/dN

R=0.5
4
/ R:o,/ -
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Figure 2.24 Sketch of fatigue crack growth rate diagram.

As seen in the Figure 2.24, in addition to the Paris law whose application is in
the linear part of the diagram, the extreme values AKi and AK. are shown, where AKih is a
threshold value below which the crack does not grow and AKX is the range where the fracture

toughness of the material is exceeded and the crack grow rate is very high in the top of

unstable region next to the fracture. The crack grow rate for a material can increase or
decrease in function of stress ratio R as well as the value of AKty. In [78, 111] can be found

empirical relationships for consider the effect of stress ratio R on the curve crack grow rate

versus stress intensity range.
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As shown schematically in Figure 2.24, the fatigue crack growth rate (FCGR) is
determined from a long crack. In the literature the growth of so-called small cracks is also
studied [112, 113]. Although there may be different distinctions and disparities of criteria,
those cracks that growth from locations to the left of the AKy, limit can be assumed to be
small. The consideration that the radius of the plastic zone is smaller than the size of the
crack has been an aspect to differentiate a crack as small and the adequate application of the
SIF concept [114].

In [83] it is shown that for a certain welded joint the integration of Paris law
determines that the S-N curve on a double logarithmic scale is a straight line, therefore it is

specified that the fatigue life of the welded joints is completely due to crack propagation.

2.6.1. Crack closure phenomenon

An aspect the importance affecting the FCGR is the phenomenon named crack
closure, which means that not all the tension range AK is effective to open the crack, that is,
a part of the tension range AK the crack remains closed. Several mechanisms have been
identified for crack closure, however crack tip plasticity is one of the most significant.
According to this mechanism, due to the cyclic plastic deformation at the crack tip, an
elongated area is created at the edges of the crack that causes the crack closure. The tension
load range (AP) from which the crack opens can be determined through the graph of AP in
function of crack opening displacement (COD). COD is the displacement between two
points located at the crack centre, but on opposite edges of the crack. The tension load range

from which the behaviour is linear between AP and COD, identifies the corresponding crack

opening stress range ASqp that allows to determine the percentage of the stress range during
which the crack is open. This leads to the FCGR being expressed in terms of AKeff instead

of AK. In [115], methods for determining the ASqp, are presented.

2.6.2.  Factors that affect the fatigue crack propagation.

In the literature, several factors affecting the FCGR were found: microstructure,
residual stress, crack closure, thickness and the stress ratio R. In two studies [116, 117]
working with AHSS subjected to different heat treatments that modified the microstructure,
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it was found that the FCGR varies due to this fact. In the first study the results show that the
FCGR decreased and AKt, increased with increase martensite content. A retarding effect on
the growth of cracks is attributed to martensite due to secondary cracks that consume energy
at the crack tip. Figure 2.25 shows the curve da/dN-AK and microstructures of the steels used
in the first work. Meanwhile in the second study, in addition to other mechanisms, the
plasticity-induced crack closure was pointed out as an extrinsic factor and the higher ductility
as an intrinsic factor, which caused the retardation of crack propagation.
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Figure 2.25 Curve da/dN - AK and microstructures characteristics, adapted from [116].

Wang et al. [118] investigated the effect of microstructure, thickness, residual
stresses and stress ratio R on the FCGR in weld joint of a new HSS. They used four values
for R: 0.1, 0.25, 0.4 and 0.7; specimens of 5 and 10 mm of thickness and three conditions:
BM, as-welded (WM) and post-welding heat treated (PWHT). The results indicated that the
weld metal has higher resistance to fatigue crack growth in relation of BM at every stress
ratio R as consequence of lath martensite and basket-weave acicular ferrite produced in weld
metal. There was a slight retardation in the FCGR due to a greater thickness and to a decrease
in the residual stresses due to the effect of the PWHT.

In [119] the fatigue crack grow in a welded plate of JIS SPV490 steel with
residual compressive stresses was investigated. The residual compressive stresses were
created by low transformation temperature welding wire used unlike of the joint with
conventional consumables that created residual tension stresses, see Figure 2.26a. The

FCGR was improved and the fatigue threshold almost was doubled as shown in Figure 2.26b.
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Figure 2.26 Residual stresses due to welding consumables (a) and FCGR for JIS SPV490 steel (b) [119].

In summary, due to the changes introduced by heat treatments or welding, given
a certain stress ratio R and thickness, the hard microstructures and residual compressive

stresses exert a greater retarding effect on the FCGR.

2.7. Fatigue strength assessment

In general, the assessment of fatigue strength in welded and non-welded
components is based on two theories [120]: cumulative fatigue damage and fatigue crack
propagation. In the first theory, approaches based on stress, strain, energy and continuum
damage mechanics are named, while in the second theory approaches such as, long crack
growth, physically small crack growth and microstructurally small crack growth, are

indicated.

In [80, 81] various approaches are presented for the fatigue assessment for
welded joints. They are classified as S-N approaches and crack propagation approaches. A
complete distinction of the S-N approaches according to the type of stress and the method

used can be found in [82].
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In the literature there is variety of works on fatigue strength assessment of

welded joints. The conventional local stress approach is applied mainly for the evaluation of
the fatigue limit through the SCF Ky, however, it is also applied in the complete range of

stress as in the work [121], where the weld toe geometry in as-welded and modified

conditions of the welded joins was used for the assessment of the S-N curves.

In relation to crack propagations approaches, this approach is gaining more
application and serving for the evaluation of various factors that influence fatigue strength.
In [122] where was evaluated the effect of the weld bead geometry, residual stresses and
misalignment on fatigue life using an analytical model based in Paris’ law, the M factor,
and the growth of a central superficial semi-elliptic crack. Wide ranges of the weld toe
radius, flank angle, thickness (9 to 32 mm) and residual stress were analyzed. Chapetti et al.
[123] incorporated small crack treatment into life predictions. In the so-called IBES
approach [113] a complete treatment based on fracture mechanics is observed, where among
other aspects, the determination of the fatigue strength are obtained statistically, the variation
of the weld bead along the weld axis, the local properties of the FZ and HAZ and the small

crack growth are considered.

Zhang and Maddox [124] applied a differentiated analysis for fatigue strength
predictions of the weld toe burr grinding of non-load-carrying transverse fillet welded joints.
In the low life regime (<10° cycles), they used fracture mechanics, meanwhile in the long
life regime (>10°) used a local stress approach proposed by Lawrence. They argued that in
the low life regime, the fatigue life was dominated by crack propagation while in the long

life regime crack initiation became significant.

Although the crack propagation approach seems to be the most indicated for
welded joints, there are some observations for its application such as those mentioned in
[83]. There is also evidence of a different behaviour of imperfections at high and low
stresses, phenomena as the early onset of crack propagation, greater number of fatigue starts
and less scatter have been noted occur at high stress [125]. The foregoing indicates that
further study is necessary of the crack propagation approach at low stress levels close to the
fatigue limit. In the same line with this, in [126], it is indicated that the fatigue limit is a

matter of crack initiation only, being a surface phenomenon.
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2.7.1. Fatigue limit assessment

The effect on the fatigue strength in elements with notches such as grooves,
holes, section changes and others, has been widely studied considering the stress
concentration and the stress distribution in the notch. The imperfections present in the

welded joints can be considered severe notches.

Aman et al. [127] reviewed fatigue notch methods proposed by several authors

(Isibasi, Peterson, Siebel&Stieler and Taylor) to estimate the fatigue limit, there the
convenience of the use of effective stress concentration factor K is highlighted. This factor
can be calculated through the relations with the notch sensitivity factor g and the stress
concentration factor Ky. In the Peterson’ method the notch sensitivity factor q is function of

the notch radius p and the parameter a* according to the tensile strength of the material. The

two expressions mentioned above are shown below:

Ky —1

_ (2.11)
1=k —1
1
q=—"2 (2.12)
1+%
p

When a mean stress om acts in addition to the alternating stress oa, several

relations exist in the literature for the evaluation of this effect [128]. One of these is the

modified Goodman line which is easy to graphically represent and mathematically handle.

Including the effective stress concentration factor Kt to account for local stress in a stress
raiser and a factor ng to evaluate the coincidence of a certain combination of applied stresses

(om, oa) with the mentioned modified Goodman line (nc =1 indicates that the stresses are on

the line), the relationship takes the form:

il (2.13)
Se Sut Ng

KfO'a+KfO'm_ 1
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where, Se and Sy are the fatigue limit and tensile strength of the unnotched element,

respectively.

Murakami [129], based on the fracture mechanics and a large number of
experimental results, presented a proposal to determine the fatigue limit ow of small defects

and nonmetallic inclusions as a function of the v Area parameter, the Vickers hardness HV,

the stress ratio R and a dimensionless parameter . Murakami's relationship has the form:

_ 143 (HV +120) [1-RY"

e 5 (2.14)
VArea

Ow

with, oy (in MPa) and vVArea (in pm). The Area of the defect is the area projected in a

normal plane to the applied stress. In the case of defects long and very shallow, the v Area
parameter is calculated as av/10, where a, is the defect depth, according to Murakami's
recommendation for this type of defect. In this work, the Vickers hardness is also used to

estimate the fatigue limit and tensile strength as 1.6xHV and 3.2xHV, respectively.

2.7.2. Crack propagation approach

Fracture mechanics is the basis for analysis for cracked materials. The practical
application of crack propagation approach to welds with imperfections is summarized in the
following steps: categorization of the imperfection or failure mode with a type of crack,
definition of crack dimensions and estimation of the fatigue life according to the SIF and a

propagation law.

Figure 2.27 presents three types of surface cracks. The semi-elliptical crack is
commonly associated to various imperfections that develops its characteristic shape and can
increase in size according to several factors; the continuous crack can be the product of the
coalescence of multiple imperfections, of several semi-elliptic cracks that coalesce early or
a continuous imperfection throughout the width of the element; while the border crack, it is

produced by imperfections located on the edges of the element.
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Figure 2.27 Scheme with three types of surface cracks.

The semi-elliptic surface crack has been studied in a large number of works in
relation to the development of its aspect ratio a/c as it grows and its possible coalescence
when there are nearby cracks [130, 131]. The aspect ratio a/c of a growing semi-elliptical
crack is primarily a function of its initial size, the type of load applied, and its location on
the surface, see Figure 2.28a. According to study [132] the elements cyclically loaded under
tension load can develop the aspect ratios a/c as a function of a/t ans initial sizes as illustrated
schematically in Figure 2.28b. Thus a long and shallow crack presents an approximately

linear relationship as in as shown in the lower part of the diagram in Figure 2.28b.
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Figure 2.28 Scheme with sizes of semi-elliptical crack (a) and aspect ratio a/c-a/t for two types of cracks (b).

The initial and final crack sizes can be measured or assumed. In the International
Institute of Welding (11W) recommendations for fatigue design of welded joints, for cracks
beginning at weld toe, crack sizes of 0.1 mm are suggested [82]. The initial cracks sizes can
also be determined for fitting derived of experimental fatigue data of the Paris law, taken

values from 0.05 to 0.15 mm [133]. The use of a certain initial crack size has been

Patricio Gustavo Riofrio Villena 53



FATIGUE BEHAVIOUR AND MECHANICAL PROPERTIES OF THIN LASER WELDED HSLA STEEL

highlighted more as a model parameter than a physical size itself [113]. The short crack
behaviour is neglected because is covered by the fitting or size assumed. In relation to the
final crack size, this can also be assumed, the typical value suggested for fatigue life
calculations is half the thickness [82]. Because the results of calculating the number of
fatigue cycles N is very sensitive to the initial crack size the value of the final crack size is

the secondary importance.

Fatigue life estimation can be done by integrating the Paris propagation law and

with the SIFR according to the following expressions:

ar
da
= (2.15)
N f A DMK
a;
AK =Y M, Aovra (2.16)

The inclusion of the M factor in the SIFR, makes it possible to take into account
the effect geometric features of the weld profile on crack. Relationships for the determination
of Y and M are available from various sources for different types of cracks [82, 113, 134,

135].

For the determination of the number of cycles N, due to the M factor is function
of aspect ratio a/c and of a/t, numerical integration or a direct integration can be used with

stepwise integration considering Mg constant in small increments of crack size.
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Abstract

High strength low alloy steels subjected to the thermomechanical control process
present excellent strength—toughness combination, high strength/weight ratio, and
weldability. Therefore, they are widely used in structural components, such as pressure
vessels, oil/gas transportation pipes, lifting equipment, vehicles, shipbuilding and offshore
industries, and in the automotive industry where low thickness (0.8-3mm thickness) is of
great importance. Usually, these steels are welded by conventional gas metal arc welding,
which creates wide heat-affected zones, large residual stresses, and distortion in the welded
parts. Laser welding is nowadays an alternative process to weld high strength low alloy steel
parts due to its advantages. The aim of this work is to understand the effect of process
parameters on defects, weld bead geometry, microstructure, and mechanical properties,
namely hardness and tensile strength. We identify the main laser welding parameters and
their influence on the weld bead geometry and defects, for a 3mm thick high strength low
alloy steel welded under a maximum power of 2 KW. A cross section of the weld seam was
optimized achieving a good geometry without porosity. The threshold value of the heat input

to achieve complete penetration was determined for different focus diameters. The
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microstructure, size, and hardness of the heat-affected zone and of the fusion zone are
strongly influenced by the heat input. The values of the tensile strength achieved in butt
welds were close to the base metal by an appropriate selection of the laser welding

parameters and the heat input.

Keywords: Laser welding parameters, high strength low alloy steels, welding

defects, mechanical properties, heat input

3.1. Introduction

The laser welding of high strength low alloy (HSLA) steels is a promising
technology since it allows to reduce the weight and to increase the efficiency of the weld,
when comparing with other existing techniques. HSLA steels have several applications in
diverse areas such as automotive, structural, pipeline, lifting, shipbuilding, among others [1-
3]. Due to the improvement of laser technology and to its advantages over conventional
welding processes, laser welding is also being used in alloys of aluminum, magnesium,
titanium, dissimilar materials [4] and in advanced engineering materials, such as NiTi, being
for the latter the most used joining process [5]. The key feature of laser welding is its high-
power density, which allows a lower heat input (HI), high cooling rate, and a narrower heat-
affected zone (HAZ) [6].

Although these characteristics may be conducive to the welding of HSLA steels
and other materials, establishing the laser welding parameters that allows achieving sound
welds and similar mechanical properties between the base metal (BM) and the welded joint

is not trivial.

Since laser welding comprises complex multidimensional mechanisms, ensuring
a high-quality welded joint without defects is a major challenge [7]. While high-power
density is the prominent feature of laser welding and HI is a determinant factor for any
welding process; the power, the welding speed, the focus diameter, and the focus position
are dominant parameters in laser welding. However, by the sensitivity of the laser welding

there are other factors that can affect the weldability and efficiency, such as shielding gas,
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preparation of the joint, surface condition, etc. Therefore, several parameters must be
controlled to obtain a good weld bead. Many studies have established the effect of welding
parameters on the weld bead geometry. Quintino et al. [8] studied the effect on the
penetration of the power, welding speed, and HI for relatively high values of these variables.
Sharma and Molian [9] developed an analytical relationship that allows to calculate the
welding speed as a function of power and penetration for HSLA steels. Sreeniavasan et al.
[10] studied the effect of the beam size by using two types of lasers with two different beam
sizes, one much smaller than the other, and found a thin and deep weld bead in the first case
and a wide and small penetration in the second. Kawahito et al. [11] used four focus
diameters to examine the effect of power density on 8-mm-thick stainless steel SUS304 in
fiber laser welding, finding that high power density at high speeds exerts a marked effect,
increasing the penetration. In two works [12, 13] in which the effect of the focus position on
the penetration was studied, it was determined that for certain ranges of negative focus
position the penetration increases. In the welding of thin plates of high-strength steels, in
several reviewed works, [14-17] a large variation of the welding parameters is observed,
particularly in the power, focus diameter, and welding speed. Other factors than the main
ones have also been studied. Sokolov and Salminen [18] studied the effect of edge surface
preparation on the efficiency of the fiber laser welding for low alloy steels. The results
showed that no additional accurate machining of the edges is necessary and that a small gap
can be used. Maina et al. [19] found that the surface condition (shape and roughness)
influences the penetration and quality of the micro-welding of copper by laser. Lampa’s
research, [20] in 2-mm-thick stainless steel butt welded joints, showed that the absorbed

power and the weld bead geometry are affected by the size of the gap.

There are many works that seek to avoid specific defects and optimize the shape
of the weld bead. In Zhang et al., [13] when concerning the effect of various processing
parameters on the underfill in autogenous laser welding of thick steel plates, it was
established that high speed tends to decrease the underfill and that the negative defocusing
and the welding speed are the parameters that can be used to optimize the weld bead. lon
[21] characterized (fine and coarse) the porosity presenting the sources for its generation:
base material, filler additions, surface contaminants, and process gases for the fine porosity
and keyhole instability for the coarse porosity. In several studies [12, 22, 23] where porosity

is attributed to an unstable keyhole, the mechanisms for its formation are explained and
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solutions are suggested to minimize or avoid porosity. In Matsumoto et al. [24], the effect of
the laser focusing properties on weld defects was investigated for a high strength steel with
12 mm thickness. Two systems with different power density distributions were used, finding
that the system with a more uniform distribution did not present porosity. In the work [11]
previously cited, for four focus diameters and a wide range of speed it was established that
there is a limited window of sound welds between defects such as porosity, humping, and

underfill.

Although a sound weld bead can be achieved, the HI affects the microstructure
of HSLA steels and their mechanical properties. It is well known that due to the HI and the
respective cooling rate, the microstructure of the BM evolves significantly in the HAZ and
fusion zone (FZ). After reviewing several works [25-28] of laser welding where the evolution
of the BM microstructure of different HSLA steels was analyzed, it is possible to establish,
in general lines the following: in the FZ if low HI are provided, a relatively soft
microstructure evolves to a relatively hard (for example, bainite changes to martensite); and,
conversely, a relatively hard microstructure evolves to a relatively soft, if the HI is not low

enough. In the HAZ there is almost always softening.

The hardness and mechanical properties of welded joints are a consequence of
microstructure evolution in the HAZ and FZ. According to the results obtained in the studies
[10, 15, 16], the possibility of obtaining a tension strength in the welded joint equal to or
greater than the BM can be summarized in the following features: small size and low
softening of the HAZ and equal or higher hardness in the FZ. In order to achieve it, the HI
must be as low as possible. Regarding the ductility, it is always lower than the BM. However,
Guo et al. [29] reported that the strength and ductility of autogenous laser welds matched of

the BM due to the elimination of defects, a small HAZ and a minimum softening.

The aim of this work is to understand the effect of laser welding parameters and
HI on defects, weld bead geometry, microstructure, and mechanical properties such as
hardness and tensile strength. An experimental design, one-factor-at-a-time (OFAT) and
additional runs are used for investigating the effect of four parameters and the condition of
the edges and surface on the 3-mm-thick HSLA Strenx® 700MCE steel. Unlike other works
that use high powers to perform the welding, in this study the maximum available power
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was 2 kW, meaning that the range of welding speeds is reduced and therefore it limits the
search for solutions to the defects’ problem. The current work identifies the main welding
parameters and their influence. A cross section of the weld bead without porosity and with
good geometry was achieved. The HI showed be a relevant parameter instead the separate
values of the power and welding speed. The threshold value of the HI to achieve the full
penetration was determined for different focus diameters. The effect of the HI on the
microstructure, microhardness, and size of HAZ and FZ was also established. In spite of the
differences in the weld bead geometry and HI of the butt welded joints, a tensile strength
close to the BM was achieved.

3.2. Material and experimental procedures
3.2.1. Material

The HSLA steel Strenx® 700MCE used in this study is a hot-rolled structural
steel made for cold forming and designed for stronger and lighter structures, covering the
requirements of STO0MC in EN 10149-2 [30]. The chemical composition presented in Table
3.1, was determined by X-ray fluorescence and carbon analysis by automatic direct
combustion. The mechanical properties shown on Table 3.2 were determined according to

the ASMT EMB8 standard and are the average of three specimens cut in the rolling direction.

The microstructure of the base material is shown in Figure 3.1, where it is
observed the presence of fine grains of two components and precipitates, which corresponds
to a bainitic—ferritic microstructure. The same microstructure was reported in two works [31,
32] that used S7T00MC steel.
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Figure 3.1 Microstructure of the base material: (a) optical microscopy; (b) SEM micrograph.

Table 3.1 Chemical composition of the base metal.

C Mn Si P S Cr \Y Nb Ni Cu Al Mo Ti Co Fe

0.07 169 001 0012 0.006 0.03 002 0046 0.04 0011 0.044 0016 0.117 0.016 balance

Table 3.2 Tensile mechanical properties of the base metal.

Yield Strength (MPa) Tensile Strength (MPa) Elongation %
807.63 838.26 15.04

3.2.2. Laser welding

The parameters and values used for the experimentation are shown in Table 3.3.
The parameters were chosen because they are the most influential in laser welding and the
values allow complete and partial penetrations. In the experimental design one-factorat- a-
time, welding was done on the surface of the sheets in their delivery state and the edges were
milled after laser cutting (surface-edge condition C1). Additionally, to establish trends, to
study the effect of the surface edge condition and for optimization, other parameter values
and three more surfaceedge conditions were used (see Table 3.3 and Table 3.5). Due to the
number of factors and to be able to make inferences about its effects and estimate the
experimental error, for sample numbers: 2, 4, 7, 9, 15, 16, and 17, two replicates were used,
while one replica was used for the rest of the samples (see Table 3.5).
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Table 3.3 Welding parameters used in the experimental work.

