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Abstract

Limiting dome height (LDH) tests were used to evaluate the dbility of both base
metal and laser butt welded blanks of AHSS (including High stindogt alloy (HSLA),
Dual phase (DP) steels of different grades). Mechanical prep@t the base metal and
welded blanks were assessed by uniaxial tensile and biaxial teBis, and related to
measured microhardness distributions across the welds. The fotynadtiio of laser
welded dual phase sheet steels generally decreases witsedigase metal strength. A
significant decrease of LDH was observed in the higher gitieDP steel welded
specimens due to the formation of a softened zone in the Heatte&ff@done (HAZ).
Softened zone characteristics were correlated to the LRHjek softened zones led to a
larger reduction in the LDH. HAZ softening has been shown to be adaraftthe base
metal martensite content and the weld heat input. Formabilty decreased with
increased weld heat input. Both in experiment and numerical simulasivas is
localized in the softened HAZ in the uniaxial tensile testing,cattig that strain

localization decreases tensile strength and elongation of laser welB9&0D
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Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

1 Introduction

1.1 Advanced high strength steel

There is a heavy motivation in automotive industries to reduce tightwd the vehicles
due to stringent environment policies and to cut down fuel consumptidhisl effort,
steel manufacturers have come out with various new types of advaigie strength
steels (AHSS), which include: dual phase (DP), transformation inqaasticity (TRIP),
twinning induced plasticity (TWIP), ferritic-bainite (FB) and messitic (MART) steels.
All of these advanced steels have high strength and fair thuctljuired for various
automobile structures. Hence thinner sheets can be employed forroadyte (BIW)
structures to make the auto body lighter this is called “down ggugAdditionally,
these steels are Zn-coated or treated so as to prevent @oras&l add environmental
protection. Hence, AHSS have been successfully used in automotive ntarofac
industries to reduce weight and to improve crashworthiness [1].

Figure 1.1 compares the total elongations and tensile streofgthe different types of
AHSS. Tensile strengths of AHSS overlap both the high strengtls t¢SS) and ultra
high strength steels (UHSS) range of strengths. In geneeaAHSS family has greater
total elongations than conventional HSS of similar tensile strengithsever there is a
reduction in elongation with increasing strength, which can reduce ip@dotmance of
these steels. The energy absorbed during an impact tesitedréd true stress and true
strain of that steel. Steel with high strength and high dyctil#&ve higher toughness

(impact performance).
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Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel
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Figure 1-1 Strength-Elongation relationships for low strength, comr&itiHSS, and
Advanced HSS steels [1].

1.2 Laser Welding

1.2.1Definition of Laser

The word ‘LASER’ is an acronym for light amplification byinsulated emission of
radiation. A typical laser emits light in a narrow, low-diverge beam and with a well-
defined wavelength (i.e., monochromatic, corresponding to a partmltur if the laser
is operating in the visible spectrum). This is in contrast tqglat [source such as the
incandescent light bulb, which emits into a large solid angle and avieleaspectrum of
wavelength. Since the first laser was developed in 1960, lasersbbamedeployed in
number of applications such as materials processing, lithograpmymugnications,
medicines, biology and physics. Various material processing afiptisause the laser,
since the laser beam intensity, average power and flexibflibeam delivery at different
locations.

Industrial lasers make use of the laser beam intensity, avpoager and flexibility of
beam delivery for various materials processing techniquesr hadding process comes
under the laser materials processing, which is just one applic#Htioigh-power lasers
[2, 3].

Introduction 2



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

1.2.2Laser Welding Applications

Metallurgical applications of laser including welding processe initially studied in the
year 1962 [3]. Till 1967, various research groups studied the fundamepeatsasf laser
welding [3].

Laser welding has gained considerable acceptance in the automoiingtry because it
provides several advantages over other joining processes. Benefitglei high
productivity, good flexibility, and low maintenance and energy cosiagalvith the
ability to produce strong welds.

The majority of high power laser welding installations in the aotom industry consist
of CO2 and Nd:YAG lasers in the power range of 3 kW to 6 kW. Tlex fasal spot is
targeted on the workpiece surface which will be welded. At theasarthe large
concentration of light energy is converted into thermal energy. Tnace of the
workpiece starts melting and progresses through it by suramhictance. For welding,
the beam energy is maintained below the vaporization temperatuhe aforkpiece
material.

Weld depth and width depend on the process parameters, which ergpde&r, speed,
focuses spot size and position shield gas flow and direction. Thewas#rs a non-
contact process, an easily controlled tool, and well suited to auton@tiCNC systems.
The possibility of switching the beam from one laser source \‘eraeworkstations
allows optimum use of the laser for a combination of assembly atding functions.
Inherent laser weld process flexibility helps satisfy automeopiroduction requirements
without extensive set up for different part geometries. Lasétsnshow fairly narrow
cross sections and therefore require parts to be preciselyfanamad and positioned.
Low heat input and thermal distortion reduce secondary machiningeeurts. The
process is also capable of welding a variety of joint configuratand material

combinations.

1.3 Tailor W elded Blanks

Automotive structural assemblies often comprise individually forstathpings that are
then spot welded together into a larger structural part. steely, the use of tailor

welded blanks (TWBs) can eliminate many sub-assemblies witstanmged component

Introduction 3



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

that has targeted strength in only the areas where fusreel. This eliminates the added
cost of stamping and assembling multiple parts, which increasesusal integrity.
Tailor welded blanks involve the butt / lap welding of two (or morefedBht sheet
thickness or alloys to form a multi-gauge and/or multi-allagnkl This can also reduce
the weight of automotive panels. In this way, the blanks can loeetifor a particular
application, not only as to shape and thickness, but also by the uséedrdifjuality
sheets (with and without coating). The use of TWBs at a mass ghimduevel was
started in Europe (Germany) in the early 1980s, and thereaftprattcal use expanded
rapidly all over the world [4]. TWBs are currently used for theybsde frames, door
inner panels, motor compartment rails, center pillar inner pamelsvheelhouse/ shock

tower panels as seen in Figure 1.2.

Cartar Pillar

A-Pillar Rainforcement

Windshield Frame /

4
‘ Floor Pan

Figure 1-2 Various tailor welded blank components used in an automotive structure [1].

