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Abstract

Fiber laser welding (FLW) was used to join advanced high strength steel (AHSS) and high
strength steel (HSS); specifically two dual-phase (DP) steels, with ultimate tensile strengths
above 980 MPa and with different chemistries (DP980 Rich and DP980 Lean), and a high
strength low alloy (HSLA) steel, with an ultimate tensile strength of 450MPa (HSLA450). The
welding speed and power were varied to develop a process envelope for minimizing weld
concavity. In order to attain welds free of weld concavity a balance of speed and power was
required; weld concavity could be reduced by lowering power and increasing speed. Welds with
amounts of concavity ranging from 15 % to 35 % were characterized with respect to hardness,
tensile and fatigue testing. Tensile results revealed that DP steel was sensitive to weld concavity
while HSLA450 was not. At stress amplitudes enduring beyond 1000 cycles, welded specimens
exhibited lower fatigue resistance compared to the base metal. Concavity reduced the fatigue life
of DP980 steels, where increasing the amount of concavity further reduced the fatigue resistance,

while the fatigue resistance of HSLA steel welds was not sensitive to weld concavity.

Hardness profiling of the welds revealed that HAZ softening was present in the DP980 steel
welds. The amount of HAZ softening was normalized; allowing for comparison of different
steels. Welds made by FLW demonstrated reduced softening compared other laser welding types

because FLW was capable of welding with lower heat input.

A difference in the FZ hardness was observed between the DP980 steels because of the
difference in carbon content of the steels; where higher carbon content resulted in higher FZ
hardness. Additionally the high cooling rate in FLW created higher fusion zone hardness than the

values predicted by Yurioka’s model based on arc welding.



Examination of the microstructure revealed that the soft zone of DP980 Lean steel possessed
severely tempered martensite and untransformed ferrite while DP980 Rich generated a structure
with a mixture of tempered martensite, untransformed ferrite and a small fraction of non-
tempered martensite. This difference in HAZ softening was attributed to the alloying content of
the DP980 Rich steel the higher alloying content of DP980 Rich steel formed a stable austenite
that could exist near the Ac; temperature and enabled the formation of new martensite in the soft

Z0ne.

The effects of HAZ softening were apparent in tensile testing where the DP980 Lean steel, which
exhibited higher softening, demonstrated by a severe reduction in elongation while the DP980
Rich steel, which had higher resistance to softening, attained elongation comparable to its base
metal. HSLA450 exhibited a slight reduction in elongation due to the hardening of the fusion
zone. The welded DP980 Rich and HSLA450 steels consistently failed within the base metal,

while the DP980 Lean steel failed in the soft zone.

The welded DP980 Rich steel also demonstrated limiting dome heights comparable to the base
metal while the severe softening in the DP980 Lean led to premature fracture in the soft zone,

yielding a larger reduction in the limiting dome height.
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Chapter 1: Introduction

1.1 Overview

Advanced high strength Steels (AHSS) are widely used in the automotive industry as a means to
reduce vehicle weight while maintaining stringent crash test standards, as such there is a need to
understand the weldability of these alloys. Furthermore the application of laser welded blanks
(LWB), also known as tailor welded blanks, are increasingly used to join materials which are
then formed via pressing operations. In recent years fiber laser welding (FLW) has emerged as a
promising technology for application in welding and has begun to emerge within industry.
Therefore understanding of laser welded blanks made with advanced high strength steels via

fiber laser welding is an essential research area for the automotive industry.

1.2 Justification and Problem

Government regulations are increasing both fuel efficiency and safety standards [1]. Application
of high strength steel is the most cost effective solution for weight reduction at $1.02/kg [2].
Additionally, global demand for vehicles is predicted to increase by 40% from 2010 to 2018 [3].
In addition to this increase in demand, the automotive industry is moving to fewer platforms;
building more models from a single body structure [4]. This further compounds the need to
increase production capabilities as vehicles will share more components within the body and
chassis structure [4]. The weight saving, cost effectiveness and high production capabilities of
LWBs of AHSS made by FLW are an attractive option for use in the construction and

manufacture of automotive body and chassis.



Current literature of FLW has focused mostly on welding of thick plate steel for use in pipeline
and heavy industry applications [5, 6], while the application of FLW to the welding of thin
galvanized sheet of AHSS is scarce. Additionally reported welding speeds of thin sheet using
CO; and Nd:YAG laser welding are lower than that capable by FLW. Thus there exists the need

to evaluate the weldability of thin gauge AHSS for use in LWB made by the FLW process.

1.3  Objective

The objective of this thesis is to study the FLW of AHSS by examining the processing,
microstructure and mechanical properties of the welded steel sheets. Specifically the objectives

include:

1. Characterization of the microstructure of FLW AHSS made at high welding speeds

2. Comparison of mechanical properties including tensile strength, formability and fatigue
strengths.

3. Evaluation of the effects of weld concavity on the mechanical properties of the
weldments

4. Comparison of weldability of similar grade AHSS with varied alloy content

1.4 Criteria and Constraints

Laser welding is an established industrial practice, however FLW is a relatively new welding
practice as such existing standards for Nd:YAG and CO; laser welding, such as GM4485, are
extrapolated to this work. Several standards exist for materials testing; in this study ASTM

standards are applied for evaluation of the mechanical properties.

This study is limited to the joining of three materials, two AHSS and one HSS for reference, in
similar combinations while the material thickness was held constant at 1.2 mm thick.

2



1.5 Outline of Thesis

In this thesis Chapter 2 outlines the various laser welding processes and presents a review of the
literature on topics relevant to laser welding of AHSS. Chapter 3 describes the laboratory set up
and experimental procedures followed for characterizing the welds. Chapter 4 reports on the
fatigue and tensile performance of weldments possessing up to 35 % concavity for both AHSS
and HSS steels. In Chapter 5 the microstructure and mechanical strength of the AHSS are
reported, additionally the amount of HAZ softening made by other laser welding processes are
compared to FLW. Furthermore Chapter 5 also compares the effects of alloying addition on the
weldability of the two DP steels investigated. Finally the major conclusions drawn from the

results of this thesis study are concluded in Chapter 6.



Chapter 2: Literature Review

2.1 Laser Welding/Process

2.1.1 Introduction

Laser stands for Light Amplification Stimulated by the Emission of Radiation [7]. A laser is
generated by exciting a medium, which then radiates a photon [7]. When the medium is excited it
enters a higher energy level, in order to return to its former more stable state it releases a photon
while returning to the lower energy state (Figure 1) [7, 8]. The photons released travel in all
directions (non-coherently), however if the released photon collides with another ion, it will
release a photon which will travel with the former photon, in phase [7]. As more collisions take

place the density of the in-phase photons increases [7].

Before After

I
g O— @ :
|

) —() : o
I
c) ‘—» :
|

O—> Released Photon @ Excited Atom () Unexcited Atom

Figure 1: Stimulated emission a) release of photon from excited state by passing photon b) absorption of photon to high
energy state c) release of photon to low energy state

A laser beam is a collimated beam of light which is in phase and of one wavelength [7]. To
generate such a desired beam a medium is elongated in the direction of desired optical

4



transmission and placed between 2 mirrors [7]. One mirror is fully reflecting, while the other is
partially reflecting. These mirrors are designed to align the wavelength of the excited photons
and only allow a portion of the excited photons to be transmitted [7]. Photons travelling in
directions other than along the optical axis are quickly lost from the system [7]. Reflections from
the mirrors greatly increases the length travelled by photons moving parallel to the optical axis
[7]. A portion of this laser is transmitted through the partially reflecting mirror [7], developing a

coherent collimated beam of light as illustrated by Figure 2.

O—> Released Photon ’ Excited Atom O Unexcited Atom

Collimated
Beam

Figure 2: Basic laser operation through stimulated emission

Lasers have been applied for use in applications to measurement and instrumentation,
communications and ranging, as well as biological and medical applications [9]. Report of Laser

emission began in the early 1960’s and as the availability of lasers increased its application for



use in welding and joining began being researched [10]. Thus, laser welding is a newer
technology compared to other existing types of welding processes e.g. resistance spot welding

and arc welding.

2.1.2 Laser Welding

Fusion welding requires the balance of heating and cooling a volume of material such that a
molten liquid pool is formed that remains stable until it solidifies while the system is propagated
along the interface of two solid pieces eliminating the previous seam between the two pieces as
the weld pool solidifies [10]. Laser welding applies a laser as the heat source for this operation.
Heat is input to the system by the adsorption of laser radiation by the metal, while heat is output

from the system via uniform distribution of heat within the work piece [10].

There are two main modes of welding, keyhole mode welding and conduction mode welding

[10]; illustrated in Figure 3.

Laser
Vapor
Liquid Liquid
Solid Solid
Work
Piece
Conduction Mode Keyhole Mode

Figure 3: Conduction vs. keyhole mode welding



Conduction mode welding does not vaporize the material being joined, while keyhole mode
welding forms a narrow vapor column which separates the weld pool [10]. Keyhole mode
welding is capable of transferring more heat into the system, due to the higher absorption of heat
from the laser beam by the vapor column [10, 11], and thus is capable of attaining higher
welding speeds. Evaporation of steel, and thus keyhole formation, begins at a power intensity in
the order of 10° W/mm? [7], at power intensities between 10* and 10° W/mm? the weld
penetration greatly increases, forming narrow but deep welds while allowing for high welding
speeds [7]. In excess of 10° W/mm? expulsion of liquid and evaporated metal begins [7]. This

narrow cylindrical column of vapor, formed by the high heat intensity, is known as the keyhole

[7]1.

The energy flow of the laser radiation is often interrupted because metal vapors are created from
the intense heat. The hot gases often turn into plasma, severely altering the adsorption and
scattering of the laser beam [10] the increase in absorption occurs as the keyhole acts like a black
body [12]. The constant removal of heat from the system requires a stable geometry of the solid-
liquid interface [10]. Difficulties occur in maintaining a stable geometry due to fluctuations
introduced with a moving laser source [10], mainly fluctuations in laser output power and
changes in the workpiece, with changes in the workpiece being the dominant source of

fluctuation [10].