Parameters Units  Notation Values

Laser power kw P 1.50 1.75 1.25 2.00

Welding speed m/min Y% 2.00 2.50 1.50 3.00,2.10,1.65,1.60
Focus diameter um fq 350 500 150

Focus position Mm fo 0 2 -2

Surface-edge

e - S-E - Cl - C2,C3,C4
condition

Table 3.4 Laser equipment characteristics.

Laser: Trump TruDisk 2000

Laser maximum output (W) 2000
Beam wavelength (nm) 1030
Fibber diameters (um) 50, 200
Beam parameter product (mm-mrad) 2

A disk laser equipment with the characteristics present in Table 3.4 was used.
Several focus diameters are possible by the combining of one of its two fibers with the focal
length, which is adjusted by the optical system. The operation was taken in the continuous
mode at 6000 Hz.

The butt welded samples were formed with two sheets of 185x110x3 mm cut by
laser. Fixing slots were placed in the sheets Figure 3.2a. The surface of the sheets for the
second condition (C2) was in the state of delivery. In the third condition (C3), the surface
close to the weld was sanded by means of two sandpapers #80 and #120, while in the fourth
condition (C4), the surface was prepared by sand blasting. In the three conditions C2, C3,
and C4, the edges were rectified to achieve a uniform and practically null gap clearance
between the sheets. Before performing the welding, the surfaces and edges were cleaned
with acetone, the welding line was aligned to the trajectory of the laser beam and the sheets
were fastened in the slots by means of screws. During the welding, argon shielding gas was
used at a flow rate of 20 L/min. The axis of the weld bead was arranged transversely to the

rolling direction.
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top weld bead

excess weld

porosity

>2€ underfill

bottom weld bead

a) b)

Figure 3.2 Schemes of (a) location of specimens and pieces in the weld sample and (b) measurements made
on the cross section of the weld bead

3.2.3. Weld bead geometry, microstructure, and mechanical
properties

For the measurement and analysis of the cross-section, microhardness, and the
microstructure of the weld bead, pieces were extracted from the center and near to the ends
of the butt welded samples Figure 3.2a. The pieces were sanded, polished, and etched with
nital at 2%. In the case of samples that have two replicas, two pieces (one from the center
and the other near the end) were extracted for each replica, while for samples with one
replica, three pieces were extracted (one from the center and the other two of the ends).

The penetration depth (D), width (W) of the FZ and HAZ and defects were
measured through the Mitutoyo Toolmaker’s Microscope equipped with digital
micrometers. In the present work, the width W of HAZ and FZ instead of the individual size
of each zone was used as an indicative of the HI effect and the measurement was made on

the top weld bead.

The scheme in Figure 3.2b shows the measurements used to characterize defects
in terms of underfill (-), excess weld (+), misalignment, and porosity. All the results of the
measurements made with the microscope are the average of four and three pieces according
to the number of replicas as explained above. The microhardness Vickers’ profile (HV, 0.5
kg, 10 s) was determined in a piece at a depth of 50 mm from the top weld bead and it is the
average of two indentations made with a Struers’ Duramin equipment. A Leica DM4000M

LED optical microscope and a Zeiss scanning electron microscope were used for the

68 2021



Chapter 3

microstructure observation and photomicrographs, while the macrostructure and appearance
of the weld seam was characterized by photomacrographs made with Nikon” SMZ-10 optical

microscope.

The tensile mechanical properties of the welded samples were determined
according to the ASTM E8M standard. The specimens were cut by electrical discharge
machining and tested on an Instron 4206 machine, the results are the average of two

specimens.

3.3. Results and discussion

3.3.1. Appearance, section geometry, and defects of the weld
bead

Table 3.5 shows the results for penetration P, width W and their respective
standard deviations in conjunction with the welding parameters and HI for all samples. Table
3.5 discriminates four groups of samples, which were used for the following purposes: # 1—
9 correspond to the design one-factor-at-a-time; # 10-14 to complete trends; # 15-17 for the

effect of the surface-edge condition; and # 18-20 for optimization.

The following points stand out from the results shown in Table 3.5. Without
considering the samples that had complete penetration, each sample (with different welding
parameters) produced a different result in penetration P and width W, and those differences
are greater in penetration P than in the width W.
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Table 3.5 Sample set results.

Sample P % fd fp S-E HI D SD W SD
# (kW)  (m/min) (um) (mm) condition (J/mm) (mm) (mm) (mm) (mm)
1 1.50 1.50 350 0 60.0 300 0.00 204 0.03
2 1.50 2.00 350 0 45.0 254 0.06 171 0.05
3 1.50 2.50 350 O 36.0 233 005 146 0.02
4 1.50 2.00 150 O 45.0 296 0.08 167 0.13
5 1.50  2.00 500 0 Cl 45.0 229 009 158 0.01
6 1.50 2.00 350 2 45.0 241 0.04 180 0.05
7 1.50 2.00 350 -2 45.0 267 0.03 175 0.06
8 1.25 2.00 350 O 37.5 220 0.02 159 0.04
9 1.75 2.00 350 O 52.5 3.00 0.00 177 0.05
10 1.75 2.00 500 0 52.5 255 0.08 178 0.01
11 1.00 3.00 150 O 20.0 234 026 111 0.14
12 2.00 2.00 350 O C1 60.0 3.00 0.00 181 0.05
13 2.00 2.00 500 O 60.0 3.00 0.00 194 0.05
14 2.00 1.50 350 O 80.0 3.00 0.00 214 0.05
15 1.75 2.10 350 -2 C2 50.0 3.00 0.00 168 0.05
16 1.75 2.10 350 -2 C3 50.0 268 0.09 210 0.10
17 1.75 2.10 350 -2 C4 50.0 266 0.03 2.03 0.02
18 2.00 1.50 350 -2 80.0 3.00 0.00 260 0.05
19 2.00 1.60 350 -2 C3 75.0 3.00 0.00 235 0.09
20 2.00 1.65 350 -2 72.7 300 0.00 236 0.02

The standard deviations for both penetration D and width W are small and
similar with the exception of the samples with small focus diameter (150 um). For the
penetration D, considering the samples with two replicas (# 2, 4, 7, 9, and 15-17) but not
counting the samples that reached complete penetration (# 9 and # 15), the average of
standard deviations is close to 0.06 mm, this value is an estimate of the experimental error.
All of the above validate the results and confirm that the differences in the results are due to

the combination of welding parameters of each sample.

Figure 3.3 to 3.5 show the appearance of the weld seam: top and bottom, the
cross section, and the quantification of defects of the weld bead for the samples in surface-

edge condition CL1.

Several defects are shown in Figure 3.3, 3.4, and 3.5. In general, all samples have
irregular weld seams, porosity, excess weld metal, and underfill. Other defects observed in
a few samples were misalignment, undercut, spatter, and beam deviation. The underfill and

the excess weld metal are greater in the samples that had complete penetration, while in those
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that had partial penetration the porosity is greater. The latter result is in line with what was
found by Chang et al. [33], who observed a decrease in the porosity levels, both in quantity
and size, in full penetration welds in relation to the partial penetration welds. The underfilling
may be explained by the evaporation of the base material, excessive joint gap, or bad
preparation of the border plates [34], while the porosity may result mainly from surface

contaminants and keyhole instability [12, 21, 23].

Considering the samples with full penetration, the results show that sample # 14
has fewer defects, a regular appearance, and wide weld seam. These characteristics may be
due to a good combination of welding parameters: high power, low speed, medium focus
diameter, and long focus depth (small beam parameter product (BPP)), which lead to a more
stable keyhole. The previous analysis is consistent with two works [11, 24] in which the
effect of laser welding parameters on defects formation was studied. In the first study, there
was no defects at low speeds, long focus depth and for the largest focus diameter, which
according to the authors, is due to a balanced power density in the keyhole, which causes a
stable molten pool. Meanwhile, in the second study, the sound weld bead formed is attributed
to the long molten pool as well as a stable keyhole, which occurs for larger focus diameters
(350 and 500 um) and certain range of speeds, but outside this window, for small focus
diameters (150 and 200 pm) humping occurs, while with high speeds, underfill occurs. In
the present work, for the focus diameter 150 um, there was an irregular weld seam and a
variable penetration, while the underfill increased slightly when the welding speed increased
(samples #13 and #9).
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Sample number

14

13

12

Parameters: P, v, fd, fp
(kW, m/min, pm, mm)

2.00, 1.50, 350, 0

1.50, 1.50, 350, 0

2.00, 2.00, 500, 0

2.00, 2.00, 350, 0

Top weld seam

Bottom weld seam

Weld bead section

1.75, 2.00, 350, 0

Porosity: #, size (mm) 0,0 1,0.12 1,0.06 1,0.04 1,0.04
U"derﬁ";:n':)' Bottom -0.19, - 0.06 -0.16, 0.00 -0.34,-0.03 -0.14,-0.04 -0.25,-0.12
Excess we::’:’)"' Botton 0.00, 0.13 0.00,0.22 0.00,0.15 0.00, 0.11 0.00, 0.27
Misalignment (mm) X X 0.17 X 0.19
Other X spatter X X X

Figure 3.3 Appearance, section geometry, and defects of weld beads for samples 14, 1, 13, 12, and 9.

Sample number

4

10

6

Parameters: P, v, fd, fp
(kW, m/min, pm, mm)

1.50, 2.00, 150, 0

1.50, 2.00, 350, -2

1.75, 2.00, 500, 0

1.50, 2.00, 350, 0

1.50, 2.00, 350, 2

Top weld seam

Weld bead section

Porosity: #, size (mm) 1,0.09 2,017 2,0.12 2,0.16
hudeciiic fop batiom -0.18,x -0.08,x -0.10,x -0.11,x -0.12,x
(mm)
EXCES WM Top. otk 0.00, x 0.03,x 0.02, x 0.03, x 0.00, x
(mm)
Misalignment (mm) X 0.17 X 0.10 X
Other irregular penetration undercut X spatter X

Figure 3.4 Appearance, section geometry, and defects of weld beads for samples 4, 7, 10, 2, and 6.
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Sample number 11 3 5 8

Parameters: P, v, fd, fp
(kW, m/min, pm, mm)

1.00, 3.00, 150, 0 1.50, 2.50, 350,0 1.50, 2.00, 500, 0 1.25, 2.00, 350, 0

Top weld seam

Weld bead section

Porosity: #, size (mm) 1,0.09 1,011 1,0.13 1.0.05
Undesfil: top,, hottom -0.12,x -0.10, x -0.05, -0.19, x
(mm)
Excessweld:xop, bottom 0.04, x 0.00, x 0.07, x 0.00,x
(mm)
Misalignment (mm) X 0.05 X X
Other beam deviation spatter X X

Figure 3.5 Appearance, section geometry, and defects of weld beads for samples 11, 3, 5, and 8.

3.3.2. Effects of the laser parameters on the penetration and
width of HAZ and FZ

Effect of the power, welding speed, focus diameter and focus position. Figure
3.6 reveals the effect of four laser weld parameters and their importance in the penetration
D and width W. As it is possible to observe, the welding speed, power, and focus diameter
have a strong effect on the penetration D, while the effect of the focus position is slight.
However, the change to a negative focus position can make the difference between obtaining
complete or partial penetration in thin sheets. Regarding the width W, only the welding speed
produces a considerable effect.

Although the relationships for W and D as functions of the four parameters
shown in Figure 3.6 are generally known, it is important to establish the magnitude of
variation produced by each parameter in the specific conditions of low power, thin thickness,
and for material used in this study. The relative lower effect of the focus position is explained
by the characteristics of the laser equipment optical system.
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This system’s BPP is small, so the focus depth is long and therefore there is a

more uniform distribution of power density in the focus depth.
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Figure 3.6 Penetration depth D and width W in function of: (a) welding speed, (b) power, (c) focus diameter,
and (d) focus position.

3.3.2.1. Effect of surface and edge condition.

The state of the surfaces, edges, and the groove gap are factors that affect the
appearance and shape of the weld bead as well as the stability of the keyhole. When
observing the photographs of the samples present in Figure 3.4 and 3.5, it is found that most
of the top weld seams have an irregular appearance and chamfers in the bottom edges.
Examining the joint gap clearance allowed observing an irregular and light gap in condition
C1 Figure 3.7a. Consequently, and according to the literature reviewed, these factors may
have influenced the geometry and appearance of the weld bead as well as the stability of the
keyhole mode. To study the effect of the surface-edge condition, samples #15, #16, and #17
were prepared under conditions C2, C3, and C4 as already detailed in an earlier section,
obtaining a regular and practically null gap for the three conditions as illustrated by condition

C3 Figure 3.7a. The results in penetration D, width W, and appearance of the weld seam can
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be observed in Figure 3.7b and c. There is a clear difference in the results between the
surface-edge conditions C2 versus the other two conditions: C3 and C4. These last two have
very similar results. Comparatively, in condition C2 the penetration D increases, the width

W decreases, and the top weld seam appearance is irregular.

The greater penetration observed in surface-edge condition C2, when comparing
with conditions C3 and C4, is explained due to the absorption phenomenon, since the surface
is less bright and rougher, it reflects less energy from the incident beam. The best appearance

of the weld seam of conditions C3 and C4 can also be consequence of the roughness effect.

Penetration D Width W

D, W (mm)

Surface-edge condition

m C2delivery m®mC3sanding M C4sand blasting

Figure 3.7 Effect of the surface-edge condition: (a) gap difference between conditions C1 and C3 (C2, C4);
(b) penetration depth D

3.3.2.2. Effect of the heat input.

The HI is an important parameter for any welding process. It is the heat supplied
per unit length and results from the division of power by the welding speed. Figure 3.8 shows
the effect of the HI on penetration D and width W for all the samples with the surface-edge
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condition C1. In Figure 3.8a, it is seen that while a minimum value of HI is necessary to
achieve the complete penetration (3 mm) of the butt joint, this minimum value varies
according to the focus diameter. The trend lines determine that the minimum HI values are
approximately 47, 53, and 60 Jmm for the focus diameters 150, 350, and 500 mm,
respectively. The effect of the focus position on the penetration for the conditions, HI of 45
J/mm and focus diameter of 350 pum, is also highlighted in Figure 3.8a. The penetration
increases as it passes from the positive to negative values as it can be seen in Figure 3.6d. In
Figure 3.8, it is possible to observe that the relationship between the width W and the HI is
approximately linear for all the focus diameters and that there are small differences for the
same HI due to the effects of focus position, power, and welding speed. Since the Hl is a

linear relationship between the power and speed.

HI = 60 x B (3.1)
%

The results of a graph like the one in Figure 3.8a can be very useful for two purposes. First,
for a certain focus diameter and a certain focus position knowing the minimum value of the
HI to achieve complete penetration, for a given speed allows determining the necessary
power, or vice versa. And second, it is possible to draw a line that divides the speed power
space, so as to differentiate the combinations of speed-power values that cause a complete

penetration of those combinations which produce partial penetration.
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Figure 3.8 Penetration depth D (a), and width W (b), in function of heat input (HI).
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3.3.3. Weld bead optimization

Considering the sample section # 14, which presents low porosity and where
excess weld metal is greater than the underfill, the geometry of the section was optimized
keeping constant the parameters: 2 kW, 350 um, -2 mm, and C3 condition, while the welding
speed varies in three values: 1.50, 1.60, and 1.65 m/min. The results correspond to samples

number 18, 19, and 20, as shown in Figure 3.9.

According to the results, there is a slight improvement in the cross-section
geometry, the excess weld decreases and there is no porosity due to increase of the welding
speed. Sample #19 shows a better section because there is no tendency to undercut, unlike
the other two samples. However, it is necessary to perform a better examination of this last

aspect along the welding axis.

Sample number 18 15 20
Parameters: P, v, fd, fp
(kW, m/min, pm, mm) P00 2 RO G e
Top weld seam
Weld bead section
3mm
Porosity: #, size (mm) 0,0.00 0,0.00 G000
Underfill: top , bottom -0.08, - 0.09 -0.07,-0.09 -0.07,-0.10
(mm)
Excess weld: top, bottom 0.03,0.17 0.03,0.16 0.00, 0.17
(mm)
Misalignment (mm) X . X
Other x X X

Figure 3.9 Appearance, section geometry, and defects of weld beads for samples 18, 19, and 20.

Patricio Gustavo Riofrio Villena 77



FATIGUE BEHAVIOUR AND MECHANICAL PROPERTIES OF THIN LASER WELDED HSLA STEEL

3.3.4. Macrostructure and microstructure

A typical macrostructure of the samples is presented in Figure 3.10a. The FZ and
HAZ are clearly differentiated. Large columnar grains grown in the cooling direction are
observed in the FZ. In the HAZ, two subzones are distinguished, one of fine grain (FG) and
another of coarse grain (CG). The changes that the BM microstructure underwent in the FZ
and HAZ are illustrated in the SEM micrographs of Figure 3.10b, c, and d: a softened
bainitic—ferritic microstructure in the HAZ (FG) and the presence of bainite and martensite

in different proportions and morphology in the HAZ (CG) and in the FZ.

Figure 3.10 Macrostructure and microstructure of the welded sample # 4: (a) optical microscopy and SEM
micrographs of: (b) FG-HAZ, (c) CG-HAZ, and (d) FZ.

Figure 3.11 shows characteristic microstructures found in the FZ of the samples.

A progressive change in the microstructure was observed, from one composed mainly of a
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mixture of bainite and martensite (sample #11, 20 J/mm) to the one in which appreciable
amounts of bainite appear (sample #14, 80 J/mm). This illustrates the evolution that can

occur in the microstructure due to the HI.

Figure 3.11 SEM micrographs of the FZ showing microstructures for the samples: # 11 (a)—(b); #12 (c)-(d);
and # 14 (e)—(f).

The aforementioned transition is consistent with the work of Goérka [32]
regarding the assessment of weldability of a 10-mm-thick S7T00MC steel welded with

different welding processes and HI. In that work, a continuous cooling temperature (CCT)
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diagram was determined under welding conditions and, simulations tests of cooling times
te/s showed that the microstructure can result in: martensite for short times (<3 s), mixture of
bainite and martensite for 3-10 s, bainite for 10-14 s, and a mixture of bainite and ferrite for
large times (60—200 s). Photomicrographs of the present work are similar to those presented
in the work of Gorka, so that the microstructure of sample #14 looks like the one that cooled
at tgs of 12.96 s, while sample # 11 looks like the one that cooled at tg;s of 3.40 s. The
microstructure present in the HAZ and FZ of the welded samples can be determined more
accurately by combining several techniques. Thus, in Bayock et al. [31], it was reported that
the use of scanning electron microscopy (SEM) and image processing detected small
amounts of retained austenite together with the main microstructural components in a
S700MC steel, or in Rodriguez et al. [35], for an HSLA steel, the use of SEM and electron
backscattered diffraction allowed to identify microconstituents that were not possible with

optical microscopy.

3.3.5. Microhardness

Figure 3.12 presents the microhardness Vickers’ profiles (HV, 0.5 kg, 10 s) for
several samples. There is a progressive variation of the hardness and size of the FZ and HAZ
when the HI varies from 20 to 80 JJmm. In the FZ, the hardness increases for all samples
except for the sample with a HI of 80 J/mm. Conversely, in the HAZ, all the samples suffer
softening with the exception of the sample with a HI of 20 J/mm where hardness is slightly
increased. The ranges of microhardness variation in the FZ and HAZ are approximately +100
and —35, respectively. It is also possible to observe that the hardness is similar for the same
HI value even though the power and welding speed were different, as were the case of
samples #4 and #2. Figure 3.12 shows two samples (# 1 and # 18) with lower hardness in
the BM in comparison with the other samples. This may be due to an excessive softening
caused by the cut when the pieces and tensile specimens were removed from the samples.
The sizes of the HAZ and FZ (W), which can be estimated in Figure 3.12, are smaller than
the results shown in Table 3.5 since the microhardness measurements were taken below the

top surface.
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Figure 3.12 Microhardness of several samples.
3.3.6. Mechanical properties and fracture analysis

Table 3.6 shows the tensile mechanical properties of several samples that had
complete penetration, including the HI, the BM microhardness close to the weld bead, the
HAZ softening, and the width W, for analysis purposes. Also, it includes the samples (# 18
and # 1) that presented low microhardness in the BM. Stress—strain curves representative of

BM and welded samples specimens are shown in Figure 3.13.

Considering Table 3.6, the tensile strength of the all samples is in general very
close to that of the BM but in particular for those that have high hardness. Even in the case
of sample #9, it exceeds the tensile strength of the BM. In terms of the yield strength and
elongation percentage, all samples present lower values than the BM and the values are not
as close as in the case of tensile strength, except for sample # 1 whose elongation percentage
is greater than the BM. All specimens failed in the BM with the exception of one of the two
specimens of samples #14 and #18 that failed in the weld. The behaviour described above is
similar, in general, with the one reported in the work [14] where the effect of the fiber laser
welding on the tensile strength and ductility for a Strenx® S700MC steel of 2mm thick was

analyzed.
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Figure 3.13 Stress—strain curves of several samples and base metal (BM).

In Table 3.6, two behaviors can be highlighted: sample #12 that presented both
good tensile strength and ductility; and, the specimens that failed in the weld (samples #14
and #18). In the first case, the behaviour may be due to a balance between the HI and the
medium hardness reached in the FZ. In the second case, the failure in the welds may be
explained by HAZ softening, the low hardness in the FZ that barely equals the BM, and the
presence of defects that can increase the applied loads. For both samples, the HI was 80

J/mm.