Front Door Inner

The different types of welds are identified for TWB applications and those include
a. Laser Beam

b. Resistance Mash Seam

c. High Frequency Induction
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d. Electron Beam
By far, laser tailor welded blanks have found the widest apgitain the automotive

industry [1].

1.4 Problem and Justification

From the previous section, it is understood that both advanced high Iststeeis and
tailor welded blanks have potential to reduce weight of vehiclesceHdrere is a high
level of interest in using advanced high strength steels in TWéBdurther mass
reduction and structural performance improvement. It is recogrimgdduring laser
welding in steels, heterogeneous material structures are developed laenvskitregion,
which will influence the performance of the welded steel. Thieoanding HAZ contain
regions that may be harder or softer [5].

Because of the growing importance of TWBs and the associatednfpinoblems,
formability of TWBs is an extremely important area of egsh. The present study deals
with forming behaviour of TWBs with respect to the material prioger Further
predictive numerical model results that would evaluate the problertheoftensile
properties aspects of these welded steels are studied.

1.50bjective

The objective of this research work is to investigate and develop a better undegstdndi
the effect of laser welding on the formability aspects ofAHS&S. To facilitate this, clear

objectives are formulated to study the effect of welding parameie the formability

properties.
Stage | Optimise laser welding parameters and investigaterielaand
mechanical properties.
Stage Il Evaluate the formability of laser welded AHSS &liot welded
blank applications.
Stage |l Develop a numerical simulation for uniaxial tensik t# laser

welded AHSS.
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Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

The experiments were designed to develop in depth understanding of the effecestpr
variables, microstructure, and property relationships so as to developdamental

understanding of the effect of laser welding on the formability of the AHSS.

1.6 Criteria and Constraints

Laser welding is a welding process which is widely usetienfWB applications for the
automobile production. Numerous standards exist, which details procedures for
mechanical testing of the welded AHSS. In this study, standavdsriged by the
American Society for Testing and Materials (ASTM) weredugs criteria for testing
laser welded AHSS. The scope of the research projectitedino five materials, which
includes one HSLA as benchmark and four DP steels. Material tsEkneestricted to 1

to 1.2 mm and only two type of lasers of (diode 4KW and Nd: YAG 3kMfe selected

for the welding process. The systems selected for the engration have simple bead

on plate (butt joint with full penetration welding) in order to avoid ge®mmetrical

defects during the laser welding process.
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Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

2 Literature Review

Formability is the ability of sheet metal to be formed into sirdd shape without failure.
When a sheet metal fails by localised necking and fractureagdunanufacturing, a
common practice is either to redesign the part or to changedbesging method so that
the state of strain in critical region will not exceed lihet of deformation (the forming
limit). Therefore evaluation of formability of sheet metalopto actual manufacturing
is very useful for correcting failures. Sheet metals awitecal material for vehicle
design, and have good weldability and formability. Low carbon and wtwachrbon
steel sheets have long been the work-horse materials in automotveoasumer
industries because they can be stamped into inexpensive, complex coms@inagh
production rates. In recent years, the development of AHSS steatsaake curiosity for
automotive industries to apply these steels to auto body components Bidoref
review of formability and weldability of advanced high strengjigels in the context of

tailor welded blank application is presented below.

2.1 Formability of Sheet Metals

Flow localization is an unstable flow where the deformation isicedfto one zone of
the sheet metal. This is also referred to as onset of neckinigh leads to fracture on
further deformation [41]. When a stamping tears during formingtebe is a visible
indication that metal has been worked beyond its prevailing fortmmg Whether or
not a particular sheet of metal can be formed without failepedds on many factors
such as material properties, surface conditions, blank size and $liagpeation, press
speed, blank holder pressure, punch and die design. Because of this, adolloee
localization problem is difficult to pin point and quantify. Hence falbility is an
attribute that has no precise, universal meaning. Because ofudltiif materials,
stamping designs and press conditions, there are no standard valid rules domgire
formability of a stamping through changes in tool design or process parafi@iers

To evaluate formability, some laboratory scale simulative teste been developed [42].
The simulative tests subject sheet metals to the deformatibmdbars in a particular

forming operation. Examples of these tests include Erichsen téstn @est, Fukui

Literature Review 7



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

conical cup test and Swift flat bottom test [42]. Swift flattbot cup test and Sach’s
wedge draw test are used to simulate deep drawing. Combinethisigeand drawing are
simulated in the Fukui conical cup test and some times the round-batfotast is also
used. The Erichsen and Olsen tests were the first tests dedetopstimate sheet metal
formability under pure stretching conditions. In Erichsen cup flasfpolished die plates
with 27 mm circular opening are used to clamp a sheet specimeah wghithen
penetrated by a 20 mm steel ball. The height of the cup at fastuhe Erichsen cup
height. The Olsen test is done with a 7/8 inch ball and a 1 inch die opening.

Each simulative test evaluates only one of the many possiblenfproaonditions. So,
these tests can not produce complete information about forming behasisheét under
all possible combination of deformation modes. Therefore, none cfithdative tests
give a reliable overall formability index for a stamping operatThe other problems
associated with these tests are: insufficient size of ogtrinability to prevent
complete drawing-in of the flange and their inability to coreelaith press performance.
It is extremely difficult to achieve excellent reproducilyildf results from these tests
even with the same experimental set up [77, 78].

Hecker [77] developed a modified hemispherical cup test by scafinipe penetrator
size to 101.6 mm, adding a draw-bead in the die plates near the diegy@and running
the tests dry (without lubrication) thereby eliminating problenits whe Erichsen and
Olsen cup tests. This modified test is known as the limiting dogight (LDH) test. The
reproducibility of the results is higher in LDH test and corr@abetween cup height
and n-value for low carbon steels is good. Ghosh [79] modified the Héekerto
simulate plane-strain condition, as more than 80% of the stampiage$aoccur close to
plane-strain condition.