As research continued new lasers, including solid state and gas state lasers, were developed such
as Nd:YAG and CO, [8, 10]. Additionally, solid state array (diode) lasers have been developed
as well [8, 10] while more recently the emergence of fiber lasers as an industrial application has

gained interest [13].



2.1.3 Laser Welding Types

CO; Lasers

CO;, lasers use gas, (CO,) as the medium for excitation and emission of photons. CO, lasers are
capable of high average powers and therefore high welding speeds and penetration depths [7].
However, CO, lasers require a hard interface beam delivery [10, 14], that is a series of fixed
mirrors and lenses are used to move the beam from the source where it is desired to weld [10].
Thus beam delivery of CO, lasers can be complex and challenging in industrial applications. In
addition to beam delivery CO, lasers possess a large footprint due to chiller size requirements
[14]. Additionally CO, laser welders have higher maintenance demands, from the fixed optics
[13] as well as the higher operation cost due to He shielding gas requirements and poor system

efficiencies [13].

Nd:YAG Lasers

Nd:YAG laser systems utilize a Neodymium doped Ytterbium Aluminum Garnet crystal as the
medium for excitation. Nd:YAG lasers operate in both pulsed and continuous wave (CW) modes
where the beam is controlled to provide a fluctuating source to a constant power output [10].
Typical wavelength of the emitted photon is in the range of 1.06 um making it possible for
transmission of the beam through fiber-optic cables [7, 10]. To attain higher average power the
beam is pulsed [7] which in turn allow for higher welding speeds, or the ability to attain greater
penetration [7]. One disadvantage of Nd:YAG lasers is the lower energy efficiencies attained

compared to other lasers [14].



Diode Lasers

Diode Lasers or high powered diode lasers (HPDLs) are newer than traditional forms of laser
welding (such as Nd:YAG and CO,). HPDLs harness an array of diodes as a light emission
source and have been implemented for use in welding since the mid 1990’s [15]. HPDLSs utilize
semiconductors as the active medium with AlGaAs as the most common medium, with
wavelengths within the range of 800-810 nm [16, 17]. For the necessity to cool the diodes, the diodes
are assembled in thin strips which are subsequently mounted to a heat sink, [18]. Due to this
arrangement, the optical emission diverges in the plane of the thin strip leading to the formation of an
elliptical beam [18]. Furthermore, this divergence is compounded when the thin strips are assembled
into an array of diodes, to provide enough power for welding [18]; thus, HPDLS possess poorer beam
quality than other welds [17] and from the lower power density are only capable to perform

conduction mode welding.

Fiber Lasers

Fiber lasers technology has been demonstrated since the 1960’s [19]. However, fiber lasers have
only gained interest recently for application in welding due to the recent improvements in grating
technology and increases in power operation [13]. For the excitation source fiber lasers use an
ytterbium doped core, which is activated by diode pumps [13]; these systems are then bundled
together to provide higher powers. The competitive cost of fiber lasers [13, 20] may eventually
lead to the displacement of Nd:YAG systems [13]. Among all laser welding processes, fiber laser
welding offers higher welding speed because of the higher beam quality [13]. The increased ease
of operation, and lower energy consumption [13], makes FLW an attractive industrial application

and is as such an important laser welding process for research.



2.2  Welding Parameters

The beam type and quality are not the only factors affecting a welds capability in a given
situation. Optimum welding parameters are generally determined by a trial and error method in
which weld parameters are varied and with the results recorded to develop guidelines for welds
which generally lead to acceptable welds [10]. The main process parameters that must be
considered for laser welding are those which affect the amount of heat transferred to the work
piece, as such it is the materials, the power intensity and time given for the material to absorb
heat [7, 10]. Thus the main variables include: the material being joined; its coating type,
absorption and reflectivity, as well as the heat input applied to the material; its net power, spot

size, focal depth, while the time for heat transfer is mostly dictated by the welding speed.

Generally, power determines the penetration depth for a given welding speed [10], this relation is
closely related to the welding speed, along with the material absorption of the laser beam these

parameters determine the amount of energy input to the system [10]

2.3 Laser welded blanks

To reduce vehicle weight it was actually the steel industry, in efforts to remain competitive with
arising technologies such as aluminum, that greatly pushed for the development of the laser
welded blank (LWB), also known as tailor welded blanks, [7], [21]. The manufacturing of LWBs
involves butt welding two pieces, of either similar or different combinations of gauge or
composition, which are then pressed to form a complex geometry [10, 21-23]. Weight and cost
savings can be attained by optimizing the gauge thickness and material grade by using thicker or
stronger material where necessary and joining to a thinner or cheaper material where strength is

not necessary [10]. Additionally, the amount of waste generated can be reduced by proper design
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of the blanks [7] as well as by carefully nesting smaller pieces within the holes of larger ones,
during the initial cutting of the steel coil [10]. Deep drawing capabilities and high formability is
required of a tailor blanks, which is then required of the weld as well [10]. Thus the weld must
possess good ductility [7]. To prevent damage or excessive wear to the die tooling the weld bead
needs to be flush with the joined sheet [7].To maintain the corrosion resistance of galvanized
sheets the heat affected zone (HAZ) must be narrow [10], preserving the cathodic protection of
the zinc. Also, the welded blank must possess tight dimensional tolerance so it can be repeatedly
loaded into the forming tools and produce consistent geometries; the welding process must
provide low heat input to minimize the effects of thermal distortion [21]. Thus, the narrow HAZ,
low distortion and high welding speed makes laser welding attractive for the assembly and

construction of components for use in automotive chassis, and body structures [7, 10, 21].

Previous attempts by Honda Inc. in 1976 to make tailored blanks were unsuccessful due to the
high thermal distortion of the TIG welding process used [21]; however, the first successful
commercial application of tailor blanks in the automotive industry was by Thyssen-Stahl [7, 21]
with the development of a floor pan for the Audi A100 in 1985 [21]. Initially it was desired to
make the floor plan from a single piece 1960 x 3200 x 0.75 mm however, at the time there, was
no capability to make galvanized steel sheet of this size [7], so it was decided that two pieces
would be joined together to form one of the required dimensions; while the only joining process
capable of meeting the aforementioned requirements was laser welding [7, 21] leading to the
development of the laser welded blank (LWB) which is extensively used in the automotive

industry to this day [3, 22-23]

To join two materials, LWBs utilize a butt joint design which is one of the most difficult joints to
make via laser welding as the small spot size and high welding speed leave little tolerance for the
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beam to leave to joint seam [7, 24], requiring tight fit up and edge preparation of the work pieces
[10]. As welding speed increases, or the part thickness decreases, the requirements for good joint
fit up increases [7] e.g. when welding thin sheet, to ensure sufficient material is melted by the
laser beam which then flows to bridge any gap between the sheets and solidifies to form a joint,
gaps between the work pieces must be less than 0.1mm [7, 10] or half the laser spot size [7],
whichever is less. In general LWBs are commonly made up of mild steel or IF steel; however,
the weight reduction capabilities of the LWBs has been reported to increase by using high

strength steel (HSS) and advanced high strength steel (AHSS) [25-27].

2.3.1 High Strength Low Alloy (HSLA) Steel

HSLA steels utilize small amounts of alloying addition, and are strengthened by the fine ferrite
matrix, solid solution hardening and precipitation hardening [22, 28]. The fine ferrite matrix is
formed by the control of the austenite grain size through the formation of fine precipitates
(carbides, carbon-nitrides and nitrides) during hot rolling which prevent grain growth by pinning
the grain boundaries [28]. As it is possible to control the formation of the precipitates through
micro alloying with 0.1wt-% of elements such as Nb, Ti, or V, HSLA steels possess lower
carbon content and thus attain good weldability [28]. HSLA steels possess both high ductility
and strength; this makes HSLA suitable for automotive applications that require deep drawing
capabilities such as tailored blanks [28]. A typical HSLA microstructure is shown in Figure 4

with fine grained ferrite (dark regions) strengthened by carbides (bright spots).
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Figure 4: HSLA microstructure

2.4  Advanced High Strength Steel

In effort to meet the automotive industry’s demand for weight reduction with high formability
and competitive cost steel makers have developed high strength steel (HSS) and advanced high
strength steel (AHSS). The different mechanical properties are attained by controlling the
cooling rate from the austenite (or ferrite-austenite phase; depending on alloying addition) to
stable and/or metastable phases at room temperature [22]. Additionally, rolling operations may
also be performed to manipulate grain structure and size. The many types of advanced high
strength steels include, interstitial free (IF), high strength low alloy (HSLA), bake hardened
(BH), dual-phase (DP), transformation induced plasticity (TRIP), twinning induced plasticity
(TWIP), and martensitic (MS) steels. Within a type of steel there is a large variation in the

strength which can be attained see Figure 5.
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Figure 5: Strength and elongations attained by AHSS [22]

In order to distinguish between the many types of steels auto and steel makers have developed a
system to identify steel by both their microstructure and their ultimate tensile strength, e.g. dual

phase steel with an ultimate tensile strength of 600 MPa would be referred to as DP600.

2.4.1 DP Steel

DP steels are comprised of a ferrite matrix with martensite islands dispersed throughout [22, 28-
29]. DP steel is formed by inter-critical annealing where a portion of the austenite phase is
transformed to ferrite, and then upon rapid cooling the remaining austenite is transformed to
martensite [22, 28]. DP steels attain the necessary hardenability through increased carbon content
and alloying additions [28]. The martensitic phase causes strain to be concentrated in the ferrite,
creating a high work hardening rate [22], this high work hardening rate increases the energy
absorption characteristics, making DP steel suitable candidates for use in automotive chassis
[28]. Typical DP microstructure is shown in Figure 6 with ferrite matrix (dark regions) and

martensite stringers (bright regions).
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Figure 6: Dual phase steel microstructure

2.5 Solidification of the weld pool

This section outlines basic solidification concepts steel and how they apply to laser welding.
Essentially welding is simply the melting and solidification of steel, but at a much higher heating
and cooling rate compared to steel manufacturing. Laser welding in particular exhibits very high
heating and cooling rates, as such this section has been tailored to address solidification concepts

at these higher rates.