According to the previously reviewed literature about the factors that allow
obtaining in welded joints a tensile strength and ductility close to or equal to the BM, in the
present work, the HI is more determining than the weld bead geometry or defects. The results
are consistent with the aforementioned, especially for the first three samples, because the

tensile strength decreases as the HAZ softens and the width W increases when HI increases.
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Table 3.6 Mechanical properties, microhardness, width, and heat input of samples.

Microhardness

Sample St\r(elsllgdth S-I;?:r?gteh Elongation % S'Fe of (HY05) w Il;:;iltt
o (MPa)  (MPa) failure g1 softening (MM yymm)
HAZ

BM 80763 83826 15.04 - - : - :
9 77842 84115 12.20 BMBM 307 16 177 5250
12 78407 831.99 14,50 BMBM 311 29 181 60.00
14 77658  830.93 10.19 BMweld 313 34 234 80.00
18 76342 82470 12.40 BMweld 279 20 260  80.00
13 76649  820.06 9.59 BM,BM 204 6 194  60.00
19 74051  799.28 15.87 BM.BM 291 22 235  75.00
1 737.99 798.88 17.18 BMBM 279 7 204 60.00

The appearance of the fracture surface of the two samples that failed in the BM
is shown in Figure 3.14. In both samples, a mixture of ductile and brittle fracture composed

by areas of dimples and areas of tear planes is observed.

Figure 3.14 Fracture surface of the tensile specimens: (a) sample # 9 and (b) sample #12.
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3.4. Conclusions

» The effect of power, welding speed, focus position, focus diameter, surface-
edge condition, and HI on the section geometry, defects, microstructure, hardness, and
tensile strength of laser welded butt joints for a 3-mm-thick Strenx® 700MCE steel has been
studied using a strategy of one-factor-at-a-time and additional runs with a disk laser
equipment at power limit of 2 kW. Welding speed, power, and focus diameter have a similar
and strong effect on the penetration, while in the width of the HAZ and FZ only the welding
speed has a considerable effect. The relatively lower effect of focus position is due to the
low BPP of the laser equipment that indicates a deep focal length. However, in thin sheets,
this effect is not negligible. Negatives values of focus position increase the penetration. The
surface-edge condition also has a considerable effect in the weld bead geometry and
appearance of the weld seam.

» The presence of porosity in the weld bead can be minimized due to a good
combination of welding parameters, which causes a wide and regular appearance in the top
weld seam. Starting from a weld bead that has underfill and excess weld metal in the top and
bottom weld seam, respectively, the section can be optimized by slightly increasing the

welding speed.

» To achieve complete penetration, each focus diameter has a well-defined HI
threshold value. In the surface-edge condition C1, the values 47, 53, and 60 J/J/mm were found
for the focus diameters 150, 350, and 500 um, respectively. The typical macrostructure for
the steel used consisted of FG and CG in the HAZ and large columnar grains in the FZ. The
bainitic—ferritic microstructure of the BM changes to softened bainitic—ferritic in the fine-
grained area of the HAZ and to mixtures of bainite and martensite in the coarse-grained area
of HAZ and in the FZ. The mixture depends on the HI. In the FZ and HAZ, there is a
progressive variation of the hardness when the HI varies from 80 to 20 JJmm. In the FZ, the
hardness increases for all HI except for 80 J/mm, while in the HAZ there is softening for all
HI, with the exception for 20 J/mm that slightly increases hardness. The mechanical
properties obtained by the tensile test for the laser butt welds show values similar to the BM
in relation to tensile strength and are somewhat lower in terms of ductility. It was verified

that the factors that would allow similar mechanical properties between the BM and the
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welded joints are low softening of the HAZ, high hardness in FZ, and small width of HAZ

and FZ. For the above, an adequate selection of laser welding parameters and HI is important.
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Abstract

In many applications that use high strength steels, structural integrity depends
greatly on weld quality. Imperfections and the weld bead geometry are influencing factors
on mechanical properties of the welded joints but, especially in the fatigue strength, they
cause a great decrease. The proper knowledge of these two factors is important from the
nominal stress approach to the fracture mechanics approaches. Studies concerning the profile
and imperfections of the weld bead in laser welding for thin plates of high strength steels are
scarce. In this work, these two aspects are covered for five series single and double-welded
joints, butt joints in a 3 mm thick HSLA steel, welded in a small range of welding parameters.
The actual profiles captured with profilometer were modeled with proposed geometric
parameters achieving an adequate fit with values of the coefficient of determination 9R?2
greater than 0.900. Description of imperfections includes the distributions of porosity and
undercuts. The evaluation of the weld quality, taking as guide the 1ISO 13919-1 standard
determined B and D levels for the welded series while based on the stress-concentrating
effect, showed a greater detriment in those series with undercuts and excessive penetration.

The analysis of variance validated the results of the different combinations of laser welding
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parameters and showed, for the factorial experimental design, a more significant effect of

the welding speed.

Keywords: welding imperfections; modelling profile; laser butt joints; thin
HSLA steel; heat input

4.1. Introduction

Despite the promising advantages for many applications, laser welding of high
strength and low alloy (HSLA) steels still does not overcome the deterioration suffered in
the mechanical properties of the base material, there being an appreciable reduction
especially in fatigue strength. In two works [1, 2], where the fatigue strength of welded joints
formed with steels of high and low tensile strength is compared, it is found that at high-stress
levels the difference is small, when the stress level decreases the difference is reduced and
the welded joints can have a similar fatigue limit. One of the principal factors for behaviors
like the above may be the weld quality, so that the high strength of the steels cannot be
exploited due to the weld quality as showed in [3] and [4]. The weld quality is associated
mainly with the imperfections of the weld bead. However, the heat input (HI) from the
welding process also produces changes in the microstructure and residual stresses that may
influence fatigue strength. If the objective is to understand the reduction of the fatigue
strength in welded joints it is important to have complete knowledge of the imperfections
and weld profile, as well as the type of joint, the materials, the welding process and a detailed
analysis of the site, start and path of the fatigue failure; otherwise, partial or biased

conclusions could be drawn.

Imperfections such as undercuts, excess weld metal, excessive penetration,
underfill, porosity and misalignment occur frequently in laser welding and may affect the
fatigue strength of welded joints. The notch effect exerted by the undercuts and excess weld
at weld toe is well known. In studies, more parameters of these two imperfections are being
incorporated into the relationships that evaluate their effect, although there is disagreement
regarding which parameters are the most influential. Mashiri et al. reported a greater effect

of the depth over the width and the radius of the undercuts, the influence of the fillet weld
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profile on the undercut depth and a relatively major loss of fatigue crack propagation life for
thin plate than for thick plate [5]. In Cerit et al. [6], the stress concentration factor (SCF) for
undercuts and weld toe reinforcement for butt joints were determined by means of finite
element method (FEM), six parameters were used (three for each one) and it was established
that the highest stresses were produced from the combination of a high ratio of depth to
radius with a low reinforcement angle. Lillimée et al. evaluated the correlation between two
analytical expressions for the SCF and experimental results of fatigue strength, they found a
better fit for the five-parameter formula than the three-parameter expression and also
reported that the results agreed better with the mean values of weld height and flank angle
than with the mean values of transition radius and the undercut depth [4]. In Liinalampi et
al., the length of the undercuts has been incorporated to evaluate the effective stresses due
to this factor and the results showed that the effective notch stress is overestimated in the 2D
analysis if the notch is short and deep [7]. Finally, in simulations based on the fracture
mechanics approach, Schork et al. [8] showed that the notch (or undercut) depth is the most
influential parameter, whether considered individually or in conjunction with other

parameters of the weld toe.

When reviewing the literature regarding the effect of porosity on the fatigue
behaviour in joints of steels and aluminum alloys, it is found that pores can decrease the
load-bearing area and exert a stress-concentrating effect that reduces the fatigue strength. In
[9], was reported for lap joints with pores, that these imperfections did not initiate fatigue
and the fatigue strength was proportional to the actual area of the welds, while for butt joints,
which were removed the excess weld and other imperfections, pores can initiate fatigue, in
large pores [10, 11], in small pores near to the surface [12, 13], as also in small or big internal
pores [14]. According to what is proposed in Wang et al. [15], fatigue life is more affected
by the size than by the pore’s position. Biswal et al. [16], for titanium alloys, showed that
sub-surface pores have high SCF while for isolated inner pores, the increase in SCF is small.
In the literature, other imperfections are also reported as affecting the fatigue strength: linear
[17] and angular [18] misalignment, especially in slender elements and thin plates increasing
the local stresses; weld ripples as sites where the fatigue can initiate when the weld toe radius
is large enough [19], while in [20], the period of toe waves and the local toe geometry were
designated as features that strongly influenced the fatigue crack initiation and propagation

lives. However, the weld ripples are not usually part of the weld quality standards and have
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not been explicitly characterized by any parameter to evaluate the effect on fatigue strength,
although their effect was indirectly taken into account in the study [21]. From the above
revision, it is observed that the size, shape, localization, combinations and interactions
between imperfections are influential and should be considered for proper analysis. For the
measurement and capture of imperfections and weld profile along the weld axis various
technics and procedures with variable complexity and resolutions from 1 to 100 m are found:
mechanical profilometer [3], rubber replicas [22], non-destructive replica and design
software [23], laser scanner and optical 3D scans [21] and laser scanner and optical system

with cameras [4].

On the other hand, avoiding imperfections in laser welding in keyhole mode via
the proper setting of welding parameters has shown limitations due to the sensitivity of the
welding process and even more under certain restrictions, this purpose can require a large
number of trials and consumption of time. Particularly for medium and high ranges of
welding parameters, e.g., for power and welding speeds from 3 to 15 kW and m/min, there
are studies that show zones where there are no imperfections [24], or maps were the effect
on a certain imperfection is analyzed [25]. Other studies with optimization methodologies
find specific combinations of welding parameters that optimize the weld bead under an
established criterion [26, 27]. However, there are few studies that validate the solutions
optimized within a range of parameters [28], that evaluate imperfections along the weld axis
or that cover ranges of small values of the welding parameters (e.g., <3 kW and m/min).
Particularly in works where notch stress and fracture mechanics approaches are applied for
the assessment of the fatigue strength of welded joints [18, 21, 23, 29], aspects such as
knowledge of the variation of the weld bead profile along the weld axis, the statistical
distribution of imperfections and the use of more realistic geometries and microstructures
are highlighted in order to achieve a scientific approach and effective response to the concept

“fitness for purpose”; therefore, it is necessary to carry out studies that cover those aspects.

This work was developed in view of overcoming the deficiencies observed in
the previous review, and therefore reports in detail the weld profile and the imperfections
for five series of laser butt joints welded in thin plates under a small range of welding
parameters. The weld profile and various imperfections were captured by a profilometer

showing that for small weld beads it is very useful and may be more advantageous compared

90 2021



Chapter 4

to other methods and equipment. For all of the welded series, a simple graphic model
consisting of arcs of circles and straight lines is proposed in order to model the profile of the
weld beads. The distributions of porosity and undercuts are reported. The quality of the
welded series was evaluated, taking as a guide the 1SO 13919-1 standard [30]. Additionally,
to assess the effect of the weld profile and the undercuts on fatigue strength, their
corresponding stress concentrating factors were determined. The analysis of variance
(ANOVA) was performed for validation of results and evaluation of the effect of the welding

parameters and HI on the weld bead geometry.

4.2. Materials and Methods

4.2.1. Material and Laser Welding

Butt joints of 3 mm thickness were manufactured with the high strength low
alloy steel Strenx® 700MCE. This metal is hot-rolled steel under the requirements of
S700MC in EN 10149-2 [31], with the chemical composition Table 4.1, tensile mechanical
properties Table 4.2 and microstructure fine-grained mainly composed by ferrite and bainite

as reported in [32].

Table 4.1 Chemical composition of the base metal.

C Mn Si P S Cr \Y Nb Ni Cu Al Mo Ti Co Fe

0.07 169 001 0012 0.006 0.03 0.02 0046 0.04 0011 0.044 0.016 0.117 0.016 balance

Table 4.2 Tensile mechanical properties of the base metal.

Yield Strength (MPa) Tensile Strength (MPa) Elongation %

807.63 838.26 15.04

According to the results of the previous work on the same type of joints [32],
low heat inputs (less than 80 J/Jmm) produced small sizes and less softening of the heat-
affected zone (HAZ) and tensile mechanical properties similar to the base metal, although
there were some imperfections in the weld beads. Therefore, for the present study, the

welding parameters shown in Table 4.3 were chosen, on the one hand, to form a factorial
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design in a narrow range of welding speed and power for single-welded joints that allow
partial and complete penetration with HI less than 80 J/mm, and on the other hand, to achieve
complete penetration with double-welded joints of low HI (each weld pass less than to 60
J/imm) without increasing the size and softening of the HAZ, although it could increase the
level of porosity. Thus, the first four series (S1, S2, S3 and S4) form a 22 factorial design,
where the factors welding speed and power varied on two levels Table 4.3, and for the fifth
series (S5) welded from both sides, on the top side, the welding speed was varied within the
range of 2.0 to 1.75 m/min with the constant power (1.75 kW) and, on the bottom side, the
welding parameters were constant Table 4.3. For all series, the welding parameters-focus
diameter, focus position and the beam inclination-were constant in the values: 350 um, -2
mm and 9 degrees respectively. A disk laser equipment Trumpf TruDisk 2000 with laser
maximum output of 2000 W; beam wavelength, 1020 nm; beam parameter product, 2 mm-

mrad; and fiber diameter 200 um was used in continuous mode.

Table 4.3 Welding parameters used in the experimental work.

Series samples Las?livfl‘;wer Welding Speed (m/min) H??}n:?np)“t
S1 F1, F2, F6, F10, F20, F22 2.00 1.60 75.0
S2 F5, F8, F16, F17, F19 1.75 1.60 65.6
S3 F4,F7, F12, F13, F18 2.00 2.00 60.0
S4 F21, F23 1.75 2.00 52.5

Top Side Weld Pass
F15 1.75 1.75 60.0
F14 1.75 1.80 58.3
F9 1.75 1.90 55.3
F11 1.75 1.95 53.8
F3 1.75 2.00 52.5
Bottom Side Weld Pass
S5 F15, F14, F9, F11, F3 1.25 2.50 30.0

The butt joints were formed with two laser-cut 181 mm x 110 mm x 3 mm plates.
To facilitate the operation and maintain the same welding clamping condition, fixing slots
were machined in the plates and two small tack welds were welded at samples, ends Figure

4.1a. The surfaces close to the welds were prepared with sandpapers #80, #120 and #180
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and the edges were rectified to achieve a uniform and practically null gap clearance between
the plates. Before welding, the surfaces and edges were cleaned by acetone, the welding line
aligned to the trajectory of the laser beam and the plates fastened in the slots by means of
screws. Argon (99.996%) shielding gas was used at a flow rate of 20 L/min. The weld axis

was arranged transversely to the rolling direction.

4.2.2. Measurement of Weld Bead Geometry and Imperfections

The measurement and capture of weld bead geometry and imperfections were
performed with a microscope and profilometer on samples or pieces and test specimens that
were extracted from the samples Figure 4.1a. The Mitutoyo Toolmaker’s Microscope
(Kawasaki, Japan) equipped with digital micro-meters was used for the measurements of the
widths (near to the top side) of the heat-affected zones and for penetration depth on the
macrographs of the pieces extracted from the samples. For S1 to S4 series, four macrographs
were measured, each macrograph coming from different samples, except the S4 series for
which two macrographs come from the same sample, while for the S5 series, two
macrographs were measured for each sample. The features of the macrographs mentioned
above and the designation of the typical imperfections that will be analyzed are presented in

the scheme of Figure 4.1b.

The microscope was also used to measure porosity on a section cut along the
weld axis, near to the center of the FZ, and successive polishing showed that the greatest
amount of porosity occurred very close to the center of the FZ. For each series, the measured
weld length was 54 mm (six pieces of 9 mm). Pores with sizes less than 0.05 mm were not

considered due to the resolution of the equipment.
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Figure 4.1 Schemes of: (a) the welded sample; (b) the weld bead with designations of typical
imperfections and zones produced by welding.

The profile of each side (top and bottom) of the weld bead was captured through
the Mitutoyo SURTEST SJ-5000 profilometer (Kawasaki, Japan) using a pitch of 1 um. The
data obtained by the profilometer were then inserted in an excel sheet to graphically represent
the profile and to determine the geometrical parameters that define its shape and
imperfections such as, excess weld metal, underfill, linear misalignment, excessive
penetration and undercuts Figure 4.1b. Simple functions and relationships were used to
establish parameters such as lengths, heights, angles and radii. Four profiles (in top and
bottom sides) in each sample were captured for all of the series, however for series S1, S2
and S3, only four samples were used. Unlike the S4 series where the measurements were
made on four sites distributed along the samples, for the other series, the measurements were
made on the f-specimens. Therefore, for each one of the S1, S2 and S3 series, 16
measurements were made; for the S4 series, 8 measurements; and for the S5 series, 20

measurements.

Since no appreciable undercuts were observed at other sites, measurements for
this imperfection were concentrated at the weld root of the S1, S2 and S3 series and were
used four f-specimens and one c-specimen from different samples, completing 100 mm of
examined length: 50 mm of the f-specimens and 50 mm of the c-specimen. To determine the
size and distribution of the undercuts, the possible undercuts were first located under the

microscope and with the help of light, once they were marked, they were verified and
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measured with the profilometer, finally, the measurement of their length under the

microscope was completed.

4.3. Results and discussion

4.3.1. Welding Bead Geometry

The weld bead geometry found for the welded series is illustrated in Figure 4.2
with profiles captured by the profilometer and with macrographs of the cross-section. As can
be seen, in general, all series, weld bead profiles presented symmetry and are composed of
rounded shapes, however, a more careful observation of Figure 4.2 and of the enlarged
graphic representation that allows of the profilometer’s data, showed that there are also
straight parts. Small straight segments were observed especially in the weld face in the S3
series, as well in the bottom side (located in the middle part of the excessive penetration) in
the S1, S2 and S3 series. It is also possible to observe, weld bead profiles with wide radii
and smooth geometric transitions such as the top profiles of the S1, S4 and S5 series in
contrast to more abrupt geometric transitions like the top profile of the S3 series or as the

bottom profile of all series (without consider the S4 series).

v

3 mm

Figure 4.2 Appearance of the weld beads for welded series: profiles (above); macrographs (below).
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Figure 4.3 proposes the geometric parameters that define two idealized profiles:
t-profile and b-profile. Due to symmetry, only half of the profiles are shown. The
combination of these two idealized profiles allows the modelling of any weld bead profile
of the welded series. Therefore, the top and bottom profiles of the S1, S2 and S3 series can
be reproduced by the idealized profiles t-profile and b-profile, respectively, for the S5 series
contrary to the previous ones; and for the S4 series, only the top profile can be modeled with

the b-profile.

(a) (b)

Figure 4.3 Sketch of the idealized profiles and their geometrical parameters: (a) t-profile; (b) b-profile.

The values for the geometric parameters proposed in Figure 4.3 which are shown
in Table 4.4 were determined directly from the data and graphical representation of the
profiles and through simple geometric functions, while the rest of the parameters (r1, r2, r3,
ho, 4k and sr) can be calculated as outlined in the profile modelling Section 3.2. As detailed
in Section 2.2, various imperfections can also be evaluated from the results of Table 4.4. In
this table, it should be noted that the hc values are positive for excess weld metal but due to
the particular shape of the profiles they can also take negative values as in the case of
underfill. In Table 4.4, the parameter he corresponding to the linear misalignment was also

included.
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Table 4.4 Geometrical parameters of the welded series.

P @ S1 S2 S3 S4 S5
arameter Av! SD? Max® Min* Av SD Max Min Av SD Max Min Av SD Max Min Av SD Max Min
hb  (mm) 020 0.05 0.30 0.11 0.36 0.08 0.58 0.26 0.31 0.10 0.51 0.17 0.13 0.03 0.20 0.11 0.14 0.03 0.20 0.07
Ib (mm) 1.02 010 122 091 093 0.06 1.04 084 0.84 0.08 098 0.73 1.61 0.09 1.72 145 1.73 0.11 1.88 1.47
r (mm) 0.16 007 032 0.06 0.06 004 0.14 0.02 0.07 005 0.21 0.01 0.54 0.26 0.85 0.17 0.54 0.38 150 0.25
0 (°) 146 8 159 128 130 7 149 122 130 8 146 120 161 1 163 160 166 5 171 150
he (mm) 0.03 0.02 0.08 0.00 0.06 0.05 0.12 0.00 0.05 0.03 0.10 0.01 0.050.02 0.07 0.01 0.05 0.03 0.09 0.00
It (mm) 186 0.06 1.97 176 1.65 0.06 176 155 151 0.08 1.68 136 - - - - 1.02 0.10 1.23 0.87
hc (mm) 0.02 0.05 0.09 -0.10 -0.05 0.03 0.00 —0.10 —0.08 0.07 -0.01 —0.26 - - - - 0.00 0.04 0.06 —0.08
hi (mm) -0.08 0.03 —0.03 -0.15 -0.12 0.03 -0.07 —0.19 —0.15 0.06 —0.08 —-0.32 - - - - —0.06 0.03 -0.01 -0.11
sc (mm) 0.28 0.07 041 0.19 0.36 0.04 041 0.28 0.20 0.04 029 0.13 - - - - 017 0.04 025 0.10
b (mm - - - - - - - - 015 004 022 009 - - - - - - - -
5 - - - - - - 13 9 153 121 - - - - - - - -

Some observations stand out in Table 4.4. The results show the variability of the
profile features along the weld axis for all series which can be explained due to the sensibility
of laser welding and the instability of keyhole mode as is well known [33]. Although the
magnitudes are small (with the exception of the angular ones), clear differences and trends
are observed between the welded series. For example, with respect to averages, the width It
decreases and the underfill hi increases for S1 to S3 series, however, there is closeness in
some average values and overlap between the maximum and minimum values, especially
between S2 and S3 series. It is also noteworthy that standard deviations, in general, are
relatively small, and therefore it could be assumed that the weld beads of each series are
characterized by their size and shape by the effect of the welding parameters, however, this

issue will be analyzed in Section 3.5.