A new test called OSU formability test was developed by svide al.[80] in which an
elliptical punch was used to evaluate several coated and uncoatédnsieeals. The
results showed that the reproducibility was better compared OBl test. Good
correlation was found between the OSU and LDH tests. The O$wassfound to be
suitable for only materials with low r-values as there wasessive lateral strain for
materials with high r-values (>1.5). Also, the elliptical geogefrthe punch is difficult

to fabricate compared to a hemispherical punch.
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2.2 Advanced High Strength Steel

Advanced High-Strength Steel (AHSS) is designed and manuwdctor automotive
application with focus on press-forming and fabrication processesurfder body,
structural, and body panels. When selecting conventional high-stretegis to replace
mild steel or other traditional grades, reduced formability iesnobne of the undesired
consequences. To overcome this, and to further achieve lower massotatgom
structures, recent steel developments have targeted improvemewtsnabifity. The
AHSS family of multi-phase microstructures typifies the Istegustry’s response to the
demand for improved materials that utilize proven production methodse €hgmeered
materials address the automotive industry’s need for steelduatithhigher strength and

enhanced formability [1].

2.2.1Metallurgy of AHSS

The fundamental mechanical properties like hardness, yield stremijjmate tensile
strength and total elongation were initially used as a rough inahcat formability of
sheet metal. The metallurgy and processing of AHSS gradesidf®uhderstood clearly

as they provide a baseline understanding of these mechanical and materrélegrope

2.2.2Dual Phase (DP) Steel

Dual phase steels are essentially low-carbon steels thatircantiarge amount of
manganese (1-2 wt.%) and silicon (0.05-0.2 wt. %) as well as smmaurds of
microalloying elements, such as vanadium, titanium, molybdenum, akel fi¢. A dual
phase steel is created by heating a low-carbon micro-allogedl isto the intercritical
region of the Fe-C phase diagram between thamll A; temperatures, soaking it so that
austenite forms, slowly cooling it to the quench temperature, andraipelly cooling it
to transform the austenite into martensite [1,6]. Upon quenching, thendests
converted mostly to martensite, but will also partially bbeverted into ferrite if the
cooling rate is not sufficiently high [7, 9]. Also, depending on the coadlatg, the
austenite may be converted at least partially into bainite [8].

The ferrite that forms from austenite is referred to atueiail ferrite. The microstructure

of dual phase steel, consisting of ferrite and martensite,skasn in Figure 2-1 [9, 13].
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Epitaxial ferrite grains, shown in Figure 2-1, are distinguishfxbla proeutectoid ferrite

through use of an alkaline chromate etch [12]. All three constitievts a large effect
on the mechanical properties of the steel. Epitaxial ferrisechaegative effect on the
mechanical properties. It dramatically lowers the tensikength and slightly increases
the ductility of the steel [11].

Figure 2-1 Microstructure of Dual Phase steel [10]

The reason for this is that the epitaxial ferrite formsssirconcentrations in the
martensite grains, which compromises its strength [11]. Thus, epitédirite is
undesirable and effort is made to ensure that it does not form. Uponhmgeacdual
phase steel, residual stresses are created at the mesterrée interfaces due to the
volumetric expansion of the martensite [6, 13]. This creates arased number of
dislocations at these interfaces. Because the vast majorithedlloying elements are
found within the martensite, the density of mobile dislocations wittérferrite matrix is
quite high [6].

One important characteristic of dual phase steels is thad.#é offset yield strength
increases as the martensite content increases, but is raeaffey the carbon content
[15]. Leidl et al. [13] showed that the increase in yield stremgttiue to the residual
stresses which are created in the ferrite due to the volumetric expansiomairtessite.
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As the amount of martensite increases, so does the residualistitbg ferrite matrix,
which causes the yield stress to rise. As would be expectedirémgth of dual phase
steels increase as the amount of martensite increases|san@hen the martensite is
more finely dispersed [6, 14, 16].

Another characteristic of dual phase steels is that thepiexiointinuous yielding [6, 11,
13]. This is unusual for low-carbon steels; most show an elongatedpgimt followed
by strain hardening. The reason for this is that there isheehdjslocation density in dual
phase steels than in other low carbon steels. This higher mosibeation density in
dual phase steels allows for the continuous yielding [6, 17, 18].

Dual phase steels have been developed only recently but, due to theisimpgomi
mechanical properties, have been studied in great detail. Unlikelomestarbon steels,
they do not exhibit discontinuous yielding unless they are annealed.ekhéyt high
tensile strength and moderate ductility, which is not signifigaafected at elevated
strain rates. This illustrates the promise for dual phase stemn be used to reduce

vehicle mass, while providing good energy absorption at high impact velocities.

2.2.3High Strength Low Alloy

High Strength Low Alloy Steels (HSLA) is another type oée$ which already in
widespread use for reducing the weight of automobiles. Not only dosth@v good
strength, formability and weldability, but their cost is lowlesn equivalent heat-treated
alloys because they achieve their desired characteristestidifrom hot rolling [19].
They have been used for automotive applications as well asipgreff-road trucks,
offshore platforms, and equipment for oil-wells [19].

HSLA steels typically have a ferrite-pearlite microstaetas shown in Figure 2-2. They
were developed in the 1960s by adding niobium, vanadium, and titanium to form
precipitates in low carbon high manganese steels [20, 21]. These elements, whdn adde
the steel, create Ti-N, Nb-N, and Nb-C precipitates [22], whicherase the strength of
the steel, but affect its ductility and weldability, as the tougbnecereases [23]. They
also increase the strength of the steel by retardingrtvetly of the ferrite grains during

cooling [21].
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Figure 2-2 Microstructure of HSLA steel [10]
Using the DP980 grades in appropriate applications offers opporturotieeduced
product weight, enhanced crash performance, manufacturing procestidatizs, and
cost reduction. However, because these grades have different muiosts,
chemistries, and properties, forming die processing must be optirtoztake advantage

of the differences.

2.3 Formability of AHSS

The authors Shi et al [44] discuss five different materials Weae included in their
comparative study of formability of one HSLA and four DP stdeR steels have greater
ratio of tensile strength over yield strength than HSLA stdgher tensile strength of
DP steel correlates to better crash performance of autonuotimponents. Additionally a
10% potential weight reduction is available through down gaugingeplacing the
conventional HSLA with similar yield strength dual phase stekilewmaintaining
equivalent crash performance. The DP steel had enhanced the Ilsatesigtance to
bucking and wrinkle during axial feeding in tubular hydroforming psses when
compared to the HSLA steel [45].