2.5.1 Nucleation

As the heat source is removed, and the temperature falls below the melting temperature, the
liquid becomes thermodynamically unstable, leading to the nucleation of the solid phase [28, 30].
However, the energy required to start solidification is much less on an existing solid or nuclei

[28, 30], thus in welding, solidification begins as the solid-liquid boundary of the weld pool [8].
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2.5.2 Growth

Liquid grows from existing grains of the BM according to epitaxial growth [8]. Then competitive
growth occurs as solidification continues in the direction of maximum temperature gradient [8].
Furthermore at high welding speeds, there is enough undercooling for the nucleation of a fine

grained equiaxed structure in the FZ [8], as shown in Figure 7.

Equiaxed
dendrite

Welding
Direction

Figure 7: Solidification of weld pool in high speed welds [8]

2.5.3 Phase Transformations

The Fe-C Phase Diagram

In steels the solid particles form into different crystallographic structures according to their alloy
content, which is represented via the phase diagram Figure 8. The Fe-C phase diagram depicts
the structure which will form under equilibrium conditions. Under these conditions steels
containing less than 0.65 % carbon (common amongst most automotive steels) will solidify and

form austenite, upon further cooling the steel undergoes a solid state transformation, where FCC
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austenite transforms to BCC ferrite. Once the solid cools to the eutectic temperature (727°C) the
remaining austenite transforms to pearlite, a lamellar structure of ferrite and cementite. However,
when the cooling rate is high, such as in welding, equilibrium conditions cannot be met which
leads to a change in the transformation kinetics; the transformation temperatures become altered
from those predicted by the phase diagram and other microstructures, such as martensite and

bainite can form.
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Figure 8: Fe-C phase diagram [8]

A useful tool for analyzing the non-equilibrium cooling conditions is the continuous cooling

transformation (CCT) curve. CCT curves show the transformation products for a given alloy
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composition, cooled at a constant rate over a given period of time. Figure 9 shows a typical CCT
diagram for steel, it should be noted that as cooling rates increase martensite and bainite may be

formed.
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Figure 9: Typical CCT diagram for carbon steels [8]

Martensite Formation

Martensite is a lathy, or needle like, structure developed by rapid cooling in carbon steels [28,
30-31]. The morphology of martensite depends on the carbon content: martensite exhibits a lath
like morphology in steel containing lower carbon contents (less than 0.5 wt-% C) [32]. Lath type
martensite is dominant in low carbon steels while plate martensite occurs in medium and high
carbon steels [30]. While, plate type martensite forms between 0.5 to 1.4 wt-% C and martensite
twins form when carbon content exceeds 1.4 wt-% [32]. In general, martensite is hard and
strengthens the material greatly, however behaves in a brittle manner [28, 30-31]. Martensite is

formed via diffusionless transformation of the austenite phase [28, 30-31]. When there is not
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sufficient time for carbon to move from interstitial sites of the FCC structure the carbon atoms
get trapped during the transformation [31], which causes twinning of the lattice [30] that forms a
body centered tetragonal (BCT) structure [31]. Once this nucleation begins it grows independent
of thermal activation [30, 31] at speeds approaching the speed of sound in the material until

impeded by a barrier such as a grain boundary or another martensite lath [30].

Bainite Formation

Bainite is a mixture of ferrite and carbides, which form due to large under cooling below the
nose of the pearlite transformation curve [30]. Bainite is obtained at transformation temperatures
where the ferrite transformation is sluggish as well as at temperatures below the martensite start
temperature [33]. Bainite growth occurs in two stages; first ferrite grows, then carbides
precipitate [33]. Commonly two types of bainite are formed in steel; upper bainite comprising of
sheaves of ferrite plates with cementite particles between the plates (forms at higher temperature
350-450°C) while lower bainite, which forms below 350°C, consists of fine cementite particles

precipitated within bainitic-ferrite plates or laths [33].

Factors affecting microstructure formation

Microstructures that form by rapid cooling depend on the grain size and the cooling rate [30].
Also, different alloying additions shift the curves of the CCT diagram, increasing the
hardenability of the steel; allowing for easier formation of martensite [8, 28, 30]. Elements such
as Cr, Mo and Si are ferrite stabilizers; that is they shift the nose of the CCT curve to shorter
transformation times for the formation of ferrite or pearlite while elements such as Ni, Mn, and
Cu are austenite stabilizers; increasing the time available for transformations [30]. Additionally,
reducing the austenite grain size has the effect of shifting the CCT curves to shorter

transformation times [8, 30]; making it harder to form martensite.
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2.5.4 Weld zones & Microstructures
The microstructures observed in welding can be readily correlated to the Fe-C phase diagram as

shown in Figure 10.
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Figure 10: Correlation of transformation temperatures to weld zones: (a) weld zones (b) Fe-C phase diagram [8]

Fusion Zone

The fusion zone (FZ) corresponds to the area of the weld which exceeds the liquidus
temperature. This area cools through the freezing point to solidify into austenite; upon cooling
past the Aci temperature it undergoes a solid state transformation [8], which during the high

cooling rates of welding usually yields martensite.
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Heat affected zone

The heat affected zone (HAZ) corresponds to the area in the weld which exceeds the Aci
temperature but remains below the peritectic temperature. HAZ microstructures are typically
those formed by rapid cooling from austenitic phases [8] additionally the high peak temperatures

of welding can lead to grain growth in the HAZ [8].

2.5.5 Heat input of Laser Welding

To effectively compare changes of speed and power in addition to changes in power intensity
from different laser types to the mechanical properties of the weld, the heat input to the steel
sheets was calculated. The heat input was calculated using a method proposed by Xia et al. [34]
based on the Rosenthal equation for a 2-D line source, which calculates the energy absorbed by

the sheet by measuring the distance between the fusion boundary and the A isotherm as given

in Equation 1,
1
vd < 1 1 )
Taer—=To Tm—Ty (1)
where — is heat input (the normalized net absorbed energy per unit length), is the distance

from the weld centerline to the A isotherm, is the distance from the weld centerline to the
fusion boundary, is the Aq temperature, is the melting temperature, is the room
temperature,  the material density (7860 kg/m®), the specific heat capacity of steel (680

J/kgK) and A the thermal conductivity (30W/m/K) [34]. The melting temperature and Ac;
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temperature can be calculated using the Schirmann and Andrew’s methods, respectively [35],

[36].

From this heat input the time at which the material was held neat the Acl temperature may be

calculated by:

1 (0 vd)’
AmeApc (T yo1 — T)? (2)

Where t is the amount of time taken to heat the sample to the Ac; temperature. The time
constant, t, is used to compare the time available for tempering of the martensitic phases, within
the soft zone of welded DP steels, made different welding processes or different combinations of

welding parameters.

2.6 Challenges in Laser Welding of AHSS

2.6.1 HAZ Softening of DP Steels

HAZ softening is an important issue in DP steels, which is still not fully understood and being
investigated [34, 37]. HAZ softening is formed when the martensitic phase within the sub-critical
HAZ is decomposed creating a region of tempered martensite leading to a drop in hardness
below that of the BM. Earlier studies on DP980 using diode and Nd:YAG laser welding
processes have revealed that tempering of the martensite in the HAZ of the weldment has a
detrimental effects on the mechanical properties of the joint [34]. HAZ softening was observed
to be proportional to the martensite content of the material [34]. The severity of the HAZ
softening is a function of heat input, reducing heat input by increasing the welding speed, at

constant power, leads to a narrower HAZ and less softening [34]. Xia et al. also observed that the
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high heat input diode laser welding was found to possess the widest HAZ and most severe
softening effect while softening in Nd:YAG welds was less severe, as the Nd:YAG process

could weld at a lower heat input.

HAZ softening reduces the tensile strength and the fatigue life of the DP steel welds [38-42]. It
has also been reported that increasing welding speed reduces softening resulting in welds with
tensile strength close to that of the BM [43]. Fiber laser welding (FLW) is capable to weld at
high speed and therefore is beneficial for making LWBs [13, 20-21, 44]. Furthermore, it should
be noted that both concavity and HAZ softening was detrimental to the fatigue life of the DP

steel welds [38-42, 45].

The HAZ softening effect has been shown to reduce the formability of the welded steel, the
greater the softening effect the greater the reduction in formability [43, 46]. It was also
demonstrated that by increasing HAZ width by increasing the heat input the material strength

was further reduced [43].

It has also been observed that additions of Cr and Mn in the BM stabilize the martensite phase
lowering the effect of softening [47] while other studies have also shown that Mo also stabilizes
the martensitic phase [37]. These elements are carbide forming elements and impeded the

diffusion of carbon, delaying the transformation of the martensitic phase [8].

Furthermore, studies have predicted that as the heat input was reduced the amount of softening

would become negligible, leading to mechanical properties closer to that of the BM [46].

In order to effectively compare the effects of HAZ softening between different alloys and grades
of DP steels the HAZ softening is normalized using the method outlined by Biro et.al [37] to
compare the welded steel to both the BM and the fully tempered BM, as shown in Equation 3:
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Hpy—H
Normalized Softening = HBM—HHAZ
BM — Hrmp (3)

Where the normalized softening, ranges from 0 (no tempering) to 1 (fully tempered), Hgwm is the
hardness of the unaffected BM, Hyaz is the minimum hardness of the soft zone and Hryvp is the
hardness of the BM furnace tempered samples. Furnace tempering of the DP steels was

performed at 600°C for 1 hour, which were then removed from the furnace and air cooled.
2.7 Fatigue and Fracture of Welds

2.7.1 Stress Concentrations

Stress concentrations, such as undercut, weld concavity and porosity to name a few, are known
to reduce fatigue life and are characterized by the notch effect [8]. The (SCF) stress
concentration factor, K, is the ratio of the peak stress at the notch tip to the nominal stress acting

over the area:

OMax
Kf -

ONom 4)
Where: K is the stress concentration factor, omax the peak stress and onom the nominal stress.