On the other hand, despite the variation of the welding speed used between its
welded samples, the S5 series presented only in certain geometrical parameters (especially
for the top profile) a slightly higher standard deviation than the other series, which justifies

its grouping into a single series.

Table 4.5 shows the means of measurements in relation to the macrographs. The
widths of the HAZ were measured near the top surface of the weld bead. The penetration
depth of the S5 series corresponds to that achieved with two pass weld. The small difference
between the values of the width of the FZ Table 4.5 and the values It or Ib (as appropriate in

Table 4.4), indicate the reliability of the measurements made with the microscope and the
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profilometer. Due to the S4 series, partial penetration joint, its details or discussion may be

omitted in the following sections.

Table 4.5 Means of macrographs features

Series Width of Penetration Depth
FZ! and HAZ? FZ FZ — HAZ3 CG — HAZ*

(mm) (mm) (mm) (mm) (mm)
s1 2.47 1.82 0.22 0.09 3.00
S2 2.27 1.65 0.21 0.11 3.00
S3 2.11 1.55 0.21 0.10 3.00
S4 2.15 1.71 0.15 0.09 2.66
S5 2.23 1.71 0.19 0.08 3.00

Lfusion zone (FZ); ? heat-affected zone (HAZ); 3 fine-grain heat-affected zone (FG-HAZ); 4 coarse- grain heat-affected
zone (CG-HAZ).

4.3.2. Profile Modelling

The actual profile of the weld bead captured by the profilometer can be modeled
through the combination of arcs of circles and straight lines as is proposed in Figure 4.3. For
profiles that correspond to t-profile, the parameters rl, r2 and the location of their centers
0l and 02 are key elements for a good fit and were determined as described below. An arc
of a circle is assumed to pass through points p1 and p2 so that the cut between the horizontal
line that passes through p1 and the vertical line that passes through p2, define the semi-chord
p1pO0 (of length sc) and the segment-radius p2p0 (of length sr), allowing to determine both
the radius rl (through the geometric relationship between the semi-chord and the segment-
radius) the center ol of the circle. For the second circle that passes through p4 and p3, it is
assumed that the inflection point p3 is located in the middle of the high between p4 and p2
(Ah) and therefore the radius r2 and the center 02 can be known in the same way as for the
first arc of the circle. Specifically for the S3 series, the profile shown in segmented lines in
the upper left of Figure 4.3 must be added to the profile formed by the two arcs of the circle
and therefore the parameters b and ¢ should be used. The above procedure is appropriate
given the range of the results, both for positive and negative values for hc being hi always
negative. Even although the profiles that correspond to the lower part of the weld root surface

can be modeled by the link between straight lines and arcs with tangential transitions, in this
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work, to use the same modeling for profiles with both excess penetration and excess
reinforcement, the arc corresponding to radius r3 it will be graphed in a similar way to the
arcs of the idealized t-profile, using as an approximation for all series a value of ho equal to
0.79 hb. Figure 4.4 shows, for S1, S2, S3 and S5 series, examples with a real profile, its
model and the average model (based on the mean parameters) according to the previous

procedures.
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Figure 4.4 Examples of profiles: real, model and average model for S1, S2, S3 and S5 series (Y -axis and X-
axis in mm).

Even though it is evident in Figure 4.4 that there is a good fit between the real
profile and its model, for the five examples, the coefficient of determination %2 was

calculated in order to judge the goodness of the fit. The 2 calculation was based on five
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points taken along the profiles but especially in the places where there is a greater difference
between the heights. The 2% values (shown in the lower right part of the figures) obtained
determine that the adjustment is adequate. On the other hand, regarding the small dimensions
of the weld bead, it is possible to see minute details of the real profiles and it is possible to

reproduce an average model for each welded series.

4.3.3. Imperfections

Since the cross-sections shown in Figure 4.2 represent the welded series, at first
glance, at a certain level, all the series present multiple-imperfections. The S1, S2 and S3
series have especially underfill and excessive penetration, while the S4 and S5 series have
excess weld metal and porosity. In particular, in the S1 and S3 series it is possible to observe
undercuts in the weld root, while the S4 series show incomplete penetration and the S5 series

underfill in the bottom side.

Some imperfections can be quantified through the parameters proposed in Figure
4.3 and the results of Table 4.4. Referring to the designations of the imperfections in Figure
4.1b, the excess weld metal is quantified with the positive parameter hc for the S1, S2, S3
and S5 series and by the hb parameter for the S4 series; the underfill with the negative
parameter hi for all series; the excessive penetration with the hb parameter for the S1, S2
and S3 series and; the linear misalignment with the he parameter. In the next sections, we
will present the porosity and undercuts distributions and the assessment of the level of
imperfections according to the 1ISO 13919-1 welding quality standard and also focused on

the effect of stress concentration.
4.3.3.1. Porosity

Table 4.6 and Figure 4.5 show the quantity, size, distribution and typical aspect
of pores found in a section along the weld axis in the center of the FZ for each series. The
measured weld length was 54 mm and the area projected was evaluated with the actual

distribution of pores assuming round pores with a diameter equal to its size.
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Table 4.6 Porosity features of welded series.

Series Quantity of Average Size Max!mum Mln!mum Projected

Pores Size Size Area

(mm) (mm) (mm) (%)

S1 27 0.12 0.46 0.05 0.32
S2 43 0.12 0.41 0.05 0.46
S3 66 0.18 0.53 0.06 1.58
S4 115 0.30 0.99 0.06 7.63
S5 200 0.17 0.51 0.05 3.51

Quantity of Pores

0.051-0.200

0.201-0.350
0.351-0.500 S1
0.501-0.650

Pore size (mm) 0.651-0.800

0.851-1.000

(a) (b)

Figure 4.5 Distribution (a) and appeareance (b) of porosity for the welded series.

In general, the results show that the increase in the quantity and size of pores is

consistent with the decrease in the HI as was found in the work [34]. There was a significant

increase in porosity in the S4 and S5 series as well as a tendency to linear porosity. In the S4

series, the number and size of pores increased while in the S5 series only the number of pores

increased. The high porosity of the S4 and S5 series is explained by the instability of keyhole

mode and the trapping of gases that is characteristic of partial penetration joints [33]. In the

case of the S5 series, the weld pass in the bottom side (of low HI) reduced porosity that was

produced by the weld pass on the top side. In relation to the pore sizes, in two studies on
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welded joints in steel, maximum pore sizes of 0.5 mm [35] and 1 mm [36] were reported,

which agrees with the maximum pore sizes found in the present work.
4.3.3.2. Undercuts

In [37], several types of undercuts are reported however some of those types can
be similar to other imperfections as underfill or shrinkage groove according to the guidelines
of the 1SO 13919-1 welding quality standard [30]. In this study, the undercut will be
identified as the groove with narrow width at the weld toe or at the weld root. According to
the results, intermittent undercuts were localized in both sides in the weld root for S1, S2
and S3 series while for the S4 and S5 series imperfections with these characteristics

practically were not observed.

Table 4.7 shows various parameters of the undercut geometry found for the three
series, while in Figure 4.6a,b, the distributions of depth and radius respectively for the
mentioned series are shown. Figure 4.7a illustrates the weld roots with and without undercuts

captured by the profilometer and Figure 4.7b shows the appearance of undercuts in a

photograph.
Table 4.7 Parameters of the undercut geometry.
Series  Quantity Depth (um) Radius (um) Depth/Radius (um/pm) Length (mm)
Heading Heading Av! SD? Max?® Min* Av SD Max Min Av SD Max Min Av  SD Max Min
S1 38 40 22 105 15 56 33 147 5 1.36 2.00 9.00 0.17 1.11 063 284 0.35
S2 2 72 3 74 69 25 21 39 10 4.39 3.58 6.93 1.86 0.62 0.02 0.63 0.60
S3 28 52 24 114 23 32 24 87 6 3.33 3.74 15.17 0.28 059 023 1.17 0.21

L average (Av); 2 standard deviation (SD); 3 maximum (Max); * minimum (Min).
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Figure 4.6 Distributions of undercut parameters for the set of series: (a) depth; (b) radius.
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Figure 4.7 Appearance of weld roots and undercuts for S1, S2 and S3 series: (a) captured by profilometer;
(b) photograph

From Table 4.7 and the distributions of Figure 4.6, the following can be
highlighted: in general, the series have relatively shallow undercuts with very small radii and
wide lengths; there is a tendency to increase the quantity, radius and length of the undercuts
with increasing the HI, while the depth turned out to be similar for the three series and; the
S2 series showed a considerable reduction in the number of undercuts. Due to this last fact,
the root was examined with a higher magnification of the stereo-microscope finding
micropores along the root of this series. The separation between undercuts was also
determined in the base of the c-specimen, finding a great dispersion from 0.24 to 8.44 mm,
with a mean of 2.68 mm.

As illustrated in Figure 4.7a, relatively the undercuts may be wide and rounded
but also narrow crack-like. From the point of view that considers the undercuts as cracks,
these would have very low aspect ratios (a/c) [22]. It should also be noted in Table 4.7 that

Patricio Gustavo Riofrio Villena 103



FATIGUE BEHAVIOUR AND MECHANICAL PROPERTIES OF THIN LASER WELDED HSLA STEEL

the depth-to-radius ratios of the series are underestimated if they would be calculated through

the corresponding mean values of depth and radius.

In the studies [25, 37], the causes and mechanisms of undercut formation in laser
welding were analyzed: high welding speeds, a combination of high power and high welding
speeds, surface oxides and process instability appear as some of the causes. In the present
study, the significant decrease in undercuts in the S2 series suggests that may be due to the

combination of low power and low welding speed.
4.3.3.3. Variation of the Underfill along the Weld Axis

As reviewed in the literature, the interaction of weld ripples and the weld toe can
cause the initiation and reduction of life to fatigue. According to the results obtained in this
work, there is a great variation of the weld profile along the weld axis and underfill in the
S1, S2, S3 and S5 series. Therefore, it can be inferred that the underfill together with the
weld ripples could be stress concentration sites where fatigue starts. For the aforementioned
series, two weld profiles were captured along the sites where the underfill was observed,

these two profiles (blue line and black line) are shown in Figure 4.8.
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Figure 4.8 Variation of height of the profiles (Y-axis in pm) along the weld axis (X-axis in mm) in places of
underfill for S1, S2, S3 and S5 series.

In Figure 4.8, the profiles present a high variation of the height along the weld
axis, although for the S2 and S5 series it tends to decrease. The formation of deep (about
100 pm) and long (2 to 4 mm) depressions (as the mark with arrow lines) that could have an
effect similar to undercuts is also observed in all series. The height and length of depressions,
as illustrated in Figure 4.8, could be parameters to consider in the combined effect between
weld ripples and underfil.

4.3.4. Evaluation of Imperfections

Based on the results presented in the previous sections, for the complete
penetration joints, Table 4.8 shows an evaluation of the imperfections found, taking, as a
guide, the standard ISO 13919-1 [30]. This standard proposes three quality levels for steels:
B stringent, C intermediate and D moderate. The quality levels for each imperfection in
Table 4.8 are determined by comparing the maximum values found (Table 4.4, Table 4.6
and Table 4.7) with the limit values according to the quality standard for 3 mm thickness.
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Table 4.8 Evaluation of the weld quality of the welded series.

Limits of Quality Levels Quality Levels for Series

Imperfection Designation Parameter D C B S1 ) 33 S5

Porosity - - - - - - - -

maximum dimension for single pore hp (mm)< 1.50 1.20 0.90 B B B B
maximum projected area of pores f (%)< 6.00 2.00 0.70 B B B D
in cluster or linear porosity - - - - - - - -

two pores closer than Alp (mm) 0.75 1.50 1.50 B D B D
shall be considered combined porosity - - - - not yes yes yes
if the affected weld length Ic (mm)< 6.00 3.00 3.00 - - - -
combined porosity is permitted - - - - - yes yes not
Undercut hu< 0.45 0.30 0.15 B B B B

Excess weld metal (reinforcement) hc (mm)< 1.10 0.80 0.65 B B B B
Excessive penetration hb (mm) 1.10 0.80 0.65 B B B B

Linear misalignment he (mm)< 0.75 0.45 0.30 B B B B
Underfill hi (mm)< 0.90 0.60 0.30 B B B B

The quality level for the series, as shown in Table 4.8, generally speaking, is B,
however by porosity, the S5 series is D level. It should also be noted that the linear porosity
imperfection requires being measured in a greater length for a better evaluation and that the

weld beads can present multiple-imperfections as shown in Figure 4.2,

Without considering porosity, according to the quality standard mentioned, the
S1, S2, S3 and S5 series have practically the same quality level, however, the series can be
evaluated taking into account the effect of imperfections and profile on fatigue behavior in
terms of the SCF. For the determination of SCF values, two expressions proposed in [23]
were used. Expression (4.1) for undercut and underfill and Expression (4.2) for excessive

penetration or excess weld metal were modified to the nomenclature used in this work:

10 s 25\ /gy 05
Ky =1+2 (1 - (=) (—u> ) (—u) 4.0
180 ru ru
RN O30 /1 py 030 180 — @1\0-30 /4,0.33 (4.2)
kw=1+(3) (T) () ()
t t 2 r

In Expression (4.1), hu, ru and ¢ are the depth, radius and groove angle of the
undercut. For underfill as depth was assumed the value hi and as radius the corresponding

radius r1. According to the results in [23], the variation of the angle ¢ within the range of 40
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to 130 degrees caused a minimal change in Ky, therefore in this work, a constant angle of 90
degrees was assumed for the calculation. In Expression (4.2), hb is the excessive penetration
or excess weld metal, Ib the width, r the transition radius, (180 - ) the flank angle and t the

thickness of the plate.

Figure 4.9 summarizes the SCF values found on both sides of the weld beads for
all series. The values of the profiles correspond to underfill, excessive penetration or
reinforcement as appropriate to each series, while for the S2 series, due to the fact that it had
almost no undercuts, the corresponding SCF value is not shown. The values obtained were
based on the means of Table 4.3 and Table 4.7. Figure 4.9 also shows the porosity percentage

for each series.

ms1 Qs2 0OS3 BSS
4.8
3.4
20 10 1.0 2.0
. 1.8
1.6 1.7
0.3 0.5
i =]
undercuts profiles profiles
SCF bottom side SCF top side Porosity (%)

Figure 4.9 SCFs for undercuts and profiles and porosity percentage of S1, S2, S3 and S5 series.

The results of Figure 4.9 show a greater effect of undercuts than the profiles, that
there are small differences between b-profiles and t-profiles and therefore a similar effect by
excessive penetration, excess weld metal or by underfill, although a certain difference exists
for the S5 series, and the least affected profile by underfilling corresponds to S1 series. Due
to the interaction between the profile and the undercut, in the S3 and S1 series, the detriment
to fatigue resistance could be further increased. In relation to porosity, the S5 series would

be the most affected. When individually evaluating the series, considering a lesser effect by
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porosity than by undercuts or profiles, the order of affectation in the fatigue strength, would
be: S3, S1, S5 and S2.

4.3.5. Analysis of Variance

The ANOVA will be applied to confirm that the small differences observed
between the means of the geometric parameters of the welded series Table 4.5 and Table 4.4
are the effect of the different laser welding parameters used for each series and not due to
sampling fluctuation. On the other hand, given that the factorial design allows to separate
the effects of the main factors (power and welding speed) of the interaction and since the HI
is an important parameter in any welding process, it is convenient to evaluate the effect of
these parameters on the weld bead geometry. Therefore, taking the width W as representative

of weld bead geometry in order to validate the results two analyses are developed.

The first analysis focuses on proving that the HI is an influencing factor in the
width W and that the differences between the means of width W respond to the different
levels of HI, for the aforementioned, Table 4.9 shows the four observations for each level of
HI, the means, the differences between means and the LSD value that allow the comparisons
according to Fisher LSD method [38], while Table 4.10 is the ANOVA Table.

Table 4.9 Data for width W.

Series Treatments Observations Means Differences LSD Value
Heading (3/mm) (mm) (mm) (mm) (mm)
S1 75 2.465 2.440 2420 2.566 2.473 W1-W2 =0.207 0.087
S2 66 2.263 2370 2.236 2.195 2.266 W2-W3 =0.159 -
S3 60 2.077 2.055 2171 2.126 2.107 W4-W3=0.045 -
S4 53 2.133 2147 2159 2.168 2.152 - -

Table 4.10 ANOVA table for width W.

Source of Variation ~ Sum of Squares Degrees of Freedom  Mean Square Fo  P-Value

Heat Input 0.080 3 0.027 8.383 0.0028
Error 0.038 12 0.003 - -
Total 0.118 15 - - -
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Following the common procedure, to test the hypothesis that the HI does not
affect the mean of width W, using a level of significance of 0.05, with f (0.05, 3, 12) = 3.490,
and observing that 3.490 < 8.383 (Fo value), the hypothesis is rejected, and therefore the HI
significantly affects the mean of W. On the other hand, the P-value 0.0028 < 0.05, confirms
that the HI influences the width W. The previous analysis also implies that some means of
the width W are different by the treatments HI, and according to the Fisher LSD method, the
above is verified when the difference of means is greater than the LSD value 0.087 mm.
Therefore, there are differences between the means for all series except for the difference
W4-W3, however, this result is affected by the fact that the S4 series is a partial penetration
joint.

Finally, the residuals analysis shows a small deviation of the normality
assumption in the high values Figure 4.10a and a small range of variance in the S4 series
Figure 4.10b compared to the other series. The latter may be due both to the fact that the S4

series is a partial penetration joint and that the four observations correspond to two samples.
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Figure 4.10 Plots of the residuals for widthW: (a) normal probability; (b) residuals vs HI.

For the second analysis, Table 4.11 is the ANOVA table for factorial design also
applied to widthWand shows that all Fo values exceed the value f (0.05, 1, 12) = 4.747,
therefore the two main factors and their interaction affect the width W, however, the welding
speed prevails over the interaction and the power. The small p-value for the welding speed
confirms its strong influence. In concordance to Table 4.11, in Figure 4.11a, the interaction
between factors is seen, however, it must be taken into account that this result is influenced

by the partial penetration of the S4 series. For this last reason, in Figure 4.11b, which shows
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the graph of width W as a function of the HI, the width W of the S4 series does not follow

the same trend as the other series.

Table 4.11 ANOVA table for factorial design applied to width W.

Source of

. Sum of Squares Degrees of Freedom  Mean Square Fo P-Value
Variation
Power 0.026 1 0.026 8.29 1.39 x 1072
Welding speed 0.230 1 0.230 72.44 2x107°
Interaction 0.063 1 0.063 19.87 7.82 x 107
Error 0.038 12 0.003 - -
Total 0.358 15 - - -
2.5 25
2.45 S1 "-., 2.45 /.
24 e, **®=+ Power 2.00 kw , S1
*e 24 ° >
2.35 1S . Vi
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2.05 53 2.1 it «+@ -+ S5 series
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Welding speed (m/min) Heat input (J/mm)
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Figure 4.11 (a) Interaction in the factorial experiment; (b) width W in the function of the Heat Input

Figure 4.11b also includes the widths W corresponding to the five samples of the
S5 series and considering the width W of the S4 series with the widths W of the S5 series
due to the fact that the two series did not achieve full penetration with a single pass weld, it
is verified that for both complete penetration and partial penetration there is an
approximately linear relationship between width W and HI. Lastly, since it was tested that
the different levels of HI generate different widths W, when noting that those levels of HI
are combinations of different welding parameters, it is therefore verified that results are

effect the different laser welding parameters used for each series.
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4.4, Conclusions

This study, emphasizing the effect of imperfections and weld bead geometry on
fatigue strength, describes in detail these two factors for five series of butt joints in a thin
HSLA steel plate welded within a small range of welding parameters. The following

conclusions can be drawn:

* In the case of small weld beads, the profilometer proved to be a good
alternative for capturing 2D profiles due to its accuracy, simplicity and speed in contrast to
other techniques and procedures that may be more complex and expensive. Adding a few
geometric parameters to those commonly needed to evaluate the main imperfections and
with two proposed idealized profiles, the actual profile of the weld beads or those based on
mean values of each welded series can be faithfully modeled, making it possible to use it in
subsequent analyses, such as the stress-concentrating effect.

» The welded series showed multiple-imperfections. For single-welded joints,
the most severe imperfections were concentrated at the weld root: intermittent undercuts,
shallow (depth: 15-114 um) but sharp (radius: 5-147 um); high flank angles (60-21 degrees),
high excessive penetration (0.11-0.53 mm) and small radius at the toe (0.01-0.32 mm). For
all complete penetration joints: underfill (0.03-0.32 mm) and long depressions (similar to
undercuts) on its surface along the weld axis. Particularly high porosity for partial
penetration joint (7.6%) and double-welded joint (3.5%).