AHSS have inherent high strength, attractive crash energy manatgproperties and
good formability which significantly contribute to light weight velei and fuel economy

[46]. Sriram et al [46] work dealt with data on relevant intrimsiechanical behaviour,
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splitting limits, and springback behaviour for several samplesidf oonventional HSS,
AHSS, and UHSS. In general it was concluded that formabilitgdedisrmined by the
different tests decreased with increasing the tensile strength.

Kamura et al [47] compared the formability aspects of elevererdiif grades of
galvanealed steels and concluded that formability of TRIP istegjuivalent to DP steels
on most forming modes. Formability of the TRIP steel was suptyiDP steel for the
lower punch shoulder radii, however DP980 steel showed a similar foityabilTRIP
steel in the higher punch shoulder radii.

2.4 Progress in Tailor Welded Blank Applications

Automakers are constantly searching for innovative means of rgduelmcle weight
and manufacturing costs in order to meet fuel economy standards nehikning
economically competitive. Tailor welded blanks (TWB) is one of tat®ns to meet
these conflicting requirements. Tailor welded blanks are blamesenmultiple sheets of
material are welded together prior to the forming process.

Currently tailor welded blanks are used for manufacturing auto padyg such as front
door inner, rear door inner, floor pan, A-pillar, centre pillamp{ar), body side frames
etc. One typical example is the production of an automobile odiepsinel as shown in
Figure 2-3. Five different pieces are first blanked: four ofitlage 1 mm thick, one is 0.8
mm thick. These pieces are laser butt welded and then stampedberfinal shape. In
this way, the blanks can be tailored for a particular applicatiopmigtas to shape and
thickness, but also by the use of different quality sheets (wittwéhdut coating) [22].
In another example, the required strength and stiffness for supparsimgck absorber is
achieved by welding a round piece on the surface of the large $heesheet thickness
in these components varies, depending on its location and contribution totehstias
such as stiffness and strength, while allowing significant weight and cosgsa
European, Japanese and North American car makers, including Volvo, Eeiedz,
BMW, Nissan, Toyota, GM and Ford are using tailor welded blankberdesign and
manufacture of their automobiles. Globally, the market for tailoradksl has grown
from about 120 million parts in 2001 to nearly 250 million parts in 2005 [23].
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Figure 2-3 Use of tailor welded blank for production of outer door panel of a car body
[22]

While the use of TWBs in auto body manufacturing is increasihg, potential
application of TWBs in consumer products, packing and construction industigst to
be explored [24]. The Tailored Steel Product Alliance (TSPA) i&h organization that
assists automakers in their application of tailored products byiaptg the performance
of the products and thereby expanding applications and the markets fooduets. The
member companies of TSPA are involved in promoting application of TWBs globally.
For automotive applications involving laser welding of thinner secfiontis study), no
weld consumable or filler wire is used. The laser weld prodacésitt—joint with a
narrower heat-affected zone (HAZ), as compared to other procésseée resistance
mash seam welding process, the HAZ is about twice the widtheofaser weld. The
other identified advantage of laser welding is better appearahdaser beam can be
used to weld a maximum weld length of about 3800 mm and the use of izaxesit
robotic system with dual laser beam makes it possible to weldhalinear weld. All
these factors and especially the narrower HAZ have made Wadding popular for
manufacturing TWB [1].

However, this technology presents several challenges to the designaamdacturing

engineers due to several additional manufacturing issues tbatdaré to stamping of a
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‘pre-welded blank’ and these issues can be segregated into tffiexendi categories
[Auto/Steel partnership, 1995].
(a) Pre-forming issues:

1.

5.

Welding technique and weldability of the materials of differematigs, thickness
and coatings.

Optimization of the weld parameters for getting sound weld bygesrinspections
and testing technique.

Weld length, orientation and shape (linear or non-linear) and automatite of
welding process to get the desired weld geometry.

Material optimization by part integration considering the werghuction of the
part.

Handling and shipping of the welded blanks.

(b) Forming issues:

1.
2.

o bk~ ®

6.

Design of tools for incorporating thickness differences.

Formability changes due to difference in thickness, strength arieblémix
interface friction.

Effect of properties of weld and heat affected zones on formability.

Effect of weld orientation on strain distribution.

Weld line movement during forming.

Spring back.

(c) Post-forming issues

1.

2.
3.

Performance issues like crashworthiness, fatigue strengibtustl integrity and
extent of weight reduction.
Overall cost analysis taking into account of all tangible and intangibleitsenef

After sales service.

Progresses made against these issues are discussed in lerighiality of the weld in a

TWB is critical for a successful forming operation and it delseon the welding

technique, composition of parent metals and the weld structure. Eisenmerg&r385)

used design of experiments to study the effect of laser ngefstirameters on formability

of welded blanks for two different material combinations of cold dadleel. Dome tests,

hole expansion tests, transverse and longitudinal tension testsiseet¢o evaluate the
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formability of the welded blanks. It was found that misalignment apdage two critical
weld parameters that influence quality of welded blanks and henoeldity. Higher
shield gas flow rate and welding speed enhance formability ow#iéed blanks and
minimize the premature failure in the weld. Weld with largencavity had high
premature failure rates. Waddell et al. (1998) studied the influgineser weld zone on
formability of TWBs in steels with yield strength in the garof 150 MPa to 585 MPa. It
was found that average failure height in Erichsen cup test ef lasld blank was
influenced by a combination of weld hardness and the weld width metinole of weld
hardness being more predominant. The main factor that controls thedsaodrniee weld
is the composition (carbon equivalent) of the base metal. Steblsavite yield strength
can result in welds with significant differences in formabildgpending on their
composition.