The stress concentration may lead to a reduction in both the tensile strength and the fatigue life
of the specimen [48]. Figure 11 shows the stress concentration of a specimen with two identical
notches about one third of the thickness of the specimen. It can be observed that the peak stress
occurs at the tip of the radii with a simulated SCF of 2.47. It should also be noted that the stress

has risen adjacent to the notch tip as well.
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Figure 11: Simulated stress concentration factors for a specimen with symmetric notches one third the thickness of the
specimen

2.7.2 Fatigue Mechanism
Fatigue failure occurs when stress amplitudes below the yield strength are repeatedly loaded on
the weldment. This mechanism is known as fatigue and occurs in three stages (Figure 12); crack

initiation, crack propagation and fracture [8].
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Figure 12: Regions of crack nucleation, growth and fracture [48]

Cracks initiate from surface discontinuities [8] when dislocations build up along the slip planes
of the material near these surface discontinuities [48]. At low stress amplitudes crack nucleation
is slow [48], and it is the ease of which cracks can be formed that determines the number of
cycles to failure. On the other hand, when the applied stress amplitude is high, nucleation of
cracks is fast and the fatigue life of the specimen is dominated by crack propagation [48]. Thus

the presence of a macroscopic notch would increase the stress amplitude at surface

discontinuities leading to easier crack nucleation.

Once a crack is formed it propagates through the material according to the Paris equation [48],
where the change in crack length for a given number of cycles is related to the stress intensity

range and material properties as:
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B = C(AK)"
dN (5)

Where, da is the change in crack length, dN the number of cycles, the stress intensity factor,
and C and n are constants used to fit the data to the log da/dN vs. curves. Eventually the
crack grows to a length at which the stress intensity at the notch tip reaches the stress intensity

required for fracture at which point the specimen fails [48].

Crack propagation is faster for a brittle material as there is little elastic deformation within brittle
material, leading to crack growth at the plastic zone of the notch tip [48], providing the stress

concentration at the notch tip exceeds the material’s strength.

2.7.3 Weld Concavity

Concavity is formed by metal ejection from the weld pool during welding [5]. There are reports
on simulation of the keyhole dynamics in laser welding, which indicated that metal ejection from
the weld pool depends on the welding parameters [11, 49]. However, metal ejection from the
weld pool can also occur due to instability of the liquid phase especially when the vapour-liquid
interface within the keyhole moves normal to the laser beam at high speeds [10]. Additional
studies revealed that the depth and width of the keyhole fluctuated violently during welding, and
the evaporation of the metal did not take place uniformly but locally from the front of the
keyhole [6]; due to an imbalance of vapor pressure and surface tension metal ejection occurs as

shown in Figure 13.
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Figure 13: Metal ejection from weld pool in keyhole mode welding

An effective way to improve the weld quality is to reduce power and speed [7], but a reduction in
speed is known to increase the severity of the HAZ softening [43]. Traditionally, laser welds
exhibit a fatigue life comparable to the BM; however, recent studies have indicated that fatigue
life of DP steel welded by fiber laser reduced by around 30% when compared to the BM [38]
[39]. Also, the stress concentration at the concavity (acting like a notch) serves as the crack

initiation site allowing the crack to propagate into the soft zone in the welds [38].

2.8 Summary

Several studies have been performed on the effects of HAZ softening in resistance spot welding,
HPDL and Nd:YAG laser welding of DP steels. Several of these studies have reported on the

degradation of tensile [41, 45-46, 50], formability [43, 51] and hardness properties [37, 52]
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within the HAZ. Additionally researchers have also recently reported on the fatigue performance

of HPDL welded DP joints [40] however little research has been reported the FLW of DP steels.

Xu et. al. recently examined laser welded DP steel made by both Fiber and Diode Laser [38, 39].
It was observed that both processes demonstrated HAZ softening, however the higher heat input
welds of Diode Laser welds, exhibited a greater amount of softening, which then lead to poorer
performance in tensile and fatigue testing. The large scatter in data of this data set was attributed

to variations in weld concavity.
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Chapter 3: Experimental Methods

3.1 Laser welding

An IPG Photonics YLS-6000 Ytterbium fiber laser system integrated with a Panasonic TA 1600
robot was implemented for welding. The laser medium was an ytterbium doped fiber, which
provided a continuous wavelength output of 1071 nm. This fiber was then fed into an optic
system with a collimating and focal length of 129 mm and 200 mm respectively. The power
intensity of the laser beam delivered by the optics was scanned and the beam was observed
(Figure 14) to possess a spot size of 0.28mm? a divergence angle of 59.9 mrad and beam

parameter of 5.8.
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Figure 14: Laser beam profiles: (a) 3-D profile near spot size (b) 2-D profile showing beam divergence
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Calibration of the equipment showed good correlation between the commanded laser power to
the power delivered by the optics; the commanded power could be considered the same as the

power delivered to the work piece, Figure 15.
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Figure 15: Correlation of commanded laser power and measured laser power

The robot enabled the system with 6 axes of freedom, yet for simplicity, linear welds were
selected for evaluation. Process optimization trials revealed that a vertical head angle of 20° was
necessary to prevent damage to the optics from weld spatter. Argon shielding gas could be
provided to both the top and bottom side of the weld; a trial and error method was implemented
to determine a low flow rate which would provide shielding such that severe oxidation was not
present at any welding speed. Furthermore, an air knife was used to remove zinc vapors from the

weld pool.
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3.2 Materials

The steels investigated in this study were all hot dip galvanized sheets with a thickness of 1.2
mm. Three steels are investigated in this study, one HSLA steel and two DP980 steels, where the
DP980 Rich steel was comprised by alloying additions of Cr, Mo, Mn and Si while the DP980
Lean steel was alloyed by Mn and Si additions; the chemical composition of all the steels are

listed in Table 1.

Table 1: Chemical composition (wt-%6) and mechanical properties of steels used

Steel DP980 Rich DP980 Lean = HSLAA450
C 0.09 0.15 0.05
Mn 2.1 1.5 0.6
Si 0.3 0.3 0.1
Al 0.05 0.04 0.03
Cr 0.2 0.0 0.1
Mo 0.3 0.0 0.0
Ni 0.0 0.0 0.1
\% 0.00 0.00 0.00
Ti 0.03 0.00 0.02
Nb 0.02 0.00 0.01
Fe Bal. Bal. Bal.
Twm (°C) 1513 1514 1527
Tac1 (°C) 713 717 721
YS (MPa) 618 697 415
UTS (MPa) 998 1083 461
Elongation (%) 14.0 12.2 30.7
Hardness (HV) 325 350 145
Vol. Martensite (%) 38.2 56.4 0.0
Vol. Bainite (%) 7.0 0.0 0.0
Vol. Ferrite (%) Bal. Bal. Bal.
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3.2.1 Joint Configuration

Steel sheets were cut to 200 mm x 100 mm pieces and then butt welded, with a single linear weld
(SLW), to form a 200 mm x 200 mm blank (Figure 16). All the welds were made perpendicular
to the rolling direction (RD) of the sheets (Figure 16). To attain the necessary joint fit up, the
edges to be welded were machined flush; sheets were considered to align if there were no gaps
larger than 0.05 mm, which was measured by a standard feeler gauge. Before welding, all the
edges were de-burred while the surface of the sheets was washed with acetone. The steel sheets

were clamped onto a jig fixed by machine clamps to avoid misalignment during welding.

Single Linear Weld:

RD
—

200 mm

< > < >
100 mm 100 mm

Figure 16: Schematic of joint configuration

3.2.2 Microstructure Examination
To examine the microstructure and weld profiles weld cross-sections were prepared by grinding
using a series of SiC papers, followed by polishing with a 1um diamond suspension. Then

specimens were etched using a 2% Nital solution for about 4 to 6 seconds.

The weld profiles were observed in an Olympus BX51M optical microscope while higher
magnification views of the microstructure were attained using a JEOL JSM 6460 scanning

electron microscope.
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Area fraction analysis was, using Image-J analysis software, to determine the volume fraction of
phases present within the steel. The area fraction of the DP980 Rich steel is shown in Figure 17

where red is martensite, blue is ferrite and green is bainite.
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Figure 17: DP980 Rich microstructure shaded for area fraction analysis

Scanning electron microscopy (SEM) images demonstrating the microstructure of the base
materials investigated in this study are shown in Figure 18, the volume fraction of different
phases present within each steel are listed in Table 1. The HSLA steel was comprised of a fine
grained ferrite with carbides dispersed throughout (Figure 18a), DP980 rich was comprised of
ferrite (dark regions: Figure 18b) and martensite (bright regions: Figure 18b) as well as a small
fraction of bainite (arrow: Figure 18b), while DP980 Lean was comprised of ferrite (dark

regions: Figure 18c) and martensite (bright regions: Figure 18c).
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Figure 18: Base metal microstructure of the steels used: (a) HSLA (b) DP980 Rich (c) DP980 Lean

3.2.3 Concavity Measurement
Weld concavity is measured as the ratio of the reduction in area from the sheet thickness in the
fusion zone to the initial sheet thickness, as outlined by GM4485M [53]; this measurement is

illustrated in Figure 19 and further explained by Equation 6.

Iy
]

Figure 19: Schematic illustration of the concavity measurement

Thus:
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+y*100

Concavity =

(6)

In thin sheets, the measurement is sensitive to error in the measurement, in order to make an
effective comparison, concavity values were binned into ranges of about 5%. In other words
concavity measured over the ranges of 0%, 11-13%, 14-16%, 23-28%, and 33-38% are reported

as 0%, 10%, 15%, 25%, and 35%, respectively.