» The evaluation of the weld quality according to the ISO 13919-1 standard
determined that all the evaluated series, in general, had a B level, however, the S5 series,
due to porosity, had a D level. While focusing the evaluation on the stress-concentrating
effect in fatigue strength, it was found that there may be a greater detriment due to undercuts
than to profiles; that is more critical the weld side where there was excessive penetration and
undercuts and that considering additionally the porosity but without taking into account the
S4 series, the order of detriment of the fatigue strength in the series can be the following:
S3, S1, S5 and S2.
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+ The ANOVA applied to geometric characteristics such as the width W

showed that the effect of welding speed was the most significant; confirmed that the

differences in the widths W between the welded series are due to the different levels of Hl

and therefore to the combinations of welding parameters used in each series and that there

was an approximately linear relationship between the width W and the HI.
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Abstract

This work is focused on understanding the significant factors on the fatigue
strength of laser-welded butt joints in thin high-strength low-alloy (HSLA) steel. The effects
of the weld profile, imperfections, hardness and residual stresses were considered to explain
the results found in the S-N curves of four welded series. The results showed acceptable
fatigue strength even though the welded series presented multiple-imperfections. The
analysis of fatigue behavior at low stress levels through the stress-concentrating effect
explained the influence of each factor on the S-N curves of the welded series. The fatigue
limits of the welded series predicted through the stress-concentrating effect and by the

relationship proposed by Murakami showed good agreement with the experimental results.

Keywords: Fatigue strength, Laser butt weld, HSLA steel, Fatigue limit
prediction.
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5.1. Introduction

The high-strength steels have high fatigue resistance, since this damage
mechanism decreases with the increase of material’s tensile strength. The welding of these
materials may be done using laser welding due to lower heat inputs, smaller heat-affected
zones and less softening of the material. However, reductions of up to 40% in the fatigue
limit, low ratios of the fatigue limit to the ultimate strength of the base metal (BM) and
fatigue limits that do not exceed 175 MPa are reported in [1-3] when thin high strength steels

and laser welding were used in welded specimens.

The relevant facts that make the difference between welded joints and elements
with notches or other defects, is the presence of crack-like imperfections and the changes
introduced by the heat input (HI) into the BM. This has led to the fatigue initiation period
being neglected [4, 5] and the application of the fracture mechanics approach considering
only the period of crack growth for the assessment of the fatigue life [6], however, due to
the small size of cracks or for low stress level, the initiation stage can be taken into account
[7,8].

The conventional approach used to predict the fatigue limit in notched elements
based on stress concentration and stress gradient models is also used in welded joints [9]. In
[10, 11] several traditional models of sensitivity to notches and new models were analyzed
for the prediction of the fatigue limit of elements with small imperfections and for the
applicability in welded joints. Based in fracture mechanics, Murakami [12] proposed an
expression for fatigue limit predictions of materials containing small defects or cracks in
function of the hardness and the size of small defects and Aman et al. [13] modified the
mentioned expression for take in account the effect on the small defects at the notch root and
suggested the application to the welded joints.

Several factors affecting fatigue strength in weldments are highlighted in [14, 6,
14], however they can be summarized in the following: weld quality, residual stress, material

and size effects.

Although it has been shown that the weld quality control [15] or the use of post-

weld treatments [16-19] in welded joints with high strength steels increases the fatigue
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strength by reducing the severity of its inherent imperfections and this fact are recognized in
design guides, allowing to increase the fatigue class curve (FAT) when the imperfections
have been verified with nondestructive testing (NDT) or when an improvement method has
been used [5]; there is no differentiation in the increase according to the mechanical strength
of the materials. The foregoing has been explained in [20], due to the fact that the growth of
cracks dominates the fatigue life of the welded joints and because the fatigue crack growth
rate (FCGR) is insensitive to the mechanical strength of the material, however, as counterpart
it was shown that when the weld quality is high, for high strength steels, the fatigue strength
Is positively correlated to the mechanical strength [21].

Microstructural features as phases and hardness are factors influencing the
fatigue behavior of the welded joints. Due to welding process, the microstructures of the
heat-affect zone (HAZ), fusion zone (FZ) and BM are different and since in most cases the
fatigue starts and paths are in the HAZ or FZ, the properties of these zones are important.
Thus, the hardness when is used instead of those of the BM improve the results or fatigue
predictions as shown by Kucharczyk et al. [22]. Meanwhile, in [23], it showed that the
increase of the proportion of martensite in the microstructure decreases the FCGR and
increases the crack growth threshold. In welded joints, the size effects refer to the decrease
in fatigue strength due to the increase in thickness plates [4], for example, in [5], fatigue
reduction factors are applied when 25 mm of thickness is exceeded, however, although there
is evidence that the opposite effect occurs for thin thicknesses [7], it is not taken into account

in the design guides.

The general effect of notches and residual stresses on fatigue strength of welded
joints is well known. In various studies their combined effect has been studied, determining
that there is a relative effect between these two factors. Watanabe et al. [24] reported that
the fatigue strength is dominated by stress concentration factor (SCF) when is high and by
the residual stresses when the SCF is small, Harati et al. [25] concluded that the residual
stress had larger influence than the weld toe geometry, meanwhile, Nguyen et al. [26]
established that for residual tensile stresses of low magnitude or for residual compressive
stresses the effect of undercut is dominant and Shiozaki et al. [27] reported that that due to
the equality of results between the as-welded and heat-treated specimens, the effect of

residual stress should not be considered for assessment the effect of weld toe geometry. In
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almost all previous works, relatively thick plates and conventional welding processes were

used.

As reviewed, there are few studies on the main factors influencing fatigue
strength and on the application of the fracture mechanics approach to evaluation of fatigue
limits to thin steel plates in laser welded joints. Therefore, in this study, starting from a
previous work [28] in which the weld bead geometry, imperfections and the weld quality
level of the welds according to the 1ISO13919-1 standard [29] were determined, considering
in a more real way and accurate various factors as the local properties as hardness in HAZ
and FZ, the actual profile of weld beads completely modeled to determine the SCFs, the
sizes of imperfections found in the welds, the residual stress measurement by X-ray
technique; through of failure analysis of fractured surfaces and with base on stress-
concentrating effect, the influence of the main factors on fatigue behavior at low stress levels
is explained. Predictions of the fatigue limits of the welded series are also made both by the

stress-concentrating effect and by the relationship proposed by Murakami.

5.2. Material and procedures

5.2.1. Material and laser welding

Butt-welded joints were made with 3 mm thick high-strength low-alloy (HSLA)
steel plate Strenx® 700MCE [30]. This steel has the chemical composition and tensile
mechanical properties shown in Table 5.1 and Table 5.2 [31], respectively. It presents a fine-
grain ferritic-bainitic microstructure. Note that the yield stress is close the tensile strength,
which means that this material keeps the elastic behavior almost until final fracture.

Table 5.1 Chemical composition of the base metal.

C Mn Si P S Cr \Y Nb Ni Cu Al Mo Ti Co Fe

007 169 0.01 0.012 0006 003 0.02 0046 004 0011 0.044 0016 0.117 0.016 balance

Table 5.2 Tensile mechanical properties of the base metal.

Yield Strength (MPa) Tensile Strength (MPa) Elongation %

807.63 838.26 15.04

118 2021



Chapter 5

Five series were welded considering the welding parameters shown in Table 5.3.
The S1, S2, S3 and S4 series are single-welded joints while the S5 series is double-welded
joint. For this last series, the welding speed of the weld pass on the top side was different
for each sample (1.75, 1.80, 1.90, 1.95 and 2.00 m/min), while the weld pass on the bottom
side was constant for all samples (2.50 m/min). These parameters were selected based on a
previous study of the effect of parameters on imperfections and tensile properties [31]. The
heat inputs used in welding were defined in order to achieve different values of hardness in
the welded series, but maintaining at the same time small HAZs, low softening and tensile
mechanical properties similar to the BM, as was shown in [31]. A disk laser equipment
Trumpf TruDisk 2000 with: laser maximum output, 2000 W; beam wavelength, 1020 nm;
beam parameter product, 2 mm-mrad and fiber diameter, 200 um, was used in continuous
mode. Argon (99.996%) shielding gas was supplied only on the top side of the weld at a
flow rate of 20 L/min. Figure 5.1a shows the size of plates used in the welding process.

Table 5.3 Welding parameters used in the experimental work.

. Laser power . . Heat input
Series (kW) Welding speed (m/min) (J/mm)
S1 2.00 1.60 75.0
S2 1.75 1.60 65.6
S3 2.00 2.00 60.0
sS4 1.75 2.00 525
top side weld pass

1.75 1.75-2.00 52.5-60.0

S5
bottom side weld pass
1.25 2.50 30.0

In [28] were reported B (for S1, S2 and S3 series) and D (for S5 series) quality
levels according to the ISO 13919-1 standard for the welded series and by the imperfection
sizes these can be consider as crack-like imperfections (see the imperfections sizes in Table
5.6). Due to the S4 series did not reach full penetration it will be omitted in the next sections.
Therefore, this series defines the lower boundary of the heat inputs in order to obtain full

penetration of the welding in the 3 mm thick specimens.
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5.2.2. Fatigue testing and analysis

The fatigue specimens were prepared and testing according the guidelines of the
ASTM E466-15 standard [32]. Figure 5.1a illustrates the location of the welded specimens,
which were obtained by laser cut, meanwhile, Figure 5.1b shows the specimen dimensions.
The fatigue specimens were tested in three conditions: no-welded (BM), as-welded and
bottom side-removed. For this last condition, the excess weld metal and undercuts were
progressively eliminated until to create a smooth transition between the weld and the plate
thus minimizing the stress concentration. The specimens were carefully grinded to a final
polish with sandpaper # 220, particularly the edges and the welding surfaces. The total

elimination of the undercuts was verified under the microscope with 20 magnification power.

a) 110 185 \ Laser beam

o
,—’/
”
b)
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— L | s
50.0 . le 58.2 S le 50.0 :_J]
200.0 & |
|

Figure 5.1 a) Sketch of plates for the welding and location of specimens, b) dimensions of specimens used in
fatigue tests.

The testing was done on DARTEC INSTRON servo-hydraulic machine. The
fatigue specimens were loaded axially with constant amplitude at a stress ratio R=0 and at a
frequency of 15 Hz. The specimens were tested at various stress levels up to the final
fracture, however, when at a certain stress level, the life of the specimens exceeded 2x10°

cycles the tests were stopped (run-outs). After the fracture of the specimens, their surfaces

120 2021



Chapter 5

were analyzed with a stereo-microscope in order to determine the site, start, imperfection,

path and shape of the fatigue surface.
A power law relationship was assumed for the S-N curves:

log(N) = log(C) — mlog(4o) (5.1)

where, the nominal stress range Ao is the independent variable, the number of cycles N at
which the failure occurs is the dependent variable and C, m are parameters that characterize
the curves. Through linear regression, the S-N data were analyzed according to the ASTM
E739-10 standard [33] to determine the C and m parameters of the S-N relationships, the
median S-N curve and its 95% confidence band. The testing of adequacy of the linear model
was also verified according to the mentioned standard. For comparison, the FAT100 curve
(slope m = 3, Ao = 100 MPa at two million cycles) was also plotted in the S-N graphs. This
FAT100 curve, suggested in the fatigue design recommendations of the International
Institute of Welding (11W) for butt joints when imperfections (undercuts and porosity) are
evaluated [5], was chosen because its requirements are close matching (differs in the
thickness and the porosity of one of the series) to imperfection sizes and quality level found

for welded series as reported in [28].

5.2.3. Measurement of residual stresses

The residual stress analysis was performed by X-ray diffraction using a Proto
iIXRD equipment, in the longitudinal and transverse directions of the laser welds, and on
both sides (top and bottom surfaces) of the specimens. Lattice deformations of the {211}
diffraction planes (26 =~ 156°) were measured using Cr-K, X-ray radiation, with 11 $ angles
in the range +30° (22 y angles in the range £42°), an acquisition time of 30 seconds by peak
and £2° oscillations in y. An aperture length of 0.5 mm x 3 mm in the transverse and
longitudinal directions, respectively, was used. The residual stresses were evaluated with an
elliptical regression of sin?y, using the X-ray elastic constants values of 5.83x10° MPa* for
(1/2) Sz and -1.28x10® MPa® for S1. For the analyzed material and considering the radiation

used, the average penetration depth of the X-rays was about 5 um.
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5.3. Results and discussion
5.3.1. S-N curves

Figure 5.2 shows the S-N experimental results of both the welded series and the
BM. The mean and the 95% confidence band curves of the BM are also presented, along
with FAT100 curve, which is a reference for welded joints. The BM shows a linear behavior
in log-log scale with small scatter. The nominal stress ranged varied between 600 and 800
MPa, which correspond to 74 and 99% of material’s yield stress, respectively. The
modification introduced by laser welding on microstructure changed significantly the
position of the S-N curves. A significant decrease of stress range for the same fatigue life is
evident, namely for lower load ranges, i.e., for longer fatigue lives. The scatter increased
significantly, comparatively to the BM. Both the S-N curves of the BM and of the welded
joints present the characteristic “knee point” that identifies the stress level of the fatigue
limit, that in this work will be assumed as the fatigue strength of run-outs at two million
cycles. Eventually the series S2 may be considered to have better a higher limit. The FAT100
curve is clearly below the experimental results obtained for the welded series, which is a

good indication for the quality of laser welding.
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Figure 5.2 S-N data for all welded series and BM.
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Figure 5.3 presents the results for each series and a photo-macrograph showing
the cross-section of the weld bead. The stress levels corresponding to the fatigue limit are
also indicated. The dispersion of the entire data set is reduced when each series is considered
separately and that the dispersion of each series is similar than that of the BM. In the case of
the S5 series, because two specimens (named as S5-F9) showed a considerably higher
fatigue strength than the rest of specimens, they were not considered within the S5 series.

The FAT100 is clearly below the experimental results in all the series.
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Figure 5.3 S-N curves of each series.

Table 5.4 presents log C and m parameters of S-N curves. There is a limited
influence of welded series on these values, with the exception of S2 series. Besides, the m
values are very close to FAT100 curve slope. The relatively high value m for the BM
indicates that the initiation is dominant over the propagation. On the other hand, the
relatively low value of m for the welded joints indicates the predominance of propagation
over initiation. The fatigue limits shown in Table 5.4, which were assumed to be the

maximum stress range values reached by the specimens that exceeded two million cycles,
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are between 30% and 57% of the fatigue limit of the BM. As can be seen in Figure 5.3, all

series had a fatigue life over the FAT100 curve.

An additional aspect should be noted from the results obtained; although the
confidence F-test for all welded series and BM did not reject the hypothesis of linear model,
for the S2 and S3 series, observing the mean curves and the results points, these change from
one side to the other when going from a low stress levels to a high ones and in the case of
the S2 series, at high stresses, it has the shortest fatigue life, while at low stresses it tends to
have the longest life of the set of results (without consider S5-F9 specimens), see Figure 5.2
and 5.3.

Table 5.4 S-N curves parameters and fatigue limits.

Series linear model logC m Fatigue limits
(MPa)
S1 not rejected 13.455 3.226 180
S2 not rejected 16.206 4.247 270
S3 not rejected 13.248 3.118 210
S5 not rejected 13.469 3.206 215 (340)*
BM not rejected 30.642 9.004 600

*The value 340 MPa corresponds to S5-F9 specimens.

5.3.2. Fatigue failure modes

Table 5.5 presents the principal features of each failure mode (designated as FM)
and representative photographs that show the fracture surfaces, details of the starts,
imperfections and paths of the fatigue. Based on the analysis of the fractured surfaces of all
the specimens, mainly four failure modes were found in the welded series. The FML1 failure
mode was due to the undercuts at weld root of the S1 and S3 series, there was generally more
than one that generated semi-elliptical cracks. In the FM2 failure mode, multiple
imperfections along the root caused failures, especially in the S2 series, in these cases the
presence of semi-elliptical cracks was not evident. The FM3 failure mode was present in
practically all the series, the fatigue starts in the underfill occurred in the ripples, these being

smaller in the S5 series, see Table 5.5.
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Table 5.5 Failure modes features.

. Fatigue start: .
Failure Mode . . 9 . . Approximate shape of fractured
. site-imperfection Details Remarks
( series) . surface
(side)
a) long and deep undercuts, one or two a) big semi-elliptical in some cases,
root-undercuts . ]
FM1 (S1, S3) . very close b) tending to rectangular by microdefects close to
(bottomside) . .

b) several undercuts across the width coalescence of small semi-elliptical undercuts

1 mm undercuts

FM2 root-excess weld rrrlultlpl(i/isttians ': Ti;o':mie:-ifs ctlonrs tending to a rectangular stripe semi-elliptical forms
(S2, 81, S3) (bottomside) (pores, cavities, fh:veidtﬁ ackelike) across across the width were not observed

1 mm «
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Fatigue start:

Failure Mode . . . . Approximate shape of fractured
. site-imperfection Details PP P Remarks
(series) . surface
(side)
FM3 face-undetrflll multiple starts in waves and sharp ripples  small semi-ellipses or tending to a in many cases,
(59) (bottomside) with microdefects big semi-ellipse by coalescence underfill at border
(51,52,S3) (top side)

sripples

o

bottom side 1 mm

in some cases
FM4 center-porosity single pore or several on or near the approaching the middle of a influenced by
(S5, S1, S2, S3) (lateral side) surface semi-elliptical underfill close to

corner
e

bottom side

The FM4 failure mode refers to failure due to the presence of pores, it was
present in all series but in greater numbers in the S5 series. The pores caused fatigue failures
at the lateral side of the specimens generally when they were located near or on the surface,
this failure can also be influenced by the underfill at the border of the element, as illustrated
in Table 5.5.

It should be noted that in approximately 44% of the fractured specimens, at least
two failure modes were observed (as illustrated in FM2 mode, S3 series in Table 5.5),

however, in most cases, only one mode was decisive to fatigue failure. The fatigue path was
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generally straight from the weld root through thickness to the underfill or vice versa,
however, in certain cases the path had inclined parts due to the starts of fatigue from different
planes, by the presence of porosity or in the final stages of the fracture due to deviations to

the soft material where greater deformations were presented.

Figure 5.4 highlights that each series had a main failure mode that prevailed over
the others and that all series presented at least two main and two additional failure modes.
Also illustrates, in the sketches on the cross-sections of the weld beads, the starts and paths
followed by the four failure modes and the fact that all the fractures in the specimens
occurred within the FZ and HAZ. As can be seen, in S1 and S3 series the FM1 mode
prevailed, in S2 series the FM2 mode, while in S5 series the FM3 mode. The above is
strongly related to the corresponding presence of imperfections in each weld bead, see Table
5.5.

quantity of _6 | additional failure mode (pattern fill) 6

specimens NN \ain failure mode (solid All)

14

11

3 & 1 S 3 & 3
2 2 1 1

FM2 FM3 M4 ‘ FM3 M4 ‘

S5 series

X7,

'.'.' |

1 )
1 mm =

—— : 1 mm

underfill

bottom side " roo bottom side % 1 mm

Figure 5.4 Failure modes distributions found in the specimens of the welded series and sketches of starts and
paths on their cross-sections.

Considering the starts on underfill and the starts on excess weld and undercuts,
it is observed that the last dominated in S1, S2 and S3 series while the first dominated in S5
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series. The FM4 mode that corresponds to porosity caused few starts in all series, however,

in S5 series, it increased as a consequence of its highest percentage of porosity (3.5%) [28].

5.3.3. Effect of weld bead geometry and imperfections

In order to evaluate the effect exerted by the weld profile and geometrical
imperfections on the fatigue behaviour; the stress concentration factor (SCF), K,
corresponding to the top and bottom sides of each welded series were determined by Finite
Element Method (FEM) and with expressions from the literature. For the latter case, SCF
values shown in Table 5.6 were calculated with semi-analytical expressions proposed in [34]
for the weld profile, notches and their interaction, considering the mean values of the
geometric parameters presented in Table 5.6. The ANSYS commercial code was used for
the FEM. Siles models (0.2 mm in thickness) with meshes composed of quadrilateral
elements with quadratic displacement function, were generated according the
recommendations about the number of elements in notches and weld toes given in [35], i.e.:
element size < 0.012 mm (for radius 0.05 mm); number of elements over 45° arc, > 3 and
for 360° arc, > 24. Previous to the FEM, the weld profiles (top and bottom sides) of the four
welded series were completely modelled according to the procedure and the mean
geometrical parameters given in [28]. The models are presented in Figure 5.5, which also
shows the fine mesh used in the models and in the imperfections of the weld root (toe),
undercut and underfill. Therefore, the number of elements were exceeded and the sizes

(approximately 0.010-0.015 mm) are close to the recommendations mentioned.
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Table 5.6 SCFs and mean geometric parameters of imperfections.