Formability and weld zone analysis of tailor welded blanks of coleddteel sheets
with various thickness ratios were studied by Chan et al. (2005). N&l:M&er butt
welding was used. The transverse tensile tests showed thatwhsr@o significant
difference between the tensile strength of TWBs and therbas#ds. Metallographic and
microhardness studies were done to see the morphology and hardpessnbfmetal,
HAZ and weld zone respectively and increase in hardness of tbae fzmie by 60% was

observed.
2.5Laser Welding Technology

2.5.1Laser Principle

The operation of lasers is dependent upon stimulated emission. Wheratmoigcules

in certain materials become excited by an energy sourcg, cdne emit photons at
specific wavelengths as they return to the unexcited stateorizhemitted then travel
inside of a laser cavity, where they are reflected to tiaaek and forth along the length
of the cavity by reflective surfaces. In the travel path, th@s®sons may strike other
excited particles and stimulate them to emit photons as widlr Atimulated emission,
there are then two photons of equal energy travelling in the saewtiah. In order for a

material to be an efficient lasing medium, population inversion mugtobsible; this
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requires the material in its excited state to have a loinfgéime than its lower energy/
ground state. This condition permits the material to releasmésyy when stimulated,
rather than releasing the energy spontaneously on its own @axséfmentThe lasing
medium is continuously pumped to produce excited particles to sustain the systam. S
of the laser light is allowed to leave through an opening or througjalgeansmission of
one of the reflective surfaces to form a laser beam. Thebasen is then focussed by
optics and delivered to the application [2, 3].

Weld penetration, depth and shape of the weld cross section is ideroy many
factors including the joint geometry, thermal characterisifche metals, and the laser
parameters. For this discussion the focus is on the basic |aserilieraction as a vital
point to the different laser welding modes of penetration. Two disthades of laser
welding apply depending on the power density [25]. These are conduction amade

keyhole mode welding.

2.5.2Conduction Mode Welding

In conduction-mode welding, the laser energy is absorbed at theesaffde workpiece
and the weld pool is developed as heat is conducted through theaind&mure 2-4
illustrates weld pool cross-sections in conduction and keyhole-mode welding.

At low power density, the melt puddle depression does not occur and ¢énestessgy
input creates a smooth shallow liquid pool. This pool will grow in siz&#l the laser
energy delivered into the puddle equals the energy lost to conductiohentest of the
solid metal. Upon solidification of the puddle, a cross section of ttie pél show a
weld that generally has a penetration no greater than half tha wofidhe weld. The
surface of the weld is very smooth and cosmetic because theuddie will not shrink

back during solidification.
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Conductior-Mode Kevyhole-Mode

Figure 2-4 Conduction-mode and keyhole-mode laser welding, from [3]

2.5.3Keyhole Mode Welding

In keyhole-mode welding the laser beam penetrates the surfélce wkeld pool by
vaporizing some material. Narrow, deep penetration welds arebf@sgih keyhole-
mode welding. In this mode, intermittent closure of the keyhole came ¢mssentrapment
and porosity in the weld. Conduction-mode welding does not suffer fimptoblem
because there is less perturbation to the system [3]. The métthre physics of the
keyhole leads to this instability. The existence of a keyholesreh a balance between
vapour pressure and surface tension inside of the keyhole column. The pegssure
is highest at the bottom of the keyhole, while surface tensionu@lusighest at the top
of the keyhole. At the top, the keyhole is unstable because the sierfiatn tending to
collapse it exceeds the vapour pressure tending to expand it. Thatanmoe leads to
intermittent collapsing of the keyhole from the top down, which cad teaoccluded
vapour pores at the root of the weld and inconsistent penetration [27].
Keyhole-mode welding is also associated with very high fluidoreés in the molten
metal of the weld pool. A thin layer of molten material iggent surrounding the
keyhole opening, which is forced to flow from the front of the weld pmohtd the back
of the weld pool by surface tension differences caused by tempegradients in the
weld pool. The fluid velocity in a keyhole weld has been calculatdzetas high as
3000 mm/s [28].

The depth of the keyhole is determined by the continuous wave (CWY poweak

power of the laser for pulsed units. The lower the average poweshti®wer the
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keyhole before conduction losses equal laser power and the keyhole lid@ptls

reached. When one moves the keyhole across the workpiece during avekhnthe
fusion front penetration is determined by the keyhole depth. As thesgiogespeed is
increased, the keyhole depth will decrease but the weld crossnsedtiretain a keyhole
or “nailhead” geometry. At slower speeds, the weld penetratitbincrease to a virtual

maximum determined by the keyhole depth of near zero travel speed.

2.6 Advantages of Laser Welding

There are number of methods for joining metals:Arc welding, iBricstir welding
(SFW), Resistance spot welding (RSW), Electron beam wel@By\) and Laser beam
welding (LBW). Generally arc welding cannot be used without additey fmetal,
whereas laser welding is used without filler metal.

The disadvantages of mash welding were the number of moving pattsetjuired
maintenance, welding of coated materials, possible corrosiortodaeating removal
during weld, wider HAZ, and increased weld bead thickness due to tHapped edge.
As in laser welding the width of weld zone is very narrow, héneeorrosion resistance
of the weld zone is enhanced. In the keyhole mode welding, lasexshigher energy
density that produce narrow, deep penetration welds at speeds mucttiaghthose of
arc welding processes. Since the energy density is high, ergieetion of the energy
absorbed by the workpiece is utilized in generating the weld gamblas a result, HAZ
are narrow [29]. An important issue remains relative to formghdifferences, which
suggests that the harder but narrower HAZ from laser weldsaimy applications is
advantageous over the mash weld [1].

An advantage that is more particular to the automotive industry eniasided nature of
laser welding. Many automotive sheet metal components aredjdiy resistance spot
welding, which requires access to the joint from both sides dhthenterface. Because
of the limited joint design flexibility inherent with resistarg@ot welding, it has become
standard in the automotive industry to design components either witipeficor with
accessible overlapping areas [30]. Laser welding allows joinistpexdts where access to
only one side is possible, allowing greater joint design flexybilitaser welding presents

opportunities to the automotive industry for new design concepts whichaloay even
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greater efficiency in material usage, resulting in greaterght reduction and cost
savings.

In addition, laser welding is a non-contact process, whereasaressspot welding
requires contact with the sheet surfaces which leads to eleeoterte Increased costs
and decreased production are associated with dressing and replacmglectrode tips
for RSW [31].