3.3 Mechanical Testing

3.3.1 Hardness Profiling

Microhardness profiles were obtained across the etched specimens of the welds in a Clemex-JS
2000 automated hardness tester using a 200 gram load and 15 s dwell time. The hardness
indentations were spaced at least three diameters from one another to avoid interference from the
strain fields of the adjacent indents. A second hardness profile with high resolution was
developed in order to capture hardness of the narrow HAZ created by FLW, a staggered pattern
was used as shown in Figure 20 the hardness profile was staggered about the weld centerline in

the x-axis and positioned 350 pum form the top side of the weld.
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Figure 20: Hardness profile indentation points relevant to weld centerline
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3.3.2 Tensile Testing

Transverse tensile specimens, with the welds centered at the gauge length (Figure 21), were
machined from the welds as per ASTM: E8 standards. The first and last inch of the blank were
discarded to remove any possible effects of the weld start and crater. The tensile tests were
performed using a crosshead speed of 2.54 mm/min. For the welds with concavity, only the peak
loads obtained from the tensile tests were analyzed to minimize the error that may arise due to

changes in the cross-sectional area in the gauge length because of the concavity.

Single Linear Weld:

Figure 21: Position of welds on the tensile specimens

3.3.3 Fatigue Testing

ASTM: E8 specimens (Figure 21) were also used for cyclic fatigue testing. A fully computerized
Instron 8801 servo hydraulic testing system with a stress ratio of R=0.1 applied in a sinusoidal
wave at 50Hz was used to evaluate fatigue performance according to ASTM:E466 test standards.
When a specimen was capable of sustaining 10" cycles without failure it was considered to have
reached its fatigue limit; the stress amplitude at which a specimen endured infinite life. The
fracture surfaces of the tensile and fatigue tested specimens were observed using a JEOL JSM

6460 scanning electron microscope.

3.3.4 Formability Testing
Limiting dome height (LDH) testing was performed using a 101.6 mm (4 inch) hemispherical
punch on a hydraulic press. Laser welded blanks, made with SLW, were cut to 200 mm x 200

mm sheets and were then orientated on the lower die so that the weld bottom was in contact with
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the hemispherical dome, with the weld centered about the middle of the die opening, as shown in
Figure 22. Clamping pressure was applied between the upper and lower die to prevent the
specimen from slipping between the dies during forming. Prior to forming the steel sheets were
lubricated lightly using a mill oil. The test was stopped upon the formation of a visible fracture.

The dome height was then measured using a height gauge; the gauge’s accuracy was verified to

be within 0.1 mm using standard height blocks.

2 s
4

Upper Die

Top
Side

N

Bottom
Side
Lower Die

Clamping Force Dome Force Clamping Force

Figure 22: Schematic of limiting dome height test
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Chapter 4: Effects of Weld concavity on Mechanical Properties of

Fiber Laser Welds

4.1  Weld concavity
The speed and power levels examined in this study are shown in Figure 23 and example profiles

of the resultant weld geometries are shown in Figure 24.
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Figure 23: Process envelop of 1.2mm thick steel sheet made by FLW

Figure 24: Weld profiles of typical geometries observed a) humping b) concavity c) convexity d) incomplete penetration
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Using 6 kW full penetration welds could be made at 30 m/min (Figure 23); however, at welding
speeds higher than 22 m/min a cyclic formation of severe concavity at the top of the weld and
severe convexity on the bottom of the weld occurred (Figure 24a), creating a discontinuous weld
profile with large reductions in area from the BM; otherwise known as weld humping. Welds
with humping were very weak, and could be broken by hand. Concavity occurred when weld
cross sections experienced a reduction in area which is well wetted to the surrounding material
(Figure 24b). Convexity (Figure 24c), being constant without cyclic formation, occurred when a
continuous well wetted convex dome formed on either the top or bottom side of the weld along
the length of the weldment. Incomplete penetration (Figure 24d) occurred when the heat input
was too low to melt the bulk material. Welds were considered acceptable (Figure 23) when they
form less than 20% concavity, have convexity below 10%, and were free from other defects, as
per current industry standard: GM4485M [53]. Acceptable welds were made by increasing
welding speed, at constant power, so that the welds just fully penetrated the sheet thickness.
Accordingly, the welding speed for making acceptable welds was observed to increase with
increasing power (Figure 23). For example, using 2 kW power acceptable welds could be formed
at a lower speed of 10 m/min whereas increasing the power to 4 kW required a higher speed
(20.5 m/min). However, increasing power beyond 4 kW and decreasing it below 2 kW could not
form acceptable welds. So, it was observed that to make acceptable welds in 1.2 mm thick sheets
a power range of 2-4 kW with speed of 10-20.5 m/min is required. Fully penetrating weld
profiles possessing the least amount of concavity at each power level are shown in Figure 25.
Welds made at 1 kW were unacceptable because it contained porosity (Figure 25a). It was also

observed that the concavity increased with power (Figure 25b-f).
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Figure 25: Best weld geometry attained studied power levels

The formation of concavity due to keyhole instability may be explained by the ejection of metal
from the weld pool, which has been reported earlier [5, 7, 10-11, 49]. Furthermore the amount of
metal loss was measured by using a mass balance, as outlined in Appendix A, and it was
determined that the weld concavity was a result of metal ejection from the weld pool. In keyhole
mode welding, evaporation of the molten metal takes place leading to an increase in vapor
pressure, which pushes the vapor-liquid interface ahead of the laser beam [10]. High vapor
pressure can result in higher melt velocities causing ejection of the weld metal from the front of
the weld pool. Therefore, the complex liquid motion within the weld pool determines the
resultant weld geometry [10]. Furthermore, a recent simulation study [11] reported that the
driving force for moving the vapor-liquid interface is the vapor pressure of the keyhole. The
vapor pressure depends on the available heat in the keyhole and for a constant spot size an
increase in the beam power increases the vapor pressure. Thus, an increase in laser power, at any

given speed, would result in a greater amount of metal ejection from the weld pool [11], which
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was also observed in the present study (Figure 25c-f). At any given power, welding speed
controls the size of the vapor column; in other words the ability to evaporate the liquid phase and
maintain a constant keyhole size is determined by the welding speed [10]. Therefore, too high of
a welding speed would cause the keyhole to become unstable [7, 10-11] as was observed by the
erratic humping (Figure 24a) formed above 22 m/min (Figure 23). Alternatively, the welding
speed determines penetration depth [5] as was observed for lower power (1-4 kW) where higher

speeds yielded incomplete penetration (Figure 23).

4.2  Microhardness and tensile properties

Figure 26 shows the hardness profiles across the welds of DP980 Lean and HSLA450 steel made
with 4 KW power and 20.5 m/min speed; where the upper and lower 95% confidence intervals
indicate the expected hardness range based on statistical probability. In the fusion zone (FZ)

DP980 steel attained higher hardness (~480 HV) than HSLA steel (~350 HV) (Figure 26).
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Figure 26: Microhardness profile of DP980 Lean compared to HSLA450 steel, with welds made at 20.5m/min and 4 kwW
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HAZ softening was detected in the DP steel, as indicated on the profile (Figure 26) with a
minimum hardness of about 300 HV; exact values for examined speed-power combinations are
listed in Table 2. HAZ softening is related to tempering of the martensite phases present in the
BM (Figure 18) because the temperature experienced in this region during welding approaches
the Ac; temperature of the steel [22]. HAZ softening was not observed in the HSLA steel

because martensite was absent in its BM (Figure 18).

Table 2: Tensile and soft zone properties of welds made with varied amounts of concavity

Soft Zone

Speed Power Concavit Failure  Peak load
Steel (m?min) (kW) (%) ) H"E‘miss Location  (kN)
DP980 Lean 22 6 35 306 HAZ 141
DP980 Lean 21 5} 25 307 HAZ 14.9
DP980 Lean 20.5 4 15 302 HAZ 15.2
DP980 Lean 15 3 10 295 HAZ 15.2
DP980 Lean 10 2 0 293 HAZ 15.2
HSLA450 22 6 35 BM 6.7
HSLA450 21 5 25 BM 6.5
HSLA450 20.5 4 15 BM 6.6
HSLA450 15 3 10 BM 6.5
HSLA450 10 2 0 BM 6.6

Tensile results (Figure 27) indicated that increasing concavity decreased the peak load in the
DP980 welds whereas HSLA welds were not affected by concavity. Data analysis performed,
assuming a normally distributed sample and using t-tests, suggested that for DP980 there was no
significant change in the peak load within 0% to 15% concavity (Table 2). Thus, welds with 15%

concavity were considered acceptable with respect to tensile strength and industry standards [53].
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Figure 27: Relation of weld concavity to peak load carrying capacity for DP980 Lean and HSLA450

Alternatively, when the amount of concavity increased to 25% the peak load decreased (Figure
27) and continued to decrease with further increase in concavity (35%). A 1.1 kN drop in the
peak load was observed in the DP980 steel when concavity was increased from 15% to 35%
(Figure 27 and Table 2). The DP980 welds failed in the soft zone (Table 2) where strain
localization occurred leading to premature failure [34, 43, 46], which was confirmed by the
fractured surface showing typical ductile dimple morphology (Figure 28). The decrease in peak
load for welds with 25% and 35 % concavity was attributed to the increased amount of concavity
but not to the softening since the change in softening was reduced (Table 2); it was expected that
reduced softening would increase the tensile strength as observed in previous studies [34, 37].
Although all welds failed in the soft zone, it is believed that the higher stress concentration,
caused by larger concavity (acting like a notch), reduced the peak load leading to premature
failure in the soft zone.
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Figure 28: Ductile fracture surface of welded DP980 Lean

HSLA steel always fractured in the BM (Table 2) and increasing concavity was not observed to
influence the peak load (Figure 27). The HSLA steel exhibited a resistance to the concavity
because, unlike the DP980 steel, the HAZ in HSLA steel was stronger compared to the BM
(Figure 26) and therefore deformation was concentrated in the weaker BM. The relative strength
of the HSLA steel is further discussed in Appendix B. Based on the reduced concavity, reduced
softening and higher peak load, 4 kW power with a welding speed of 20.5 m/min were

considered the best welding parameters, resulting in only 15% concavity (Figure 25).