Welded series

S1 S2 S3 S5
excess weld  radius (mm) 0.16 0.06 0.07 0.54
(toe) width (mm) 1.02 0.93 0.84 1.73
high (mm) 0.20 0.36 0.31 0.14
flank angle (degrees) 34 50 50 14
SCF analytical 1.54 1.95 1.83 1.30
SCF by FEM 1.71 2.25 1.98 1.36
Undercut depth (mm) 0.04 - 0.05 -
radius (mm) 0.06 - 0.03 -
SCF analytical 3.56 - 4.89 -
SCF by FEM 3.29 - 4.41 -
Underfill depth (mm) 0.08 0.12 0.15 0.06
radius (mm) 0.53 0.60 0.50 0.27
SCF analytical 1.72 1.84 2.05 1.91
SCF by FEM 1.75 1.77 1.94 1.95

Figure 5.5 Weld profile models of the welded series and details of meshing used in FEM.

imm
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Figure 5.6a and 5.6b plot the maximum principal stress for the bottom side of
the welded series S3 and S5, respectively. The root of the weld is a point of stress
concentration, as could be expected. The SCF obtained numerically are also presented in
Table 5.6. In general, there is a difference of less than 10% between the SCFs determined
with the semi-analytical expressions and by FEM. On the other hand, the SCFs
corresponding to the undercuts are almost the double of the SCFs for the underfill or excess

weld (toe), and there is some closeness between all the SCFs due to underfill and excess
weld with exception of the value of the S5 series (K =1.36). It is also important to note, as

shown in Figure 5.6, that the stress distribution on the imperfections are different, being
more concentrated and with major gradient for the undercut while on the underfill is more

wide and small gradient, as expected due to the difference in notch radii.

b) ] 00005 ﬂ.nPw (m)

000017 0.00052

Figure 5.6 Stress distribution in bottom side of the welded series: a) S3 and b) S5.

When considering the SCFs of the imperfections in Table 5.6 and the failure
modes in Figure 5.4, it can be noted that, the highest SCFs in each welded series are

correlated to their major main failure mode and the respective imperfection, thus: 3.27-
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undercut-S1, 2.25-excess weld-S2, 4.41-undercut-S3 and 1.95-underfill-S5. The foregoing

highlights the known fact that, fatigue cracks starts commonly in sites of stress raisers.

5.3.4. Effect of top side and bottom side in the fatigue strength

Because the weld beads of the welded series showed fatigue starts on both sides,
to examine better the effect of weld profile and imperfections on fatigue behaviour, various
specimens were tested once the bottom side was removed from their weld beads. Figure 5.7
shows the S-N results for specimens of the S1 and S2 series in two conditions: as-welded
and bottom side-removed. In S1 series (Figure 5.7a) the elimination of the bottom side
increases significantly the fatigue strength for all stress ranges. Therefore, the slope of S-N

curve is not significantly affected. Besides, the fatigue limit increased from 180 to 380 MPa.

In S2 series (Figure 5.7b) there is a significant effect of Ac. At high stress range,
the change of geometry does not affect significantly the fatigue life. On the other hand, at
low stress range there is a significant effect on fatigue life. Therefore, there is a great
reduction in the slope of S-N curve. The smoothing of geometry also increases fatigue limit
from 270 to 390 MPa.

These results could be expected since the main imperfections (excess weld and
undercuts) were eliminated, which reduces significantly the SCF. Therefore, the fatigue

initiation changed to the top sides where the stress raisers are less severe.
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Figure 5.7 S-N curves for S1 and S2 series in two conditions: as-welded and bottom side-removed.
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Table 5.7 presents the fatigue limits and the corresponding SCFs for series S1
and S2, as welded and with bottom-side removed. The fatigue strength at two million cycles
can be substantially improved by eliminating defects from the bottom side of the weld beads.
In average the increase of two welded series reached 64% in relation to the fatigue limit of
the BM. However, at high stress levels the increase of the fatigue life is small for the S2
series. This could be due to the deep underfill reducing the load bearing area, due to the
variation of the underfill along weld axis or due to the interaction between underfill and the

weld ripples that would increase the stress concentration at those sites, as stated in [36].

Table 5.7 Correlation between ratios of SCFs and fatigue strengths.

Series Fatigue limits (MPa)(imperfection) SCFs (imperfection) Ratios
as-welded bottom side-removed as-welded bottom side-removed strengths SCFs
S1 180 (undercut) 380 (underfill) 3.29 (undercut) 1.75 (underfill) 2.11 1.88
S2 270 (excess weld) 390 (underfill) 2.25 (excess weld) 1.77 (underfill) 1.44 1.27

For a better understanding of the behavior at relatively high stress levels, in
addition to the as-welded condition, several specimens with bottom side-removed and two
side-removed conditions were tested at 600 MPa. The fatigue lives of almost all samples at

that stress level are shown in Figure 5.8.
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Figure 5.8 Fatigue lives of specimens at 600 MPa in various conditions.

The results reaffirm, as expected, the increase in fatigue life due to the
elimination of imperfections of weld beads, however, the following should be noted: the
lowest life of the specimens of the S2 series in the as-welded condition was due to the
multiple small imperfections, practically presented a continuous crack along the width; for
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the group of specimens of all series in as-welded and bottom side removed conditions with
similar fatigue lives in the range of 29000 to 35000 cycles, semi-elliptical cracks that grew
and covered the entire width or border of the specimens; from the specimen with a fatigue
life of 36587 cycles, all specimens presented a single semi-elliptic crack, where the smallest
starts had a longer life than the largest ones. The exceptions were the specimens with starts
in pores, so the fatigue live of 56343 cycles corresponded to pores in the lateral side
meanwhile the fatigue life of 207400 cycles correspond to internal pores. These results show
the important effect of the quantity, size and position of the imperfections in the fatigue life
at high stresses and therefore the greater influence of the coalescence and crack growth at

high stress levels.

5.3.5. Fatigue limit assessment

5.3.5.1. Local Properties: microstructure and hardness

According to the fracture analysis, the fatigue starts at the weld root and
undercuts were located at the boundary between the columnar grains of the FZ and the CG-
HAZ, those in the underfill were located on the columnar grains of the FZ but very close to
the HAZ (as shown in Figure 5.9), the fatigue paths were through the FZ and HAZ and due
to the series were welded with different heat inputs; the actual microstructures, hardness,
and residual stresses are important factors in the fatigue strength. Due to the heat input range
used in the present work is similar to the range in a previous work [31], softened ferritic-
bainitic in FG-HAZ and bainitic-martensitic in CG-HAZ and in FZ can be present in the

microstructures.
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underfill

root toe

Figure 5.9 Fatigue initiation sites in the microstructure for underfill, undercuts and weld toe.

The microhardness (HV, 0.5 kg, 10 s) profiles were determined near to the
surface on the cross-section of the weld beads for all welded series. Figure 5.10 shows two
examples of the hardness profile found for the S1 and S5 series. As can be seen from the
hardness profile, in the FZ the hardness is high and roughly the same for both sides of the
weld bead at the fatigue sites, meanwhile in the HAZ, the S1 series had softening unlike the
S5 series which practically did not have it. According to the results at the fatigue initiation
sites, the hardness ranges for the welded series were 335 to 370 HV. Although small
differences were distinguished between each welded series, the local properties of hardness
assumed at the sites where the cracks started and propagated for the fatigue strength

assessment are shown in Table 5.8.
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Figure 5.10 Microhardness profiles in S1 and S5 series.

5.3.5.2. Residual Stresses

The residual stresses induced by the welding are one of the main factors affecting
the fatigue strength. Figure 5.11 shows the results of residual stresses measured with X-ray
diffraction technique in three fatigue specimens. Because initial measurements of the
transverse and longitudinal residual stresses made in one specimen (S1 series) showed
similar distributions between transversal and longitudinal stresses, and to consider
conservatively the effect of residual stresses, in the two additional fatigue specimens (S3 and
S5 series) only the longitudinal residual stresses were measured. As can be seen in Figure
5.11, there were an M-shape close to the HAZ and FZ with residual tensile stresses at the
HAZ and tending to zero or residual compressive stresses at the weld centerline. These
results found about the shape, trend and the similar distribution between longitudinal and
transverse residual stresses, agree with those reported in [35], where the residual stresses of
a laser-welded 4 mm high strength low alloy HSLA steel plate were measured and simulated

by FEM. There the residual stresses varied approximately from -200 MPa in the FZ to 250
MPa in the HAZ.
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Figure 5.11 Residual stresses profiles in fatigue specimens.

Focusing attention on the sites where the starts of fatigue occurred: in the inner
border of the HAZ (for excess weld and undercuts) and in FZ, but near to HAZ (the lowest
point of the underfill); approximately residual stresses in the range of 200 to -40 MPa are
observed in the graphs and although the differences in the values of the residual stresses
between the welded series are small, it is worth noting that are approximately: 200 to 80
MPa, for S5 series; 130 to 50 MPa, for S1 series; 50 to -40 MPa, for S3 series. The results
suggest that as the heat input decreases and therefore the cooling rate increases, the residual
tensile stress progressively changes to residual compressive stresses, these results may be
due to the effect of strains by the bainite and martensite transformation [36] since the
proportion of these microstructures increases as the heat input decreases. Table 5.8 shows

the residual stresses assumed for each series.

5.3.5.3.  Fatigue limit evaluation

In previous sections it was shown that for low stress levels the approach of
reducing fatigue strength through stress-concentrating effect can be used. To take in account

the effect of the mean stress in the analysis of the fatigue strength at two million cycles of
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the welded series, due to its simplicity, the modified Goodman line will be used according

to the expression.

L (5.2)

where oa and om are the nominal alternating (amplitude) and mean stresses applied and both
are equal to Ao/2 (according to R=0); Kj, is the effective stress concentration factor calculated
using the relationship of sensitivity to notch proposed by Peterson [37]; Sut and Se are the
ultimate strength and the fatigue limit of the materials, that will be estimated for each welded
series and BM through of the hardness HV, as 3.0xHV and 1.5xHV, respectively, and nc is
the factor that evaluate the proximity to the mentioned failure criteria of the local stresses at
imperfections of the specimens. When the residual stresses are considered, they will be

added to the mean applied stress om.

Table 5.8 shows the data used for the determination of the ng factors for both,
with residual stresses and without residual stresses for the welded series, conditions and
imperfections indicated there, meanwhile, Figure 5.12 illustrates the position of the fatigue
failure points of the specimens according to the mean and alternating local stresses in relation

to respective modified Goodman lines.

Table 5.8 Data for fatigue strength assessment based on the modified Goodman line.

Case Condition Series- Kt p Kf Hardness Residual Fatigue nc
imperfection stress limits factor
with without
(mm) (HV) (MPa) (MPa) residual  residual

stress stress

1 as-welded S1-undercut 3.29 0.06 233 335 130 180 1.08 1.60

2 bottom side-removed  S1-underfill 175 0.53 160 335 130 380 0.90 1.10

3 as-welded S2-excessweld  2.25 0.06 174 345 90 270 1.20 147

4 bottom side-removed  S2-underfill 1.77 0.60 163 345 90 390 0.94 1.09

5 as-welded S3-undercut 441 0.03 2.74 350 50 210 1.05 1.22

6 as-welded S5-underfill 195 0.27 1.74 370 200 215 1.17 1.90

7 no-welded Base metal - - - 295 - 600 - 0.98
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Figure 5.12 Fatigue failure points of specimens and modified Goodman lines.

When examining the concordance between the assumed failure criterion and the
cases considered, it is found that it is excellent in the case of the BM, generally very good
for all cases of the welded series when residual stresses were included and underestimated
when they were not included, see Table 5.8 and Figure 5.12. It can also be noted that there
is a good agreement considering with and without residual stress when the Ks values are low
for underfill (cases 2 and 4), and on the contrary for the highest values of Kr (cases 1 and 5).
Particularly even though when the residual stresses are considered, for the excess weld and
the underfill of the S2 and S5 series respectively, there is the greatest discrepancy (close to

20%) between the experimental results and the assumed criterion (cases 3 and 6).

The effects of hardness, residual stresses and stress concentration on each
welded series in the as-welded condition can be described as follows: the S1 series presented
the lowest fatigue strength due to the combination of a high SCF at the undercut, a medium
value of residual stress and a relatively lower hardness. The S5 series despite having the
highest hardness and although the SCF was medium, due to the high value of the residual
stresses it also presented low fatigue strength. The S3 series, with a low value of residual
stresses and a high hardness, did not achieve a greater strength to fatigue because it had the
highest SCF due to the sharp undercut in the weld root. The S2 series achieved the highest
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fatigue strength of all series with medium SCF and hardness values and a relatively low
residual stress value. It can be inferred that this series could achieve greater fatigue strength
if the multiple small imperfections present along the weld root decrease. In other works the
adverse effect of many small imperfections in addition to the weld bead profile on fatigue
strength has also been reported [38, 39].

Regarding the fatigue limits achieved by the S1 (380 MPa) and S2 series (390
MPa) in the bottom side-removed condition, although the fatigue limit of the S2 series would
be expected to be a little higher because its hardness is greater and the residual stresses are
lower, the slight difference may be due, as already pointed out in a previous section, to the

greater depth of the underfill and to the effect combined with the weld ripples.

In the case of the particular behaviour of the S5-F9 specimens which showed
considerable greater fatigue strength than the other specimens of the S5 series, the weld
profile in the bottom side were examined with more detailed finding that the underfill values
were below the average of the series and the variation along to the axis weld were small as
illustrated in other work [28]. The latter implies that the SCF of this series is lower and

therefore its fatigue strength is higher.

The previous analysis showed that the SCF is a good predictor of fatigue limit
in absence of multiple small imperfections such as those the S2 series that were not easily
detected or when the SCF it is properly calculated (which was not the case of the S5 series).
On the other hand, it shows a great effect of the residual stresses that is magnified by the
SCF and by the mean applied stress. In summary, although the residual stresses found can
be considered small, they adversely affect the fatigue strength of the welded specimens, as
well as, the high SCFs due to the weld bead geometry and the small associated imperfections,
meanwhile, the high hardness in the FZ and CG-HAZ it allows to improve the strength of

the welded series.

5.3.6. Fatigue limit predictions

The estimates at low stresses showed that the fatigue strength can be predicted
if the hardness, residual stresses, weld geometry and imperfections of the welded joints are

known. Therefore using the expression (5.2), with ng = 1 and the data in Table 5.8, the
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fatigue strength at two million cycles in terms of stress range were predicted and the
corresponding results for each welded series and conditions are showed in Table 5.9 together

with the experimental results and the relation that compares both results.

Table 5.9 Fatigue limit predictions.

Series- Imperfection Condition Fatigue limits
experimental predicted ratio
(MPa) (MPa)

S1-undercut as-welded 180 201 0.90
S1-underfill bottom side-removed 380 332 1.14
S2-excess weld as-welded 270 336 0.80
S2-underfill bottom side-removed 390 363 1.07
S3-undercut as-welded 210 222 0.95
S5-underfill as-welded 215 292 0.74

In previous Table 5.9, considering all results there are a good agreement between
the experimental and predicted values. However a difference greater than 15 percent is found
for the S2 and S5 series, these differences could be attributed for the S2 series, as already
noted, to imperfections in the weld root that the stress concentration factor does not take into
account and for the S5 series, to the results of a welding speed range (1.75 to 2.00 m/min)
were unified in that series and therefore the value of the SCF can actually be higher than the
one used (K, 1.95) since the latter was determined based on the average dimensions of the

weld beads and on the other hand at small imperfections in the weld ripples.

Additionally, to the above predictions, to explain the effect of the imperfections
present in the weld root of the S2 series and due to the small size of the undercuts present in
the S1 series, the Murakami's relations proposed to predict the fatigue limit were applied to

mentioned series, the relations have the form.

_ 143 (HV +120) [1-R*

Oy (5.3
\/Areal/6 2

= 0. 5.4

x=0.226 + 10000 (5.4)
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where, oy (in MPa) is the fatigue limit, HV the hardness Vickers, R the stress ratio and

VArea (in pum) the size parameter of the imperfection. The data shown in Table 5.10
correspond in the case of the S1 series to the average size of undercuts, while in the case of
the S2 series, to the average depth of 10 measurements made on the long and narrow
imperfections practically continuous in the weld root. In both cases the v/Area parameter
was calculated as vArea = a+/10, where a, is the crack depth, according to Murakami's
recommendation for this type of imperfection (very shallow surface crack) [12]. In the stress
ratio R was considered the residual stresses of Table 5.8 and through an iterative process, in
which fatigue limit values are assumed until equality in expression (5.3) is reached, were
predicted the fatigue limits that are shown in Table 5.10 as well as the respective

comparisons with the experimental results.

Table 5.10 Data and parameters for prediction of fatigue limits.

Series- Imperfection Crack sizes VArea Fatigue limits
length, depth experimental predicted ratio
(mm, um) (um) (MPa) (MPa)
S1-undercut 1.11, 40 126 180 214 0.84
S2-shallow crack-like >0.23, 22 70 270 254 1.06

The results of Table 5.10 show that adequate predictions can be achieved through
the approach proposed by Murakami, that in the case of the S2 series the prediction is better
adjusted to the experimental value while in the case of the S1 series similar result was
obtained as by the focus on the stress concentration. However, it should be noted that in the
predictions according to this last approach it is necessary to know the imperfection and its
size, which may not be evident, as in the case of the S2 series, where only once the specimens
were fractured could they be observed and on the other hand, there may be variation in the
sizes of the imperfections, which requires measurements and the application of some
criterion, that in the present case was the average size. It should also be noted that in the case
of undercuts (for series S1), a better prediction can be achieved if it is considered that
approximately 4 to 5 undercuts were presented in each specimen, therefore it is more likely
that the size of some of them is greater than the average size (40 um). Taking into account

that the depth of the undercuts varied from 15 to 105 um [28], considering for example an
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undercut depth of 90 um, the fatigue limit would be 180 MPa, which is the same as the

experimental result.

5.4. Conclusions

For four laser butt welded joints in thin HSLA steel plate, the effects of the weld
profile, imperfections, hardness and residual stresses were considered to explain the
experimental S-N curves and to predictions at low stress levels applying approaches based
on both stress-concentrating effect and Murakami’s relationship, the main conclusions

drawn are:

» The fatigue strength of the welded series exceeded the FAT100 reference
curve with fatigue limits in the range of 180 to 340 MPa, presenting multiple-imperfections
shallow but sharp considered as crack-like imperfections and with B and D quality levels
according to the 1ISO13919-1 standard.

» Although each series presented several fatigue failure modes due to the
presence of different imperfections in the weld bead, a dominant failure mode strongly
related to the imperfection with the highest SCF was observed for each series: 3.29-undercut
-S1, 2.25-excess weld-S2; 4.41-undercut-S3; 1.95-underfill-S5.

« At low stress levels, the local properties of each welded series: hardness,
residual stress and weld bead geometry, determined the fatigue limits and their influence
was in very good agreement with the experimental results. Both high SCF and relatively low
(< 200 MPa) residual tensile stresses affected the fatigue limits, only when SCFs are low (<
2.0) could the level (< 130 MPa) of residual tensile stresses not be considered, while the
local hardness increased the fatigue limits of the welded series although its influence is less

than the other two factors.

» The predictions of the fatigue limits were acceptable by the stress-
concentrating effect when there were no small imperfections associated to excess weld,
undercut or underfill, while when they were present or for small undercuts the relationship

proposed by Murakami was appropriate.
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Abstract

In this work, local properties as hardness and fatigue crack grow rate in the heat-
affected zone for four laser-welded butt joints in thin high-strength low-alloy steel were
examined, so as to explain and predict fatigue lives at high stress levels through the fracture
mechanics approach. The different welded series presented a similar fatigue crack growth
rate in the heat-affected and fusion zones, but lower than base metal due to the higher
hardness of the bainitic-martensitic microstructure verified in the welded series. The results
showed that at high stress levels in the as-welded condition, the fatigue initiation stage can
be neglected and assume types of cracks, an initial crack of 0.07 mm and appropriate fatigue

crack growth rates, estimates of fatigue life close to the experimental results were obtained.

Keywords: Fatigue crack growth, laser welding, high-strength low-alloy steel,
fatigue life.
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6.1. Introduction

The fatigue behaviour of steel welds has been widely studied, but there are still
gaps in the knowledge of this complex subject due to several factors that affect the fatigue
strength and even more so in what concerns to thin thicknesses and unconventional welding
processes. The weld quality, the residual stresses and the material, among others, are pointed
out as the main factors that affect the fatigue strength [1, 2]. Although it has been shown that
the weld quality control [3] or the use of post-weld treatments [4-7] in welded joints with
high strength steels increases the fatigue strength by reducing the severity of its inherent
imperfections and this fact is recognized in design guides, allowing to increase the strength
curve (FAT class) of welded joints when the imperfections have been verified with
nondestructive testing (NDT) or when an improvement method has been used [8]; there is
no differentiation in the increase ac-cording to the tensile strength of the materials. The
foregoing has been explained in [9], due to the fact that the crack growth dominates the
fatigue life of the welded joints and because the fatigue crack growth rate (FCGR) is
insensitive to the mechanical strength of the material, however, as counterpart in [10], it was
shown that when the weld quality is high, for high-strength steels, the fatigue strength is

positively correlated to tensile strength.

The general effect of notches and residual stresses on fatigue strength of welded
joints is well known as their combined effect was analyzed in various studies. However, in
almost all works, thick plates and conventional welding processes were used [11-14]. Micro-
structural details such as grain size, phases and hardness also affect the fatigue behaviour of
the welded joints. The crack propagation generally occurs in the heat affect zone (HAZ) and
in the fusion zone (FZ) because the properties of these zones are usually different from base
metal (BM), the use of local properties such as hardness and fatigue crack growth parameters
can be useful to improve the analyzes and predictions of fatigue strength [15-17].