2.7 Limitations of Laser Welding Technology

Most industrial processes employing laser welding utilizen&klrmode welding since it
gives deep penetration and fast welding speeds. The rapid fluid niwdtos associated
with keyhole-mode laser welding and instability of the keyhole ofted ko rough and
ropy bead surfaces [25]. This can be a disadvantage in applicatiwrs the weld
surface appearance is important, for example, in automotive appiEathere the weld
will be visible. However the conduction mode laser welding does net thé issue, but

only slower welding speeds are possible as they have lower power density.

2.8 Laser Welding of Advanced High Strength Steel

Incorporating AHSS in tailored blanks using laser welding, autorsagan improve
designs of automotive parts by combination of strength, formability,caash energy.
However, before analysis of forming characteristics of TYWBsious weldability issues
must be understood in order to design and produce high-quality pértseasonable
production and tooling costs. So most of tim#tial works were on the process
development and optimization of the laser weld process [32, 33, 34]. Diftyyees of
lasers available for welding commonly used are the, ®@: YAG [35, 36, 37]. High
power diode laser (HPDL) is particularly well suited for wetdiof butt and lap-fillet
joint geometries in aluminium sheet for automotive applications [384@9,Herfurth
and Ehlers [40] have shown the applicability of using an HPDL fdding butt joints
and tailor-welded blanks in aluminum sheet. It was found that the camthncbde
welding of the diode laser was advantageous in joining sheet paataldue to a larger
melt pool and therefore good gap-bridging ability. Diode lasedinglallowed for a
smooth transition between parts and excellent weld appearance.
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2.9 Factors Influencing Formability of Tailor Welded Blanks

- Diode Laser
Machine - Nd:YAG Laser
- CO2 Laser
8 - Laser Power
: ;asef Welded Joint - Welding speed
RS kit - Laser beam quality
Fsw ethods Formability Process - weld w.r.t. Rolling
o direction
- Hardness
Material - nvalue

- r value

Figure 2-5 Influencing factors of welded joints on formability

Figure 2-5 represents the different factors influencing the formabflia welded joint.
Despite their numerous benefits, forming TWBs is challenging tdua significant
reduction of formability associated with a welded blank. To ptethe forming
behaviour of a tailor welded blank, it is essential to have a olederstanding of the
important changes that occur during forming of a tailor welded blank. Some oateem
material property changes in the heat-affected zone (HAZ) of the weld,
non-uniform deformation because of the differences in thickness, prgpertie
and/or surface characteristics,
effect of welded zone on the strain distribution, failure site and crack propagation
weld line movement during deformation.
Among these complexities in formability of the TWBs weldinggass gives certain
major roles. The sources of factors from welding process thaemde formability can
be classified into four major areas namely methods of weldymggst of welding
machine, process parameters used during welding and materialtipgoesse materials
and changes in material properties in the weld and HAZ). Thiggds going to discuss

briefly about these factors on the formability of welded sheets.
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2.9.1Methods

Different methods of welding are available. Uchihara et al,[88inpares 3 types of
welding methods, viz. Plasma arc weld, Mash seam weld and Laseérfov AHSS.
Different materials and welding parameters used in theik\uggiven as below in the
Table 2.1 & 2.2. They conducted two types of test:
1. To determine an upper steel strength limit that can be welded and the

best welding method for the higher strength steel grades (780 MPa and above).
2. To find the best welding process that has higher formability of the AHSS (590 MPa).

Table 2-1 Material properties used by author [33]

Mark Thickness(mm)| Yield Strenath(MPHJensile strength(MBPaX| (%)
Testl 270 E 1 163 306 49.3
270 C 1 215 339 42.6
440 1 308 447 34.8
590 1 415 630 27.2
780 1 432 826 21
980 1 677 1048 15.8
Test2 590 A 1.4 463 605 27.1
590 B 14 508 597 26.3
590 C 14 408 636 27.2
590 D 14 617 333
590 E 14 400 607 35.7
Table 2-2 Welding parameter [33]
(a) Laser Welding (b) Mash seam welding (c) Plasma aemwelding
Test 1 Laser YAG LasefCurrent  18kA/270-780ste¢Current 80A
Power 3kw 16kA/980steel |Speed Im/min
Speed 6.5m/min |Force 10kN/270steel [Chip hole dia. 2.8mm
Focus Surface 12kN/440,590std@llasma gas Ar+10%Hp
Shielding gas Ar (20L/min 14kN/780,980stdel (0.5L/min)
Lap 2.5mm Shielding gas  Ar+10%H?2
Speed Am/mi (101 /mi
Test 2 Power 3kw - Current 120A
Speed 4.5 m/n Speed 1m/n

The welding parameters for the different welding processadmddted as testl in table
2.2. Figure 2-6 shows tensile test results of the perpendioulae tweld line. The base
metal elongation was within the range 41 % -18.2% for differergilee strength steel
270- 980 MPa respectively. The mash seam welded and the arc Viddé80 MPa
fractured in the HAZ, whereas the fracture of the laser welded DP780 is hetHAZ.
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The arc and mash seam welding has a larger heat input intoateeal) generating a
wider fusion zone, deep and wider HAZ. However, laser welding has@wea fusion
zone, shallow and narrower HAZ. The hardness traverse showeerrirspin the HAZ
of the arc and mash seam weld of the DP780. Hence, the elongatwa ahd mash
seam welded steels reduced drastically. However, Uchihaitd 28] did not explain the
reason for the softening in the HAZ.

The laser welded DP980 MPa steel is fractured in the HAZ;elniewthe drop in
elongation is small due to smaller softening dimension in the HAZ eldmgation of the
laser welded specimens for different strength steels condideteeir work is closer to
the base metal elongation compared to the other two processesn@hidash seam
weld). These results suggest that a weld with a shallow anoMnaaftening zone in the
HAZ could be used in the industries.

Uchihara et al [33] concluded that laser welding is the bestingeprocess because of
the narrow weld and small heat input. Laser welding is the mdstsueld process for
higher strength steels.

Another part of their work was on the formability of the same g(&@d@ MPa) steel
welded with different methods. Figure 2-7 represents the reslithiihg dome height
tests in which major strain was applied in welding direction. Theedbeights of the
laser welded steels were almost the same as that ofgherisdals. The dome heights of
the plasma arc welded steels are smaller than that ¢hsbe welded, especially in the
materials A & B (similar ultimate tensile strength buffetient chemical composition).