4.3  Fatigue resistance

S-N curves of the DP980 and HSLA welds are shown in Figure 29 and Figure 30, respectively.
At a higher stress amplitude (450 MPa for the DP980 steel and 200 MPa for the HSLA steel), all
welds exhibited similar fatigue resistance as their respective BM as observed in previous studies

[38, 39].
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Figure 29: S-N curve of welded DP980 Lean with varied concavity compared to the BM
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Figure 30: S-N curve of welded HSLA450 with varied concavity compared to the BM
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At moderate stress amplitudes (350 MPa to 150 MPa for the DP980 steel and 175 MPa to 100
MPa for the HSLA steel), a significant reduction in the fatigue life of all the welds was observed
when compared to the BM (Figure 29 and Figure 30). DP980 steel welds having higher
concavity (25 and 35%) demonstrated an even further reduction in fatigue resistance at moderate
stress amplitudes (Figure 29) compared to welds with lower concavity (15%); while HSLA
welds with different amounts of concavity showed similar fatigue resistance. This difference in
concavity (notch) sensitivity could be attributed the difference in weld hardness in both steels.
The lower hardness (Figure 26), and thus more ductile HSLA welds, would yield lower notch
sensitivity than the harder DP980 welds [48]. However, the reductions in ductility and changes in
the weld geometry, as will be shown later, still decreased the fatigue resistance of the HSLA

welds compared to the BM (Figure 30).

Welding reduced the fatigue limit of both the steels; DP980 welds showed a 63% reduction
while HSLA steel showed a 43% reduction when compared to their respective BM. For DP980
welds, lower concavity (15%) welds did not yield infinite life unlike the higher concavity (25%

and 35%) welds (Figure 29); possible reasons are discussed later in this section.

The fatigue fracture surface of the DP980 welds showed that the cracks initiated at the surface
defects in the FZ on the concavity and then propagated throughout the FZ (Figure 31a). The
crack initiation was determined by the radiating structures from the concavity (Figure 31a),
which was seen to start either at the bottom side of the concavity (Figure 31b) where weld
spatters were present (Figure 31c) or at the topside of the concavity (Figure 31d) where ripples in
the weld bead created surface discontinuities (Figure 31e). The crack then propagated through
the highly hardened (Figure 26), and thus more notch sensitive FZ as confirmed by the cleavage
morphology (Figure 31f). Figure 32a-b shows a transition from brittle cleavage like fracture
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(Figure 32c¢) to a mixture of brittle cleavage and ductile dimple morphology (Figure 32d). The
final fracture surface demonstrated a typical dimple structure (Figure 32¢), which confirmed that
final fracture in the DP980 welds occurred in the soft zone. Fracture propagation into the soft
zone was also observed by the slight necking (bright regions), at the outer edges of the fractured

specimens (Figure 33a-c).

For HSLA steel welds, fatigue crack initiation began at surface discontinuities due to ripples
formed in the areas of high concavity (Figure 34a-b), which then propagated through the harder
FZ until stress was concentrated at the edges of the specimen. In the failed specimens necking
was observed (Figure 33d-f), which resulted in ductile failure as indicated by typical dimple
morphology (Figure 34c). For HSLA welds, the observed deformation was more uniform
indicating that the final fracture occurred in the BM, as confirmed by the large amount necking
at the outer edges of the failed specimens (Figure 33d-f), with fracture propagating through the

harder FZ and HAZ.
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Figure 31: Fracture surfaces DP980 lean steel at low stress amplitudes (150MPa)
a) transverse fracture surface b) crack propagation leading to bottom side concavity (c) crack initiation at weld spatter (d) crack
propagation leading to top side concavity (e) crack intiation at ripples of weld bead (f) brittle cleavage at initiation
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Figure 32: DP980 Final fracture surfaces at low stress amplitude (150MPa)
(a) fracture profile, same as Figure 13a (b) transition from brittle to ductile fracture (c) brittle propagation in FZ (d) cup-cone
and brittle cleavage mix (e) ductile cup-cone fracture surface

Surface discontinuities in the DP980 welds were observed to have significant effect on the
fatigue life at the low stress amplitudes (Figure 29), which is well supported by literature [48]. It
should be recalled that the welds with 15% concavity were made at a speed so that the laser just
fully penetrated the sheet thickness (Figure 25d), which formed weld spatters on the bottom side
of the weld (Figure 31c). The weld spatters acted as crack initiation sites and reduced the fatigue

life of the DP980 welds with 15% concavity, compared to the welds with higher amounts of
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concavity which attained infinite life (Figure 29). The ease of crack initiation at the spatters,
compared to the ripples on the weld bead, decreased the fatigue life of welds with spatter at low
stress amplitude. Thus, it was concluded that concavity had a significant effect on the fatigue

resistance of DP980 steel welds at moderate stress amplitudes (350 to 150 MPa), while the

surface conditions dominated the fatigue life at lower stress amplitude.

Figure 33: Macro image of fractured fatigue specimens
With DP980 Lean with concavity of a) 15% b) 25% c) 35% and HSLA with d) 15% €) 25% f) 35%

Figure 34: HSLA fracture profile for low stress amplitudes (100MPa).
(a) Fracture surface (b) crack initiation at ripples of weld bead (c) cup-cone fracture pattern of final fracture
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Chapter 5: Mechanical properties and microstructure formation

in Fiber Laser Welded Dual Phase and HSLA steels

5.1 Hardness

The hardness profiles of the DP980 Lean, DP980 Rich and HSLA450 FLW are illustrated in
Figure 35, Figure 36 and Figure 37 respectively; where the upper and lower 95% confidence
intervals identify the upper and lower bounds of the hardness values based upon the statistical
probability of the observed data set. The metallurgical changes caused by FLW resulted in a
large variation in the hardness across the weldments. For all steels the FZ greatly increased in
hardness compared to the BM. The width of the fusion zone in all steels was found to be in the
range of 450 to 550 um. Welded DP980 Lean possessed a FZ with an average hardness of 468
HV, while the welded DP980 Rich steel yielded an average hardness of 420 HV and the welded
HSLA steel yielded 353 HV (Table 3); this difference in hardness is attributed to the difference

in carbon content of the steels, see Table 1.
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Figure 35: Hardness profile of welded DP980 Lean steel
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Figure 36: Hardness profile of welded DP980 Rich steel
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Figure 37: Hardness profile of welded HSLA450 steel
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Yurioka et. al. [54] showed that the hardness of martensite could be predicted by the carbon

content of the steel using Equation 7:

Hy = 884C(1—0.3C%) + 294 )

From Equation 7 it is clear that higher bulk carbon content leads to a harder martensite phase, as
was also observed in the literature [54]. The predicted and measured values of the maximum
hardness are listed in Table 3, interestingly the measured values exceed those of the predicted
martensite hardness. Yurioka et al. observed that a higher cooling rate, such as those achieved by
arc strike (where the arc welding torch was touched and the quickly removed), resulted in higher
hardness values than predicted; an increase in cooling rate lead to an increase in the martensite
hardness. Laser welding possess a much higher cooling rate than arc welding due to its higher
speed [7-8, 10]. This high cooling rate leads to finer grain size in the FZ, which would cause an
increase in hardness [28, 30-31]. Therefore, the higher FZ hardness in the DP980 Lean was
concluded to be a result of the higher carbon content of the steel compared to the DP980 Rich

and HSLAA450 steels (Table 1)

Table 3: Predicted and measured hardness values

Steel DP980 Rich DP980 Lean HSLA450
Predicted Hardness Hy (HV) 373 426 338
Measured Hardness (HV) 420 468 353
Carbon Content (wt-%) 0.09 0.15 0.05

The hardness profiles of all the steels; DP980 Lean (Figure 35), DP980 Rich (Figure 36) and

HSLA (Figure 37), showed a steep gradient in which the hardness of the material rapidly
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increased as the FZ was approached. Interestingly, the hardness was observed to drop
significantly below the BM hardness in both DP980 steels at the subcritical HAZ (marked as soft
zone; Figure 35 and Figure 36) which is well known as HAZ softening [34, 37, 47, 55]. The
width of the soft zone for DP980 Lean and DP980 Rich was measured to be about 400 um and
100 pm, respectively. The soft zone width was also found to decrease with increases in the
welding speed (Table 4). Furthermore the reduction in the BM hardness i.e. severity of softening

was also observed to decrease with increasing welding speed (Table 4); softening is defined as:

SOftening = HBM - HHAZ

(8)

Where Hgnm is the BM hardness and Hpaz is the minimum hardness observed in the HAZ.
Softening was not observed in the HSLA450 welds (Figure 37) because the BM did not contain

martensite (Figure 4).

The high speed achieved in the FLW led to the very narrow HAZ compared to those obtained in
Nd:YAG and diode laser welding [43]. A comparison of the present results with our previous
works on diode and Nd:YAG laser welding [34, 56] is given in Table 5. It should be noted, that
although the welding parameters match those of the weld concavity study, a higher resolution
weld profile was used (Figure 20) which better captured the minimum hardness of the narrow

HAZ made by FLW.

Table 4: Soft zone properties of welded DP980 Rich and Lean steels

Steel Power (kW)  Speed(m/min) Softening (HV)  Soft Zone Width (um)
DP980 Lean 4 20.5 60 400
DP980 Lean 2 10 66 650
DP980 Rich 4 20.5 15 100
DP980 Rich 2 10 20 200
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Table 5: Comparison of FZ and HAZ of DP980 Lean steel obtained in the present study using FLW with the earlier
reports on diode and Nd:YAG laser welding [34] , [56]

Laser Welding Speed Min. Soft Zone  Soft Zone Width FZ Width
(m/min) Hardness (HV) (mm) (mm)
Fiber 20.5 290 0.4 0.45
Nd:YAG 6.0 260 0.5 0.5
Diode 1.2 233 2.5 3.2

To compare the tempering kinetics of welds made with different laser types having varied laser
beam spot sizes, power intensities and beam characteristics, the time constant (t) was used. The
time constant, given in Equation 2, represents the time the material was heated at the Ac;
temperature. To compare steels with a difference in martensite content the HAZ softening was
normalized using the method by Biro et.al. [37]; as outlined in the experimental section. The
DP980 lean steel welded by FLW was compared to previous studies in which Diode and
Nd:YAG lasers were used (Table 6). Additionally a DP600 steel was welded by FLW for
comparison to the previous studies made with CO, and Diode lasers [37] (Table 6). It was
observed that as T decreased the normalized softening decreased (Figure 38). However it was
also observed that FLW was capable of making welds with the least heat input and thus attained

the lowest amount of softening (Table 6).