In welded joints the increase of plates thickness decreases the fatigue strength.
For the same nominal stress, thicker welded plates have lower fatigue strengths than thinner
welded plates. In thicker geometrically similar plates, the stress concentration field due to
the weld toe extends over a larger volume so that small microcracks that form are driven by

higher stresses [18]. A reduction factor is applied to the fatigue strength if the thickness
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plates exceeds 25 mm [8], however if the plates’ thickness is lower, there is no rule for the
fatigue strength increase. In [19] a rule was estimated for the fatigue strength increase due
to thickness plate decrease for thicknesses lower than 25 mm, which depends of the initial
crack size. Nevertheless, these authors highlighted that for thickness less than 6 mm where
observed an opposite effect when the initial crack size is higher than 0.3 mm was observed.

The presence of defects acting as a fatigue pre-crack are the main reason to a
substantial reduction of the fatigue strength in welded joints. This determines that the
initiation period can be neglected [8, 18] and that the fracture mechanics seems to be the
appropriate approach to determine the fatigue life [9]. In various works where the assessment
and prediction of the fatigue life are based in fracture mechanics, the basic procedure takes
as base the Paris law and the stress intensity factor (SIF) applied to imperfections in all range
of stress levels. However, due to the small size of cracks or in low stress levels also the
initiation stage is considered [19, 20]. Additionally, refinements or variants to the Paris law
are applied to predict or analyze the fatigue life of welded joints [21, 22]. Based in fracture
mechanics, Murakami [23] proposed an expression for fatigue limit predictions of materials
containing small defects or cracks in function of the hardness and the size of small defects;
and Aman et al. [24], in a recent work, modified the aforementioned expression in order to

analyze the consequence of a small defect at the notch root.

To define the welded joints imperfections previously described as a semi-
elliptical crack, corner crack, and extended crack is a common practice whereby the guides
and standards that use the fracture mechanics approach contain information of crack growth
parameters, recommendations about the crack sizes and the appropriate expressions for
calculation of SIFs and other factors [8, 25]. In the so-called IBES approach [26] based on
fracture mechanics, it is observed that, where among other aspects, the determination of the
fatigue strength is obtained statistically, considering the variation of weld bead along of weld

axis and local properties of the fused zone (FZ) and heat affected zone (HAZ).

As was previously mentioned, the influence of the main factors on fatigue
strength and application of fracture mechanics for welded joints with thin elements is a topic
that lacks information. This study starting from a previous work [27] where the the weld

bead geometry, imperfections and the weld quality level of welds were determined
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according to the 1SO13919-1 standard [28]. In the present study the influence of welding
parameters on fatigue crack growth rate (FCGR) of laser butt welds in thin plates of high-
strength low-alloy steel were analyzed. The local properties for the FCGR were determined
and used them in order to predict the fatigue life through the failure analysis and fracture
mechanics approach disregarding the fatigue initiation period for fatigue life at high stress
levels. The FCGR parameters were obtained through of fatigue crack growth tests and
complementary tests and analysis such as metallographic, hardness, crack closure and

fractography were also performed.

6.2. Materials and Methods

HSLA steel plate Strenx® 700MCE with 3 mm thick were used in order to
perform the butt-welded joints. This steel is composed by a fine-grain ferritic-bainitic
microstructure. The chemical composition can be consulted in Table 6.1 and this material
showed a yield strength of 808 MPa, a tensile strength of 838 MPa and 15 % of elongation
at failure [29].

Table 6.1 Chemical composition of the base metal.

C Mn Si P S Cr \Y Nb Ni Cu Al Mo Ti Co Fe

0.07 169 001 0012 0.006 0.03 0.02 0046 0.04 0011 0.044 0016 0.117 0.016 balance

Five series were welded using the parameters presented in Table 6.1. The series
S1-S4 were welded with a single pass in one side of the plates (top side) while the S5 series
was welded applying two passes: one in each plates’ side (top and bottom side). The welding
equipment used was a disk laser Trumpf TruDisk 2000 with: laser maxi-mum output of 2000
W, beam wavelength of 1020 nm, beam parameter product of 2 mm-mrad and fiber diameter

of 200 um. The equipment was used in continuous mode and did not used filler material.
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Table 6.2 Welding parameters used in the experimental work.

. Laser power . - _Heat
Series Welding speed (m/min) input
(kw)
(3/mm)
S1 2.00 1.60 75.0
S2 1.75 1.60 65.6
S3 2.00 2.00 60.0
sS4 1.75 2.00 52.5
top side weld pass
S5 1.75 1.75-2.00 52.5-60.0
bottom side weld pass
1.25 2.50 30.0

It is important to mention that in the S5 series the welding speed on the top side
was different for each sample (1.75, 1.80, 1.90, 1.95 and 2.00 m/min) while the weld pass
on the bottom side was constant for all samples (2.50 m/min). The heat inputs used in
welding were chosen to achieve different hardness in the welded series, but maintaining at
the same time a low heat input to achieved small HAZs, low softening and similar tensile

mechanical properties to the BM as shown in [29].

The fatigue crack growth tests were carried out in a Dartec hydraulic machine
using the ASTM E647-13a standard [30] as guideline. The FCGR rate determination for the
BM and welded series was achieved with constant load range AP tests (AK increasing) and
were used M (T) specimens’ geometry. The samples’ geometry used in the FCGR test can
be consulted in Figure 6.1. As is possible to see in Figure 6.1, pre-cracks were machined by
electrical discharge machining (EDM) and were localized on the underfill (see Figure 6.3).
The specimens were loaded perpendicularly to the weld direction at stress ratio R=0, at room
temperature and with 15 Hz of frequency. The FCGR tests were performed in three
conditions: not-welded (BM), excess weld-removed and both sides-removed.
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Figure 6.1 Specimens geometry used in FCGR tests, dimensions in mm.

The crack length was measured by optical observation through of a travelling
micro-scope (45x) with digital micrometers and the crack growth rates were calculated
according to the 5-points incremental polynomial method, following the ASTM E647-13a
standard [30]. Once the specimen was cracked until a minimum crack size of 1 mm, at
intervals with crack size increments (Aa) of 0.25 mm, the number of cycles was registered.
During the test, it was verified that the measurements of the lengths of the two cracks do not
differ more than 1.25 mm. The stress intensity factor range (SIFR) was calculated according
the expression that corresponds to M (T) specimen given in [30]. The results were dis-played

as da/dN vs AK curves, only for the regime 11 of the Paris law for each condition.

In order to consider the crack closure effect on the FCGR, at regular intervals
during the crack growth, the crack opening displacement (COD) between the two holes
localized in the centerline of the specimen (see Figure 6.1) was recorded using a pin
microgauge extensometer. These results were plotted in load vs COD and the tangent point

method were applied for determinate the load for which the crack remains fully open, Pop
[31].

S-N curves were obtained from dogbone-like shape specimens with a rectangular
cross section with 12.5x3 mm. The fatigue tests were performed in the same machine and

with the same conditions where were done the FCGR tests were done.
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The metallographic analysis was completed through polishing and etching the
cross section of the samples. Afterwards, the samples were observed through an optical
micro-scope Leica DM4000 M LED. The reagent used for the etching process was Nital at
2%. The hardness Vickers tests were performed using a Struers Type Duramin-1
microhardness tester, applying 0.5 kg during 10 s. Finally, the fatigue fracture surfaces were
observed using a stereo microscope and the defects measurement was achieved using x and

y micrometers.

6.3. Results and discussion

6.3.1.1. Welded defects and hardness

Figure 6.2 illustrates the macrographs analysis of the welded series, were
obtained a different morphology in each series was obtained. The principal imperfections
noted there were: excess weld in the bottom side of the S1, S2 and S3 series and in the top
side of S4 and S5 series; undercuts at the weld root in the bottom side of the S1 and S3 series
and underfill and porosity in all series. In [27] it was reported that the series presented quality
levels B and D ac-cording to the ISO 13919-1 welding quality standard and the imperfection
sizes and morphology can be consider as crack-like imperfections. More details about the
weld pro-file and imperfections of the welded series can be found in the previous reference.
Due to the S4 series not reaching full penetration it will be omitted in the next sections.

R

3 mm

Figure 6.2 Cross-sections macrographs of the welded series.

Because the fatigue started on both sides of the weld bead and the fatigue
trajectories occurred through the FZ and HAZ, the microstructure and hardness at these sites
must be examined because they are factors that affect fatigue behaviour. Figure 6.3 presents

a representative example of metallographic analysis were Figure 6.3b corresponds to the
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megalographic analysis and underfill defect, Figure 3c shows the toe of weld root and Figure
6.3d illustrates an undercut defect. For the heat input range used in the present work, Figure
6.3b showed that the HAZ zone was divided in two important zones: softened ferritic-
bainitic with fine grain (FG) and bainitic-martensitic with coarse grain (CG) as was found
[29], can be also observed the FZ and BM.

root toe

Figure 6.3 Metallographic and morphologic analyses. a) S1 series macrograph, b) Metallographic analysis
and underfill defect, c) toe of weld root, d) un-dercut defect.

According to the fracture analysis, the fatigue starts in the weld root and
undercuts located in the boundary between the columnar grains of the FZ and the CG, in the
underfill located in the columnar grains of the FZ but very close to the HAZ and in pores
located in the FZ. If fatigue crack paths depart from defects as underfill, undercuts and weld
root (toe), they could enter to the FG that is generally a soft zone. The microhardness presents
similar profiles for the different series, a very small softening in FG was verified. The
hardness increases with the heat input decrease at the FZ and CG, but the difference in
hardness is minimal in the sites where the fatigue started. For the fatigue starts locations, the
approximated hardness values were: 335, 345, 350, and 370 HV for the welded series S1,
S2, S3 and S5 respectively and approximately 295 HV for the BM. This increase of hardness

can be explained by the quick cooling in the FZ and CG which allowed the bainitic-
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martensitic microstructural transformation while the FG zone cool down slower modifying

the BM microstructure to softened ferritic-bainitic microstructure.

6.3.2. S-N curves

The S-N curves obtained can be analyzed observing the Figure 6.4. The BM
presented a higher fatigue strength than all welded series due to a free of defects condition
and free of stress concentration points. Generally speaking, all series presented a similar
fatigue behaviour, although the scatter is high and there is some difference in the fatigue
limits of the welded series. In Table 6.5, the S-N parameters, log C and m of the mean curves
and the fatigue limits are shown. The fatigue limits were assumed as the maximum stress

range values reached by the specimens that exceeded two million cycles (run-outs).

Although each series presented several fatigue failure modes due to the presence
of different imperfections in the top and bottom sides, as well as on the lateral side and in-
side the weld bead due to the presence of pores, a dominant failure mode was strongly related

to the imperfection with the highest stress concentration factor was observed for each series.
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Figure 6.4 S-N curves
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Table 6.3 S-N curves parameters and fatigue limits

Series linear model logC m Fatigue limits
S1 no rejected 13.455 3.226 180
S2 no rejected 16.206 4.247 270
S3 no rejected 13.248 3.118 210
S5 no rejected 13.469 3.206 215

6.3.3. Fatigue crack growth

Figure 6.5 shows the FCGR rate found for each series using two specimens in
which the notches were cut on the underfill of the weld beads seeking to agree with the sites
where the failure occurred in the fatigue testing. As can be seen for the S1, S2 and S3 series,
the specimens that were smoothed on both sides (two sides-removed condition) showed a
slightly slower crack growth rate than specimens smoothed only on one side (excess weld-

removed condition).

In the case of the S5 series, even though the two specimens were prepared as the
other series, the initial equality and subsequent greater difference (from the dotted line in S5
series) observed in the crack growth rates can be explained once the crack paths and fractured
surfaces were examined. For the specimen with faster crack growth rate, it was found that
the direction of the growth of the cracks gradually deviated from FZ towards the BM and
therefore the crack growth rate of the upper part of the curve correspond to the BM. In the
case of the specimen with a slower crack growth rate, the change in the slope was due to a
large difference between the crack sizes (exceeding the limit for the test validity) as one of
the crack fronts was affected by porosity while the other was not.
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Figure 6.5 Fatigue crack growth rate at Paris regime. a) S1 series, b) S3 series, ¢) S2 series and d) S5 series.
6.3.4. Crack opening displacement and crack closure

The AP-COD example curves of the welded series and the BM plotted in Figure
6.6, where the non-linear part of the curves were marked by the tangent points, illustrating a
different behaviour in relation to the crack closure phenomenon: the S1 and S5 series did not
present crack closure, in the S2 series it was so minimal that in practice it can be considered
null, while in the S3 series and in the BM this phenomenon was presented but in a different

way. In the crack size range of 1-12 mm, for the BM, the load range at which the point of
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tangency occurred was approximately constant, meanwhile, for S3 series, the load range

increased and subsequently decreased.

Should the crack tip plasticity be assumed as the main cause of the crack closure,
the behaviour observed could be explained considering the hardness and ductility of
microstructures. The BM has low hardness and good ductility while the welded series the
propagation paths had in the HAZ and FZ where the hardness is high and therefore low
ductility. On other hand, it has been explained in [32] that due to the presence of residual
tensile stresses, there is no crack closure. The particular behaviour of the S3 series could be
caused by the crack path that also crossed the FG-HAZ (which is softer) since the its weld
bead size is smaller than in the other series, and there could be residual compressive stresses

presents in this series that contribute to the crack closure as reported in [32].
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Figure 6.6 AP-COD example curves of each welded series and BM.

According to the above results and assuming the average of the load ranges

values AP where the tangent points were observed for the crack sizes from 1 to 12 mm, the
crack opening stress range ASqp and the AKest /4K ratio were calculated for the BM and the
S3 series, the results are respectively: 24.43 MPa, 0.82 and 15.94 MPa, 0.89; meanwhile for

the series S1, S2 and S5, the values of ASop were assumed equal to zero and therefore the

AKeff /AK ratio equal to one.
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The crack growth rates in function of the stress intensity factor range (SIFR) of
the specimens from which the excess weld was removed and of BM are shown in Figure 6.7
and as can be seen, the S1, S2 and S3 series had practically the same crack growth rate, the

S5 series had a slightly higher than the previous ones, while the BM has the highest crack

growth rate due to having a lower hardness as was described previously. With the AKetf /4K
ratio already obtained, for the BM and welded series, the effective SIFR, AKefr, was

determined, the da/dN-4Kefs curves were redrawn (Figure 6.7b). Table 6.4 shows the

parameters A and n of the Paris law for the welded series and BM

The results found for the welded series suggest that the weld ripples, porosity,
residual stress and the microstructure were factors that influenced on the crack growth rate.
In relation to weld ripples even though the effect was very small, their size and shape can
modify a more or less straight path to a zigzag one and therefore the propagation life [33].
Since the BM microstructure was constituted by ferrite-bainite while for the welded series
by basically mixtures of bainite-martensite [29], there is a clear effect of decrease in the
crack growth rate that can be attributed to the microstructure by the higher proportion of
bainite and the presence of martensite. This agrees with the works [34, 35] where a retarding
effect was reported in the growth of cracks due to the presence of hard phases such as
martensite and bainite. Regarding porosity, this factor requires a better study since, as noted
only one of the cracks was affected by this factor. In summary, since it is recognized that the
phenomenon of crack growth is more influenced by the bulk properties than by the surface
properties, the microstructure, the hardness and residual stresses could affect the crack

growth rate to a greater degree while the effect of weld ripples was minimal.
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Figure 6.7 Fatigue crack growth rate at Paris regime. a) da/dN- AK and b) da/dN-AKetf.

js¥]
~

da/dN (mm/cycle)

S

da/dN (mm/cycle)

1E-03

1E-04 }

1.E-05

1E-03

OS2 series
[0S1series
©S3 series
A S5 series

©BM

10

AK (MPa.m2)

100

1E-04

LE-05 *

10

OS2 series

0 S1 series

A S5 series

©BM

© S3 series

AKeff (MPa.m¥/2)

100

Table 6.4 A, n parameters of the FCGR! curves in function of AKeff

Series A n
S1 6.00E-09 2.9147
S2 1.00E-08 2.7374
S3 4.00E-09 3.0276
S5 2.00E-08 2.6565
BM 2.00E-08 2.9556
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6.3.5. Effect of Imperfections at high stress levels

According to the fracture analysis, the fatigue starts in the weld root and
undercuts located at the boundary between the columnar grains of the FZ and the CG, while
those in the underfill are located on the columnar grains of the FZ but very close to the HAZ.
In pores the starts were located in the FZ. If fatigue straight paths are considered from under-
fill, undercuts and weld root (toe), they could enter to the FG-HAZ that is generally a soft
zone, this is most likely when the crack depth is large, start from underfill and in the S3 and
S5 series in which the FZ sizes are narrower. Another aspect that is interesting to be noted
is the defect size in relation to the grain size, so for example in the case of the undercut
shown, in the direction of thickness, the undercut depth is greater than the size of the grains
of the FZ or HAZ, however, when considering approximately the undercut radius or the
small imperfection above de undercut, they would be similar to the CG grain size, see Figure
6.3. These last observations give account of the imperfections’ character as crack-like

imperfections.

The fractured surfaces of all specimens at the stress level of 600 MPa were
examined and it was found that the size, quantity, and the location of imperfections are
important to explain their fatigue lives, as described below with the specimens shown in

Figure 6.8.

In Figure 6.8a to 6.8d, the specimens of all series in the as-welded condition
show as principal characteristic that the fatigue failure occurred covering the entire width of
the specimens and the fatigue lives were similar with the exception of specimens of the S2
series, which had a shorter life. The latter is due to the fact that unlike the other series where
several fatigue cracks started were observed in cracks that grew semi-elliptical, in the S2
series, the growth of this type of cracks was not evident and there was practically only one
crack front growing in depth along of width of the specimens. Similar failure mode was
reported in [36] where by the high density of undercuts, one straight-fronted crack was the

cause of the great reduction of fatigue strength.

In Figure 6.8e and Figure 6.8f, the factor that seems to influence the shorter life

(29910 cycles) of the one of the two specimens of the S2 series in the bottom side-removed
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condition, is the location of the failure starts towards the corner and the principal fracture
surface on the lateral side of the specimen, meanwhile, although the specimen with the
longest life (36597 cycles), presents fatigue starts that cover almost the entire width of the
specimen, it was possible to observe a small growth until it coalesce and then a single semi-
elliptical crack grew to the fracture. This last fact marks the difference of this specimen with

the others of lesser lives, see Figure 6.4.

In Figure 6.89 to Figure 6.8j, the fatigue lives of these specimens increased
considerably in relation to the previous specimens presenting large and semi-elliptical
fatigue cracks located centrally. The differences observed in the fatigue lives between the
two specimens in bot-tom side-removed condition are: the size and number of fatigue starts.
The specimen with the longest life (91815 cycles) had a single large visible start while the
one with the shortest life (75849 cycles) had several starts smaller that coalesced, however,
it can be seen that the width after coalescence is greater than the width of the start of
specimen with the longest life and there is also a little difference in the final aspect ratios
(depth/length). The increase in the fatigue lives of the specimens presented in Figure 6.8i
and Figure 6.8j and the differences between them, are explained in a similar way to the
previous specimens: they are due to the fact that the size of the fatigue starts decreased
significantly, which, as seen in the photographs, are a bit more difficult to identify despite
the higher magnification. For these specimens it should be clarified that although the
elimination of imperfections on both sides of the weld beads was verified through the
microscope, the small imperfections that appear in the photographs may correspond to
subsurface imperfections that did not dis-appear through the grinding applied to the

specimens. In the work [20] this issue also was reported.
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Figure 6.8 Fractured surfaces of specimens at 600 MPa.

In the last specimens of the S5 series shown in Figure 6.8k and Figure 6.8l, it is
relevant that once the imperfections on both sides of the weld beads were removed, the
fatigue failure corresponds to pores, surface pores located on the lateral side for the specimen

with shorter life (56343 cycles) and internal pores for the specimen with longer life (207400
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cycles). The apparent scatter previously mentioned for these specimens is actually the effect
of the location of the pores in the specimens, as reported in the literature for pores near to
the surface and for internal pores [37, 38]. From the previous review on the fractured
surfaces, for the stress level examined, it can be inferred that in the fatigue life, the type and
shape of the imperfections are less important than the size, quantity and location and there
was a certain order in the fatigue lives of the specimens, from the lowest to the highest: a
continuous very small surface imperfection along of the width of specimen; various surface
imperfections covering the width of the specimens or imperfections near to the border that
produce fatigue in the lateral side, but growing semi-elliptical; surface pores or near at
surface in the lateral side; one big or few small surface imperfections that no cover the width
of specimen that growth as one semi-elliptical crack; a condition similar to the previous one
but with very small imperfections and one or various internal imperfections (pores). It
should also be noted that specimens from all welded series, conditions and type of
imperfections (undercuts, underfill, excess weld and pores) were included in the analysis

carried out.

In summary, for the as-welded condition due to the as crack-like imperfections
present in the top and bottom sides of weld beads at high stress levels increased the fatigue
starts as reported in [36, 39, 40] and the phenomena of coalescence and growth of cracks
have a greater influence on the fatigue life of the welded series and therefore also the local

stress concentration at underfill or excess weld can to influence in the crack propagation.