Their work concludes that laser welding is the best welding process foHIBE Ateel.
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Figure 2-6 Elongation of different steels for different welding process [33]

Figure 2-7 Formability of different welding process [33]
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2.9.2Process

Bruce et al [4] compares the laser weldability of higheergith AHSS. Table 2.3 and
Table 2.4; show the material properties and welding parametesglered in their work.
The two different welding parameters produced two weld sedhats approximately
measures 1 mm and 2 mm weld width. The narrow weld width watedregh 6kW of
CO2 laser power at 7m/min. In contrast, the wider weld width wadupged with 3kW of
CO2 laser power at 4m/min.Figure 2.8, measured the biaxialrstogtoability of a laser
weld in an Erichsen test and related to the weld hardness and wiéhd kvis evident
from the test, for higher welding speed and power; formabilitygher as net heat input
is lower leading to smaller softened HAZ, whereas a hifjleat input of 3kW laser
exhibits a significantly larger softened HAZ.

Table 2-3 Material properties [4]

Material Thickness| Yield Strength Tensile Strength Elongation n value
(mm) (MPa) (MPa) (%)

GA 980 (DP) 1.20 550 971 19.2 0.110

CR 980 (DP) 0.99 848 1037 15.5 0.102

Table 2-4 Welding process [4]

Laser machine | Laser type| Power (W) We(I?r:/nrgirfl)oeed
ProCoil CcCOo2 6000 7
NKK CO2 3000 4
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Figure 2-8 Formability Vs Different Laser welding parameters [4]

Azuma et al. [49] used a 50mm diameter dome punch for their expesinoensidering
two different weld orientations. The first orientation placed thiel e perpendicular to
the major strain direction (also called the transverse trgctand the second placed the
weld line parallel to the major strain direction (longitudinal). Tiesults for the
transverse and longitudinal loading directions are shown in Figure B&®.l06s of
maximum height of a welded specimen loaded in the transverse direction witkrnesisic
ratio of 1.0 was approximately 8%, as compared to an unwelded baseamdn the
longitudinal direction the loss of height was much greater, atoappately 30%. For
low gauge ratios the major strain direction is very critfoaldetermining dome height,
with the transverse direction performing excellently. As thektigss ratio increases this
advantage is lost. The maximum height appears to decay exponehotidhg transverse
specimens, before reaching a steady trough after a ratio ofFdr5he longitudinal
specimen, the maximum height drops a relatively small amourtiosfrom 1.0 to 1.8,
indicating that loading in the longitudinal direction is not as seedib thickness ratio as
the transverse direction. Interestingly, after a ratio of apprataly 1.5, the difference

between the two loading directions is relatively small at approximatéty 10
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Figure 2-9 Steel TWB LDH test result [49]

Radlmayr et al.[50], having also investigated welding processéigiudastrength,
corrosion, and characterizing many different aspects of BW@&s, performed a limited
set of Nakazima tests. Nakazima (Dome) out-of-plane testai$esnispherical punch
similar to LDH. Since for this test deformations are nattisnless, lubricants are used.
The necessary strain paths are obtained by using differentdats] creating different
friction conditions, and also with different sample widths. Resultthefdome height
tests are only presented in the longitudinal orientation. Becauselanfiping
considerations, three different strengths of unspecified steeliaia that composed the
TWBs were all of the same thickness at 0.9mm. These threeatsateere welded in six
configurations. The first three TWB configurations were blanksi@efrom two sheets
of like materials and were compared to results from a baserialdilank. In each case,
the loss of dome height was relatively small. The maximumvasssmaller than 20%,
the other two cases showed approximately a 10% loss, withoutratidad based on
strength. This result is better than the loss in dome height in &zunork. For each
TWB combination of differing strength materials, the dome heagfidilure lay between

the two like-material TWB test results.
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2.9.3Machine

Saunders et al. [51] investigated the formability differencéwden CO2 and Nd:YAG
laser welding, and mash seam welding. Formability was eealussing a scaled down
automotive part, as well as tensile, LDH, and OSU formabil#jsteA new test called
OSU formability test was developed in which an elliptical punck wused to evaluate
several coated and uncoated sheet materials. The resultsdstiaw¢he reproducibility
was better compared to LDH test. Good correlation was found bethee®@SU and
LDH tests. The OSU test was found to be suitable for only raétenth low r-values as
there was excessive lateral strain for materials witth higalues (>1.5). Also, the
elliptical geometry of the punch is difficult to fabricate comggato a hemispherical
punch.

The laser welded TWBs in their investigation had narroswer viklls the mash seam
welds, although there was undercut present in the specimens. Tihneeaas welds were
as wide as the overlap used in the process. They abandoned LDlg &dstinhaving
difficulties with material draw-in. Based on their metallognaaimd tensile test results
they have concluded that the performance of @l Nd:YAG laser welds can be made

virtually indistinguishable.

2.9.4Material

Waddell et al. [52] concluded that the fracture height of an Emcltsg test was
inversely proportional to the hardness of the weld material arat®on equivalent. The
carbon equivalent is a measure of the hardenability of a stekiael. Higher carbon
content equates to a higher potential hardness, due to increasedriole ¢FeC) [52]
second phase in the iron matrix, as well as increasing thdow of cooling time
required to produce a martensitic micro structure as the moltéh M&Z material
solidifies and cools.

Numerous studies have confirmed that in formability experimeht§WB, strain is
concentrated and fracture occurs in the thinner/weaker side difiahk this is called
limiting strength ratio (LSR) [51,52.53.54]. LSR is given as given below:

Literature Review 28



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

LSR = Yield strengthyl) of higher strength material

Ultimate tensile strengthuis) of lower strength material

In order to have a better uniform stretching of the TWB the Lisduld be less than
unity. On the other hand, it is known that laser welds in AHSS adefstronger than
the base metal [55], and the surrounding HAZ contain regions that endéwarder or

softer [56]. Therefore, some significant effects of welding omédbility would be

expected.

Previously, research was conducted on the relative influencéneofsheet rolling

direction, welding route with respect to rolling direction and welientation on

formability punch of laser welded steel sheet [37]. The conclusioa thet for similar

thickness laser welded samples, the measured strain valueselagirely insensitive to
the position of the weld with respect to the crown of the punch, wiskndiar laser

samples showed some variation.