.‘é” 1.00 %
B A
£ i
(o]
N T
© A I II‘
g 0.50 ; %‘ A DP980 Lean
‘_B é‘ DP600
£ A
S
(e] T @ %]
2 . Lr\ ,

0.00

0.001 0.010 0.100 1.000 10.000

Time Constant: 1, s

Figure 38: Effects of reducing heating time on the normalized softening for DP600 and DP980 Lean steel.
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Table 6: HAZ properties of welded DP steel made with different laser types

Heat HAZ
Input Hardness Normalized  Standard

Laser Material @/mm?) (s (HV) Softening Deviation  Reference
Fiber DP980 Lean 8.0 0.024 280 0.42 0.03 *
Fiber DP980 Lean 7.2 0.020 284 0.40 0.05 *
Fiber DP980 Lean 6.7 0.017 288 0.37 0.03 *
Fiber DP980 Lean 6.2 0.015 290 0.36 0.04 *
Fiber DP980 Lean 5.3 0.011 303 0.28 0.04 *
Fiber DP980 Lean 5.1 0.010 302 0.29 0.04 *
Fiber DP980 Lean 18.7 0.044 278 0.43 0.04 *
Diode DP980 Lean 93.7 3.19 233 0.70 N/A [34]
Diode DP980 Lean 96.3 3.57 205 0.87 N/A [38]
Nd:YAG DP980 Lean 36.2  0.505 260 0.54 N/A [34]
Fiber DP600 6.2 0.015 198 0.05 0.05 *
Diode DP600 49.2 0.932 192 0.10 0.08 [37]
Diode DP600 58.4 1.32 183 0.47 0.08 [37]
Diode DP600 75.2 2.18 181 0.55 0.06 [37]
Diode DP600 94.4 3.44 175 0.80 0.09 [37]
Diode DP600 117.3 5.30 170 0.99 0.10 [37]
CO; DP600 13.8  0.073 191 0.15 0.05 [37]
CO, DP600 10.5 0.042 193 0.07 0.08 [37]

*Present Study

In addition to the heat input, softening was observed to be dependent on the chemistry in a given
steel grade. For example, DP980 Rich softened less when compared to DP980 Lean (Figure 39)
because the addition of the alloying elements, restrict the diffusion of carbon and thus stabilize

the martensitic phase [37].

57



ot
%2}
)

0.396
0.362

0.25 - 0.197

Normalized Softening

Low Heat Input High Heat Input
B DP980 Rich [ODP980 Lean

Figure 39: Normalized softening, for welded DP980 at varied heat input

5.2  Microstructure

The weld profile and microstructures of welded DP980 Lean, DP980 Rich and HSLA 450 steels
are shown in Figure 40, Figure 41 and Figure 42, respectively. It can be seen from the weld
profiles (Figure 40a, Figure 4la and Figure 42a) that the steels experienced significant
microstructural changes depending on the peak temperature experienced during welding. For
ease of reference the weld micro hardness profile is presented in Figure 40b, Figure 41b and
Figure 42b for the DP980 Lean, DP980 Rich and HSLA450 steels respectively; where the
marked regions of the hardness profile correspond to the area in which the microstructure was

observed.

Figure 40c and Figure 41c shows the microstructure of the unaffected BM of the DP980 Lean
and DP980 Rich steels, which is marked as region “c” in Figure 40a and Figure 4la,
respectively. The DP980 BM consisted of a ferrite matrix (marked as F) embedded with

martensite islands (marked as M). Image analysis indicated that the volume fraction of
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martensite was an average of 56.4% and 38.0% respectively. In the sub-critical HAZ, the steels
experienced a peak temperature just below the Ac; temperature which resulted in tempering of
the BM martensite as can be seen by precipitation of cementite within the martensitic phases
(DP980 Lean, Figure 40e; FP980 Rich, Figure 41e). This tempered martensite (TM) structure
was observed to be similar to that observed in the soft zone of DP980 steel in resistance spot
welding [47]. The large differences between the hardness and microstruture values of the soft
zones of the two steels are discussed later. Further towards the weld centerline, at the area
marked as "d" (DP980 Lean; Figure 40a and DP980 Rich; Figure 41a), the peak temperature
attained was above the Acs temperature resulting in a fully austenitic transformation which then
transformed into a single-phase martensitic structure because of the high cooling rate in FLW.
The FZ (marked as “f” DP980 Lean; Figure 40a and DP980 Rich; Figure 41a) is the region
where the temperature reached was above the liquidus temperature (or melting point) of the steel.
Upon freezing to austenite, a mixture of martensite (marked M) and bainite (marked B) phases
formed during rapid cooling of the solid austenite phase (DP980 Lean: Figure 40f and DP980
Rich: Figure 41f). The difference between the FZ hardness and microstructure of the DP980

Lean and Rich steels is discussed later in this section.
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Figure 40: DP980 Lean weld microstructure: a) weld profile b) hardness profile c) unaffected BM d) soft zone €)
supercritical HAZ f) FZ; where F is ferrite, M is martensite, TM is tempered martensite, and B is bainite
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critical HAZ f) FZ; where F is ferrite, M is martensite, TM is tempered martensite, and B is bainite

The weld profile of the FLW HSLA450 is shown in Figure 42a and the corresponding hardness

profile in Figure 42b. In both the weld and hardness profile the unaffected BM, HAZ,
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supercritical region and FZ are marked c, d, e and f respectively. The BM was made up of fine
grains of ferrite with fine alloy carbides dispersed throughout (Figure 42c). Within the inter-
critical HAZ (Figure 42d), austenite starts to nucleate along the ferrite grain boundaries during
heating, which transforms to martensite when cooled rapidly in FLW (Figure 42d). It may be
noted that the alloy carbides have not dissolved completely and can be seen in the microstructure
(Figure 42d). Figure 42e shows the microstructure of the inter-critical HAZ where the
temperature rises above the Ac; temperature yet remains below the Acs temperature to form a
mixture of austenite and ferrite which, upon cooling, formed a mixture of martensite and ferrite
(Figure 42e). It should be noted that due to the high heating and cooling rate of FLW the alloy
carbides did not dissolve and are still present in the ferrite phase. The FZ microstructure (Figure
42f) of HSLAA450 steel was composed of a mixture of both martensite (marked as M) and bainite

(marked as B).
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Figure 42: HSLA450 microstructure: a) weld profile b) b) hardness profile c) unaffected BM d) HAZ e) super-critical
HAZ f) FZ; where F is ferrite, M is martensite, TM is tempered martensite, and B is bainite

Although the heat input in FLW was same the severity of HAZ softening was different between
the two DP980 steels. SEM micrographs of the soft zone formed in the DP980 Rich and DP980
Lean steel FLW are shown in Figure 43. It was observed that for the DP980 rich steel a portion
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of microstructure was comprised by non-tempered martensite (marked as M in Figure 43a),
while DP980 Lean demonstrated a uniformly tempered microstructure (marked as TM in Figure
43b). When steels are heated to temperature close to the Ac; line, high Mn containing steels are
capable of forming stable ferrite, cementite and austenite as demonstrated by thermodynamic
simulations [57], any austenite when rapidly cooled, would transform into martensite. Thus, the
DP980 Rich steel possessed more Mn and thus was more capable of stabilizing the austenite

phase than the DP980 Lean steel which transformed back to form new martensite after FLW.

Figure 43: Comparison of soft zones in: a) DP980 Rich Steel, b) DP980 Lean Steel
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Figure 44: Comparison of fusion zone microstructures a) DP980 Rich, b) DP980 Lean, c) DP980 Lean-HSLA450

Another aspect of the high alloy additions in the steels was observed in the FZ, where the higher
hardenability of the steels attained a microstructure comprised of bainite and martensite (Figure
44). Interestingly both DP980 Rich and DP980 Lean attained a similar volume fraction of

bainite, 42.4 and 46.1% respectively, as estimated using image analysis.

The FZ microstructures were observed as typical lath type martensite with regions of darker
phase possessing a fine distribution of carbides. This microstructure was observed to be the same
as that observed in a study where the DP980 Lean steel was joined to the HSLA450 steel, the FZ
of which is shown in Figure 44c. TEM study confirmed the microstructure as lower bainite;

where the lower bainite was identified by the typical dislocation-free laths of ferrite (Figure 45)
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with films of cementite at the inter-lath boundaries [32, 33], the larger size of the bainitic sheaths

compared to the martensite laths, and by analysis of selected area diffraction patterns.

'_. Bainitic
Ferrite

%,
i

Intra-lath
Cementite

Figure 45: TEM image of bainite showing intra-lath cementite within bainitic ferrite

5.3 Tensile Properties

Engineering stress-strain curves of DP980 Rich, DP980 Lean and HSLA450 steel are illustrated
in Figure 46. It was observed that both the DP980 welds exhibited joint efficiencies of about
90% (Table 7) for the heat inputs studied; where joint efficiency is the ratio of the UTS of the
welded joint to that of the BM. However, the elongation of the DP980 Lean welds was observed

to be significantly below that of the BM, while the DP980 Rich experienced only a slight
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reduction in elongation. In welds of the DP980 Lean steel, the failure occurred in the soft zone
and interestingly the DP980 Rich steel failed in the BM (Figure 47). The high joint efficiency of
the welds is related to the low heat input i.e. the higher heating and cooling leads to finer
microstructure in the weld metal and subsequently higher strength [34, 43, 51, 58]. However, the
decrease in ductility of DP980 Lean steel after FLW can be related to the strain localization
within the highly tempered soft zone giving rise to premature failure in the soft zone as
corroborated by earlier studies [34, 43, 51], while the DP980 Rich steel resisted tempering due to
higher alloying additions, which thus experienced a more uniform elongation leading to failure in

the BM (Figure 47).
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Figure 46: Stress strain curves of FLW DP980-and HSLA steels

In contrast to DP980 steels, HSLA450 welds exhibited elongation comparable to the BM (Table
7), where failure occurred consistently in the BM (Figure 47). The weld constrained necking at
the center of the gauge length leading to a slight reduction in both the joint efficiency and

elongation of the welded specimen. In addition, no significant variation in the YS and UTS was
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observed with varying heat input (Table 7) which was attributed to the absence of HAZ

softening.