6.3.6. Fatigue lives predictions

The previous analysis showed for the specimens in the as-welded condition, that
at high stress levels, due to the presence of small imperfections, several fatigue starts are
activated and coalescence rapidly, presenting conditions to neglect the fatigue initiation
stage and therefore for the application of the fracture mechanics approach. The general
procedure consists, first, in identifying the failure modes of the specimens with characteristic
types of cracks and subsequently estimating the fatigue lives N according to well-known
relation-ships of Paris law and SIFR, AK:
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4 da
= 6.1
N f Byve (6.1)
AK =Y M, Aovra (6.2)

Figure 6.9a to 6.9d, show four fractured specimens of the as-welded condition
with details of fatigue starts and schemes of crack types associated to the failure modes.
Therefore, for the S2 series, a continuous surface crack corresponds to a failure due to
multiple small imperfections along to the weld root; for the S1 series, semi-elliptical surface
cracks correspond to the failure due to the undercuts, and; for the S3 series, a corner crack
corresponds to a failure by the underfill near at the border of the specimen. Failure is
assumed to occur when from an initial crack size to final crack size is reached that

corresponds to a critical fracture condition. For the S1 series when the semi-elliptical cracks
(in Figure 6.9b and 6.9c) growth from the initial aspect ratios, (ai/c;), until when they

coalesce and cover the entire width allows determine the fatigue lives of the specimens. In
the case of the S3 series, when the initial crack depth grows to the thickness of the specimen
(Figure 6.9d) and for the S2 series specimens, from a very small initial crack depth to the

depth as observed in the fractured surface (Figure 6.9a).

Table 6.5 contains geometric data of the cracks for five specimens - the four
shown in Figure 6.9 and an additional specimen similar to the one shown in Figure 6.9a -,
parameters used to estimate the fatigue lives, the respective experimental results and the
relations between the experimental lives and the corresponding estimated lives, meanwhile,
Table 6.6 corresponds to predictions. It should be clarified how the crack sizes shown in
Table 6.5 and Table 6.6 were established: the estimates were measured on the fractured
surfaces of the specimens (as illustrated in the Figure 6.9c andFigure 6.9d), meanwhile, for
predictions the same are based on sizes of the imperfections reported in [27]. In both cases,
where applicable, the sizes are the mean values of the imperfections. The following
observations point out aspects of the crack sizes of each series. For S2 series estimations,
since there were multiple small imperfections along the width of the specimens, the width

of the specimens, 12.5 mm, was assumed as the initial and final lengths. Meanwhile for

predictions, the final crack sizes, as and cf, were determined as described as follow. The crack

depth as for the straight crack corresponding to the S2 series, it was assumed as half the plate
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thickness (1.5 mm), as is recommended in [8] and the final crack length cf was assumed,
12.5 mm, because corresponds to extended crack. The value, as, 3.00 mm in the S3 series,
correspond to the failure critical condition assumed for the corner crack, meanwhile, the
value 4.81 mm, correspond to the same aspect ratio a/c as in Table 6.5. The af = 0.96 mm,
and c¢f =1.56 mm values, for S1 series, were set considering that the critical condition occurs

when the semi-elliptical cracks grow until their crack length ends meet and cover the width
of the specimen as observed in Figure 6.9b and Figure 6.9c. Therefore, based on the reported
imperfections data [27]: number of undercuts 38 in 100 mm and undercut average length

size, 1.11 mm; four undercuts were located evenly spaced across the width (12.5 mm) of the

specimen, this allows to estimate the 2c¢s value as 12.5/4 mm and assuming the same a/c

relationship as in Table 6.5, the ar = 0.96 values was obtained.

Figure 6.9 Fatigue failure modes with details and corresponding types of cracks. a) extended crack, b) semi-
elliptical multicracks c) semi-elliptical crack and d) corner crack.
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Due to the fact that the fatigue lives are calculated by means of the parameters A
and n of the da/dN-4K curves and initial crack sizes aj in Table 6.5 and Table 6.6 or, with a;
= 0.1 mm (for all specimens) according to the recommendation in [8] or also used in [13],
generally underestimated the fatigue lives of the specimens, the initial crack size was slightly
decreased to 0.07 mm (for all cases) and the parameters A*, n* were determined only with
the first fifteen points using the same data of da/dN-4K curves. The previous adjustments
are in line with the practical procedure that establishes the initial crack size adapted from the
S-N data for its application with the da/dN-4K curve, as indicated in [26], there it is also
pointed out that, the initial crack size rather than a physical size is a model parameter and
this could lead to limits of transferability to other component geometries. The adjustments
can be justified due to the small sizes of the fatigue starts and growing cracks and the thin
thickness of the plate of the present work.

Due to the sensitivity of the initial crack value a;, for a better estimation of the

fatigue life to final crack size as, ten steps were used in the integration between a; and ar,
with the first steps of less crack increase than the last steps and were also considered the
effect of the variation of crack aspect ratios a/c and a/t assuming a linear relationship between
these two. The previous assumption considers roughly what was reported in [41] for the
growth of cracks with a large initial aspect ratio a/c as was the case of the crack aspect ratios
found in the present work. The Y values and M factors displayed in Table 6.5 and Table 6.6

correspond to the average of the first five steps of the integration and were calculated with

expressions from the literature, in [8, 25] was consulted the Y value and in [42] for the M

factor. As can be seen in Table 6.5 and Table 6.6, the M factor that considers the effect of
local stress concentration due to the excess weld on cracks starting from the undercuts had a
small effect, mainly due to the small width of the weld beads and for the case of cracks start
from underfill, the Mg factor were assumed equal to one. The M factor according to
expression in [42], considers the weld bead features: flank angle, attachment, excess weld
high and joint thickness.

As observed in Table 6.5, fatigue lives are generally underestimate being less
than 25% and although the relation between the experimental results and the predictions of

the fatigue lives achieved in Table 6.6 can be considered acceptable for the data, parameters
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and assumptions done; the analysis showed that at high stress levels the appropriate values
of parameters A, n and initial crack depth, a; , must be used with a correct assignment of the

type of crack to a given failure mode, as long as the initiation and coalescence stages can

really be neglected. For specimens of the S5 series there were not predicted the fatigue life

due to the FCGR was not appropriate as was described in section 6.3.3 and 6.3.4.

Table 6.5 Data and parameters for the estimation of the fatigue life.

Series-crack type (Figure) Crack sizes FCGR Parameters Mxkfactor Y value Fatigue life
ai, Cj ar ,Cr A* n* experimental estimated ratio
(mm) (mm) (cycles) (cycles)
S2-extended (Fig.6.9a) 0.02,12.5 0.96,125 2E-9, 3.2017 1.08 1.13 22922 20792 1.10
S2-extended (Fig.6.9a) 0.02,125 1.22,125 2E-9, 3.2017 1.08 1.13 26225 21043 1.25
S1-semi-elliptical (Fig.6.9b) 0.15,0.46 1.62,2.61 7E-10, 3.5965 1.05 1.10 29264 25485 1.15
Sl-semi-elliptical (Fig. 6.9c) 0.10,0.69 2.01, 4.83 7E-10, 3.5966 1.01 1.01 34127 38642 0.88
S3-corner crack (Fig. 6.9d) 0.21,1.15 3.00, 4.81 6E-11, 4.4175 1.00 1.15 33762 35065 0.96
! (da/dN in mm/cycle and AK in MPa m/?2)
Table 6.6 Data and parameters for the predictions of the fatigue life.
Series-crack type Crack sizes M Y Fatigue life at 600 MPa
factor  value
ai, Ci ar ,Cr experimental  predicted ratio
(mm) (mm) (cycles) (cycles)
Sl'se"(':‘;iec'l'('pt'ca' 0.04,056 096,156 112  1.10 29264 23239 1.26
S2-extended crack 0.02,125 15,125 1.06 1.15 26225 21487 1.22
S3-corner crack 0.15,1.58  3.00,4.81 1.00 121 33762 29904 1.13

6.4. Conclusions

The effects of local properties, hardness and microstructure for four laser butt
joints in thin HSLA steel plate were considered to explain fatigue crack growth behaviour.

The main conclusions drawn are:

+ Although the differences were small, each welded series presented at the
crack start and propagation sites (CG-HAZ and FZ) higher hardness than the BM. The
hardness range for the welded series was 335-370 HV and the hardness for BM was 295 HV;
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» The welded series presented a similar FCGR rates in the HAZ-FZ, but lower
than BM due to lower hardness presents in the BM because was verified a bainitic-ferritic
microstructure in BM, while, in the welded series was observed a bainitic-martensitic
microstructure in the CG-HAZ and FZ. Crack closure was observed only in the BM and in
the S3 series, which can be attributed mainly to the crack tip plasticity for the BM and S3

series. The welding parameters did not influence in the FCGR rates;

» At high stress levels, fatigue life is strongly influenced by the quantity, size
and location of the imperfections. The presence of crack-like imperfections located in critical
positions such as near to lateral edge or several along the width of the specimen favor the

initiation and coalescence of cracks so that the fatigue initiation period can be neglected:;

+ It has been shown that predictions of welded series’ fatigue life are very
sensitive to the adjustment of the initial crack size and the crack growth rates and to an

adequate identification of imperfections and assumption of a type of superficial crack.
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Chapter 7: Conclusions and Future Work

7.1. Conclusions

An investigation was conducted on the fatigue behaviour and mechanical
properties of a laser welded thin high-strength low-alloy (HSLA) steel. Single pass and
double pass autogenous laser welding (ALW) of 3mm thick Strenx® S700MCE steel were
developed subject to a maximum laser power of 2 kW. Said steel has a minimum yield
strength at 700 MPa and an elongation percentage between 10-12%

The one-factor-at-a-time (OFAT) experimental design was applied to identify
the main laser welding parameters and their influence on the weld bead geometry and
imperfections in single-butt welded joints. For a range of heat input (HI), the microstructure
in the heat-affected zone (HAZ) and fusion zone (FZ) and the mechanical properties —

namely, micro-hardness and tensile strength — were determined.

In order to understand the factors that influence fatigue behaviour, a 22 factorial
design based on welding speed and laser power was used to produce four single-butt welded
joints. A double-butt welded joint was also used for the aforementioned purpose. Analysis
of variance (ANOVA) was used to validate the effect of the welding parameters applied in
each welded joint regarding the differences observed in the weld bead geometry as well as

to establish the significance of each welding parameter.

For all four complete penetration welded joints (named S1, S2, S3 and S5 series):
the weld quality was evaluated in accordance with the ISO 13919-1 standard, the undercut
and porosity distributions were established, the sizes of the HAZ and FZ were determined
and the weld bead profiles were captured and geometrically modeled for the assessment the
stress concentration factor (SCF) with analytical expressions and by the finite element
method (FEM).
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The S-N curves and fatigue crack growth rates (FCGRs) of the four welded series
and base metal (BM) were experimentally determined and analyzed. Through the analysis
of the fatigue fractured surfaces, the failure modes were established. The hardness and
residual stresses in HAZ and FZ were subject to measurement. These local properties, the
modeled profiles, the imperfections and the fatigue failure modes were evaluated to explain
fatigue behaviour and for making predictions at low and high stress levels based on the
stress-concentrating effect as well as on the fracture mechanics approach. This research
provides useful scientific data to support industrial applications of thin HSLA steel in low
power and welding speed ranges. The main findings and conclusions presented in the present

thesis may be summarized as follows:

7.1.1. Laser Welding, weld profile and imperfections

(1) While welding speed, power and focus diameter have a great effect on
penetration, only welding speed has a considerable effect on weld bead width. Although the
effects on the penetration of the focus position and the surface condition were minor, they
are not negligible in thin thicknesses. In fact, the surface condition particularly affects the
appearance of the weld seam. The HI also shows great influence on the weld bead geometry
and is a convenient parameter because it encompasses the effect of parameters such as the

previously mentioned ones.

(2) It was possible to weld a 3 mm thick Strenx® S700MCE steel plate with low
laser power using a single pass ALW process. The three single-butt welded joints presented
a B weld quality level according to the 1SO 13919-1 welding standard, meanwhile, the
double-butt welded joint also developed showed a lower weld quality level (D), due to high

porosity.

(3) The actual weld bead profiles or those based on mean values of each welded
series were faithfully modeled on the basis of proposed idealized profiles. The profiles
modeled to reflect in greater detail the weld bead profiles allow for better results in SCFs
determined with FEM.
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(4) Considering the effect on fatigue strength through SCF, single-pass butt
welded joints showed severe imperfections at the weld root: shallow but sharp intermittent
undercuts (SCF: 3.3-4.4); weld toes with small radii, high flank angles and high excessive
penetration (SCF: 1.7-2.3). All welded joints presented, on one side of the weld bead,
underfill (SCF: 1.8-2.0) and variation of the weld bead profile along the weld axis.
Particularly the welded joint made with two weld passes, presented a good weld profile in
the top side (SCF: 1.4).

(5) The application of ANOVA to the weld bead widths in the factorial design
showed a greater significance of the welding speed on the power and on its interaction, it
also showed that the HI level is a factor in the differences found in the widths of the welded
series. The differences observed in the geometry of each welded series result from the laser

welding parameters.

(6) Heat input shows influence on various factors that affect the fatigue
behaviour and mechanical strength of welded joints. The use of low HI is beneficial due to
the smaller widths of the HAZ and FZ, greater hardness in the FZ, less softening in the HAZ,
slower crack growth rates, lower residual tensile stresses and even residual compressive
stresses in the fatigue initiation sites, however, it also exerts adverse effects such as increased

porosity and increased underfill size.

7.1.2. Microstructure, hardness, residuals stresses and tensile
strength

(1) The typical macrostructure of the welded joints consisted of fine grained
(FG) and coarse grained (CG) in the heat-effected zone (HAZ) and large columnar grains in
the fusion zone (FZ). The ferritic-bainitic microstructure of the base metal (BM) evolved to
a softened ferritic-bainitic in the FG-HAZ and was predominantly bainite with small
amounts of martensite in the CG-HAZ and in the FZ.

(2) In HAZ and FZ the hardness varies progressively when the HI decreases in
the same way. From HI values lower than 80 J/mm, in the FZ and CG-HAZ, the hardness
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increases from the hardness level of the MB, meanwhile, in the FG-HAZ, the softening is

reduced until the hardness equals the hardness level of BM at 20 J/mm.

(3) Compared to the mechanical properties of the BM, the tensile strengths of
the butt welded joints were practically the same while the yield strength and the elongation
percentage were slightly lower. These results were obtained in the range of 80 to 53 J/mm,
with the aforementioned properties showing a tendency to improve when the hardness
increases in the FZ and the softening and the size of the HAZ are reduced.

(4) The longitudinal residual stresses in the fatigue specimens presented the
typical M-shape near the HAZ and FZ, with residual tensile stresses at the HAZ and tending
to zero or residual compressive stresses in the weld center line. At the sites where fatigue
started, the residual stresses were approximately: 200 to 80 MPa, for S5 series; 130 to 50
MPa, for S1 series and; 50 to -40 MPa, for S3 series. The results suggest that as the HI
decreases, the residual tensile stresses progressively change to residual compressive stresses.
This is explained by the deformations due to phase transformations of microstructures such

as bainite and martensite.

7.1.3 Fatigue behaviour

(1) The S-N curves of the four welded series (S1, S2, S3 and S5 series) showed
linear models in logarithmic scales, results within 95% confidence bands, characteristic
failure modes and different fatigue limits; indicating the effect of the welding parameters
and HI in each series, despite the fact that the differences in the results and in the ranges of

the welding parameters are small.

(2) The fatigue strengths of the welded series exceeded the FAT100 reference
curve with fatigue limits in the range of 180 to 270 MPa, being 30 to 47% of the BM fatigue
limit. Each series presented a dominant failure mode strongly related to the imperfection
with the highest SCF, so: 3.29-undercut-S1 series, 2.25-weld toe-S2 series; 4.41-undercut-
S3 series; 1.95-underfill-S5series. In particular, two specimens from the S5 series observed
a high fatigue limit in relation to all series, due to the fact that they presented a lower SCF

in the underfill and a lower variation of the weld bead profile along the weld axis.
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(3) The evaluation of the welded series’ fatigue limits, based on the stress-
concentrating effect and the modified Goodman criterion, using the local properties (residual
stresses and hardness) of fatigue initiation sites (HAZ and FZ) along with the local stresses
determined through the effective stress concentration factor, showed a very good agreement
with the experimental results. Good predictions of the fatigue limit were also achieved with

the Murakami expression.

(4) The effect on fatigue limits of factors such as weld quality, residual stresses
and material, quantified by the SCF, the magnitude of the residual stresses and the hardness,
respectively, is established as follows: both high SCFs and relatively low residual tensile
stresses (< 200 MPa) have a strong negative effect on fatigue limits; only when SCFs are
low (< 2.0), the residual stresses less than 130 MPa could they be neglected. Meanwhile,
greater local hardness increases the fatigue limits, however the effect is lesser in relation to

SCF and residual stress.

(5) In the FZ and HAZ, the welded series presented similar FCGRs but lower
than the FCGR of the BM due to the retarding effect of the predominant bainite present in
these zones. Meanwhile, the crack closure present in the BM and in the S3 welded series can
be attributed mainly to the crack tip plasticity for the BM and to the presence of residual

compressive stresses, for the S3 welded series.

(6) At high stress levels, the fatigue life is strongly influenced by the quantity,
size and location of the imperfections. The presence of crack-like imperfections located in
critical positions such as near to lateral edge or several along the width of the specimen favor
the initiation and coalescence of cracks, so that the fatigue initiation period can be neglected.
For the as-welded condition, characteristic surface cracks were identified in each welded
series: extended crack for the S2 series, semi-elliptical cracks for the S1, S3 and S5 series as

well as corner crack for the S3 series

(7) At a stress level of 600 MPa, the crack propagation approach applied to
estimate fatigue lives of fatigue specimens showing extended, semi-elliptical and border
surface cracks was in good agreement with the experimental lives. For this, due to the thin

thickness of the specimens, it became necessary to adopt a fitting procedure, assuming an
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initial crack size of 0.07 mm and FCGRs determined with the initial section of the crack

growth curves.

(8) It has been shown that good predictions of fatigue lives at high stress levels
for welded series are possible through the approaches of crack growth and of fatigue limits
with the stress-concentrating effect or with the Murakami expression, based on prior
knowledge of imperfection sizes and local properties, therefore, S-N curves can be predicted
based both on fatigue limits and fatigue lives at high stress level.

7.2. Future Work

This research focused on the fatigue behaviour and mechanical properties —
namely hardness and tensile strength — of butt welded joints by ALW of'a 3 mm thick S700®
MCE HSLA steel. The local properties, weld bead geometry and imperfections were
considered to evaluate fatigue strength and fatigue life at high and low stress levels by crack
propagation approach and stress-concentrating effect. However, while those main aspects
were investigated, there are still several areas in which further research can be developed.

Some of the most important ones are included as follows.

7.2.1. Toughness and formability properties

According to the manufacturer, S7T00® MCE steel has a toughness of 20J/-40°C
and is made for cold forming, so these two important mechanical properties must be
evaluated in 3 mm thick laser welded joints, due to which a detriment in toughness and a
reduction in the elongation percentage by laser welding it has been reported. This assessment

should take into account current industrial applications and others that may expand its scope.

7.2.2. Comparative studies with conventional welding
processes

Although conventional welding processes are considered more detrimental on
fatigue strength than in comparison to laser welding, there are conventional processes that

could compete with ALW for low thicknesses and due to the addition of filler materials. The
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GTAW process is potentially suitable for low thickness and good weld quality, while the
GMAW process adds chemical elements into the molten metal and the weld bead has less
roughness. Therefore, a study comparing these two conventional welding processes with the

ALW process could prove to be very useful.

7.2.3. Improvement of welding quality through laser welding
parameters’ optimization techniques

The ANOVA application to the factorial design showed the effect of welding
parameters such as welding speed, power and heat input (HI) on the width of weld bead. It
was also observed that two welded series presented undercuts while one series did not — this
suggests that this defect is correlated to the welding parameters used. On the other hand, a
large decrease in fatigue strength was found due to imperfections such as undercuts, weld
toe, underfill, and the variation of the weld profile along to the weld axis. The technique
response surface methodology can be implemented to establish a mathematical model that
correlates welding parameters such as welding speed and power on the weld quality in terms
of the minimization of imperfections. In this type of studies, the range of parameters used
could be slightly extended, but without exceeding the established HI limits, so as to avoid

excessive softening in the HAZ and achieve complete penetration.

7.2.4. Using conduction mode or increasing laser power to
improve the weld profile

On the weld bead welded with two weld passes, the weld pass from the top side
generated a profile with wide radii at the weld toe and without undercuts, however there was
high porosity. The conduction mode can reduce porosity and present a profile similar to that
previously mentioned, therefore an alternative to increase fatigue strength is to use two weld
passes in conduction mode, although this solution may be less productive. On the other hand,
the use of a power greater than 2 kW in keyhole mode would allow more options to find an
improvement in the weld bead’s profile.
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7.2.5. Small crack behaviour

For a better understanding, experimental work can be oriented to the small crack
growth. Literature approaches that take into account the effect of small cracks on the fatigue
life of welded elements can also be considered. The two types of works can serve to provide

greater prediction support both at low stress levels and at high stress levels.

7.2.6. Predictions of the S-N curves

It has been pointed out that different phenomena occur in finite-life and infinite-
life behaviour. Acceptable predictions were made of the fatigue limit through stress-
concentrating effect and at high stress levels through fracture mechanics. Predictions of the
S-N curves can be made based on the fatigue strength at two stress levels: one close to the
fatigue limit and the other close to the yield strength. Experimental studies or those based on

data from existing works can serve for this purpose.
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