Table 7: Mechanical properties and joint efficiency of DP980 joints with various welding speeds and weld geometries

Steel Heat Input Time YS UTS  Elongation Joint
(J/Imm?) Constant, (MPa) (MPa) (%) Efficiency

T(8) (%)
DP980 Lean 7.06 0.019 698 995 1.7 91.9
DP980 Lean 8.10 0.025 694 996 3.9 92.0
DP980 Rich 6.82 0.018 622 897 13.8 89.9
DP980 Rich 7.60 0.022 616 894 14.0 89.6
HSLA450 6.46 0.016 393 437 25.0 94.7
HSLA450 7.25 0.020 400 438 26.1 94.9

HSLA450 -

Figure 47: Failure locations of tensile specimens

54 Formability
Limiting dome height testing was performed only for the DP steels to study the influence of the
difference in softening Figure 39. It was observed that the DP980 Rich and DP980 Lean BM

exhibited similar formability (Table 8) as demonstrated by the insignificant difference in the
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limiting dome height (LDH) values. Both the BMs failed with the crack growing parallel to the
rolling direction as shown in Figure 48. As expected the higher softening in the DP980 Lean
steel yielded a larger reduction in the elongation of welded blank (Table 8) whereas the DP980
Rich welds, which do not experience as much softening, exhibited LDH values very close to that
of their BM, irrespective of the heat input. Interestingly, the welded DP980 Lean steel
demonstrated failure parallel to the weld seam while the welded DP980 Rich steel failed across
the weld seam and parallel to the rolling direction like its BM. Recall that during tensile testing
DP980 Rich attained near BM like properties while Panda et al. observed that ductility in the
single axial tensile testing was not always representative of the ductility in bi-axial stretch
forming due to the difference in loading [51]. However, previous studies predicted that as heat
input was reduced welded specimens would attain properties closer to that of the BM [43, 55].
LWBs made by FLW, due to its low heat input, were able to attain BM like properties for the
DP980 Rich steel, but not the DP980 Lean. The low heat input of FLW and higher alloying
content of DP980 Rich formed a weld in which the effects of HAZ softening was negligible in

both tensile and formability testing.

Table 8: Limiting dome height and dome force of welded DP steels

Heat Input Max. Dome LDH
Steel (J/mm?) t(s)  Force (kN)  (mm)
DP980 Rich 142 29.5
DP980 Rich 7.06 0.0018 155 29.2
DP980 Rich 8.10 0.0021 157 29.0
DP980 Lean 155 29.4
DP980 Lean 6.82 0.0015 107 21.6
DP980 Lean 7.60 0.0024 105 20.4
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Figure 48: Fractured domes of DP980 lean and DP980 rich steels
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Chapter 6: Conclusions

6.1 Effects of Weld concavity on Mechanical Properties of Fiber Laser

Welds

Steel sheets welded by FLW were studied with a special focus on the effects of concavity for
both DP980 Lean and HSLA450 steels. The weld geometry, microhardness, tensile and fatigue
properties of these welds were examined to determine the mechanical performance. From this

study the following conclusions were made:

1. Through reductions in laser power and increases in welding speed, the weld concavity of

thin sheet DP980 Lean and HSLAA450 steels could be reduced.

2. For the welded DP980 Lean, reductions in tensile strength were observed with higher

amounts of concavity, 25% to 35%, while HSLA450 was not affected by concavity.

3. At high stress amplitudes (450 MPa for DP980 and 200 MPa for HSLA) the welded
steels demonstrated similar fatigue resistance as their respective BM. However, at lower
stress amplitudes both welded DP980 Lean and HSLA450 demonstrated a lower fatigue

resistance than their BM.
4. DP980 Lean welds, with higher amounts of concavity (25% and 35%) demonstrated a

reduction in the fatigue resistance at moderate stress amplitudes (350 to 150 MPa).

Whereas HSLA welds, despite variation in weld concavity, exhibited similar fatigue
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resistance; attributed to the lower FZ hardness and hence lower concavity (notch)

sensitivity of HSLA.

6.2 Mechanical Properties and Microstructure Formation in Fiber Laser

Welded Dual Phase and HSLA steels

1. Higher bulk carbon content lead to a higher FZ hardness; a higher peak hardness than the

predicted values occurred, due to the high cooling rate of FLW

2. Reductions in heat input reduced the severity of HAZ softening while FLW was capable

of welding with the least amount of heat input compared to other laser types.

3. Apart from the heat input, steel chemistry was observed to have strong effects on HAZ
softening with higher alloying additions reducing the softening significantly; where

DP980 Lean softened by 60 HV while DP980 Rich softened by only 20 HV.

4. The soft zone of DP980 Rich exhibited a mixture of tempered martensite in addition to
new martensite formed from by transformation of austenite accompanied by a slight

reduction from the BM hardness at the soft zone.

5. HSLAA450 showed little change in tensile strength compared to the BM as HAZ softening

was not present; a reduction in elongation was attributed to the lower ductility of the

hardened FZ
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6. DP980 Rich steel demonstrated tensile failure in the BM compared to DP980 Lean,

which failed in the soft zone due to the significant amount of softening.

7. Welded DP980 Lean demonstrated severe reductions in formability with fracture

occurring in the soft zone, while welded DP980 Rich showed little change in formability

with fracture propagating along the rolling direction.

73



Appendix A: Mass Balance of Fiber Laser Welding

In order to address the question as to whether the metal is ejected or displaced during welding,

specimens were weighed, then welded and then weighed again.

It should be noted that the amounts of concavity observed are less than that in the weld concavity
study as the specimens used are non-coated. As previously investigated for ILZRO there was an
increase in weld concavity due to the presence of the zinc coating (Figure 49), where GI
indicates hot dipped galvanized steel and GA shows galvannealed steel. This change was
performed so the welded material would be of a single density; removing the need to separate the

loss of zinc from the loss of steel.
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Figure 49: Amount of concavity for coated and non-coated specimens made at varied welding parameters
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If a reduction in mass was observed, then the metal was assumed to have been removed from the
weld. However a negligible (or zero) changes in mass would indicate that the weld concavity
was caused by a displacement of metal. The test was performed on 3 separate welds, at similar

welding parameters.
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Figure 50: Mass loss of welds

Each weld demonstrated a reduction in mass. The length of the welded specimens was measured
and the mass loss was divided by the length of the weld, yielding an amount of mass lost per unit
length. In order to determine if the metal loss could account for the entire amount of concavity
the weld profile of the welds was measured and the concavity was determined (using area

fraction analysis) as about 25%.
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Figure 51: Left area fraction used to determine concavity, right image of weld profile.

This concavity was then used to determine the area lost, but multiplying the specimen thickness

by the FZ width, by the concavity:

Arealost = (thickness x FZ width) x % concavity

To determine the amount of mass loss per unit length of weld that would result, the density of

steel was multiplied by the area lost:

Predicted mass loss = Area lost x Denisty of steel
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Figure 52: Comparison of predicted mass loss to measured values

The predicted loss was compared to the measured change in mass. It was observed that the
reduction in mass was similar to the predicted loss of mass, strengthening the observation that

metal was removed and not displaced.

This method was repeated for power levels of 2 and 4 kW at speeds of 10 and 20 m/min

respectively; the data is shown in Table 9 and compared in Figure 53:

Table 9: Amount of metal loss for welds made on non-coated steel with varied welding parameters

Measured Predicted
Power Speed  Concavity Average Average weld  Metal Loss Metal loss
(kw) (m/min) (%) mass lost (g)  length (mm) (g/mm) (g/mm)
6 22 23 0.25 197 0.0013 0.0013
4 20 8 0.08 197 0.0004 0.0005
2 10 1 0.04 200 0.0002 0.0001
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It was observed that the predicted metal loss, based on the weld concavity, was strongly
correlated to the observed reduction in mass of the welded samples (Figure 53). As such it is

concluded that weld concavity is formed through metal ejection.
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Figure 53: Correlation of predicted and measured mass loss due to weld concavity
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Appendix B:Relative Strength and Concavity

The relative hardness was evaluated as the ratio of the measured hardness to the BM hardness as

outlined below:

Hardness

Relative Hardness = ——
Hardnesspy

Thus a relative hardness of 1 would represent the BM hardness (and thus strength of the BM)
while a value less than 1 would indicate a reduction in hardness from the BM and finally a

relative hardness value greater than 1 indicates an increase in hardness compared to the BM.

The relative hardness was then compared to the increase in stress present from a notch. The
stress concentration was simulated assuming 35% concavity which is symmetric about the top
and bottom as illustrated in Figure 54. The stress concentration factor increased towards the
notch tip, which occurred at the weld centerline, while the stress was also raised adjacent to the

notch tip.

Surface: von Mises stress |Pa] Max: 1.949e9

w0 ¢ T v 1o

x10°3 Min: 3.48526

Figure 54: Stress concentration factor for weld with 35% concavity
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Then the relative hardness was compared to the increase in stress that would be observed, see
Figure 55. It was observed that the HSLA steel greatly hardened compared to its BM, while the
DP980 Lean steel only hardened by about 1.4 times the BM hardness. Interestingly, the HSLA
steel increased in hardness in a manner similar to how the stress was increased. Contrastingly,

the stress concentration exceeded the hardening caused by the welding.
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Figure 55: Relative hardness vs. SCF along weld profile

From the results presented in this appendix it was determined that the HSLA steel did not exhibit
sensitivity to the notch during tensile loading because the hardening caused by the weld was
equivalent to the stress concentration caused by the weld concavity. The hardening caused in
DP980 was not enough to exceed the stress concentration caused by weld concavity, and thus

exhibited an effect of weld concavity.
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