Welding orientation relative to the rolling direction (parall@erpendicular and
diagonal) did not influence the formability. However, the formabis influenced for

different thickness blank [37, 57]. Dome height tests have also beebyseatumber of

other steel TWB researchers including Shi et al. [58], Radireggl.[50], Saunders et
al.[51], Baysore et al.[59], Waddell et al.[52 ] , Aristotleakf56], and Chan et al. [60]
but with comparatively few TWB configurations

An introductory study on the influence of welding phenomena on the fortyabili

HSLA and DP980 steels has been done [10]. This study was on thedéfthet diode

laser weld on two different materials and also the influencefofzene in the outer of
HAZ of the welds of DP980 steel on the formability.

2.10Application of Numerical Methods for TWBs

Computer based mathematical modeling of forming processes isapable of giving
outstanding improvements in economy of manufacture and product quatityaih be
applied using sufficiently accurate representation of mateeahavior and of boundary
conditions in the process. Finite element analysis has been cauti¢al investigate the
significance of the softened zone in the weldment and itsteffethe global deformation
behaviour [70].
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Experimental and numerical simulation for aluminium alloy (AA 6082)dments in the
transverse tensile testing were conducted to look into the infhgeractors on the
tensile behaviour using Abaqus code [70]. The result concluded specimertgeom
(plate width, thickness) and width of the soft zone generated in th2 & the
influencing factors on the tensile behaviour.

Rodrigues et aJ71] investigated the influence of mismatch between differenemadt
mechanical properties within the weldment. Constraint on the pldsticrmation
behaviour of the HAZ in welds on high strength steels using numerical methodsiaUnia
tensile test of welded samples with different hypotheti®Z Wvidths were simulated for
various material mismatch levels (low to high). Their conclusioestlzat the overall
strength of the joint is related to the tensile strength ofdtliftzone and the mechanical
behaviour of the overall joint depends on the plastic strain distributi@meinsthe HAZ.
The butt joint tensile performance of arc welded AHSS wasilaied using finite
element analysis (FEA) and design of experiment (DOE)deag to find out the most
influential parameters. Two different failure modes were obserg&thilure due to
localized stress concentration; and failure due to excessivgatiom of the welded
AHSS steels [72]. It was concluded that the influencing factotisa tensile performance
are HAZ strength and weld metal strength; increasing theseparameters decreases
tensile strength and displacement at peak load relative tddbe metal strength.
However, these literatures only had the numerical simulation sfudignout comparison
with the experimental results and evaluated the weldments wdhian of the filler
material during the welding process. An autogenous laselivgeprocess was not used
for numerical simulation. In view of the above shortcoming, this werktended to

present a numerical simulation of the tensile test of the autogenous |laded stelels.

2.11Summary

The use of tailored blanks has increased steadily overgh2dayears, and is expected to
continue to rise above current levels [87,88]. TWBs offer several eotsblefits like
reduced manufacturing costs, minimized waste part, and improved cmensontrol,
as well as performance improvements and decreased part WiHhi¢ further improve

crash worthiness and weight reduction goals, automotive manufactmeses/aluating
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the use of advanced high strength steels (AHSS) in TWB apphesatOne type, dual
phase (DP) steels are processed by intercritical angeatid rapid cooling to produce a
continuous ductile ferrite matrix with islands of hard martend2€]. This
microstructure produces a high work hardening rate, resulting hehigtimate tensile
strength compared to conventional HSLA steels with similar \s&lehgth. Thus, DP
steels are suitable for forming operations, and can be considered for TW Eiqpsic
The predominate joining processes for TWB fabrication are laser beanmgvalti mash
seam resistance welding, with laser welding more common inhN&merica [68].
Several power supplies have been used for laser blank welding, incla@n68],
Nd:YAG [33, 60], and high power diode laser (HPDL) [38,40].

Formability is one of the most important mechanical charagtsist materials for auto
parts. Although a formability comparison has been made between HELMDR steels
[44], little research has been conducted on the effects of webdirfgrmability of DP
steels [38, 57]. Inhomogeneity of microstructures and propadiess a weld brought
about by the welding process may greatly change the defornmasipanse of a weld and
thus the overall welded specimen properties. Numerous studies hiardosen reported
of the formability of tailor welded blanks [51, 53, 60]. However, the famfuattention
has almost invariably been the effects on forming of dissinnilaterial properties or
thickness across the weldment, which has served to obscure the rmeédofg itself
upon the deformation characteristics.

Through the use of finite element method (FEM) stamping simulatibas been shown
that the formability of laser welded blanks can be predicted witheuybroduction of test
dies [82]. Numerical simulation is an effective tool for cladafion and confirmation of
experimental observations. Saunders et al [51] used the FEM to shdhetfiarmability
of TWBs is related to the material thickness and strengthsrats well as weld ductility.
The accuracy of the simulation; however, depends on the availabihiycurate material
mechanical properties in both the base metal, and the weld regietihods for
evaluating weld metal properties by comparing experimemntalléetests with simulation
results have been proposed [36, 57]; however, these methods are only pleeict
hardened fusion zone and HAZ properties and do not provide a solution wh&e HA

softening is observed. Rodrigues et al. [71] used finite elemmndagions to evaluate
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the effects of a soft zone on the strength and ductility ofisviel high strength steels in
tensile testing. Their work focused on thick sections in threeional stress states,
and the results may not be applicable to thin sheets which cassbmed to be two-
dimensional. Furthermore, they assumed mechanical properties foarttiened and
softened zones which are difficult to determine in practice. Torno&iyal. [86] used
FEM to clarify the effect of a softened HAZ on the formabibifylaser welded DP980
blanks. The material properties of the softened region were &@lbg mechanical
testing of thermally simulated coupons. Their results showed tizah $ocalization
occurred in the softened-HAZ, but they could not compare the analyisisxperimental
results, and they did not consider the effects of varying soft zone width or strength.
Among the material properties strain hardening coefficientaffgcts formability in
stretch forming. It is a measure of the ability of the metakesist localized strains and
thus postpone the onset of necking/non-uniform deformation. A sheet withthagh s
hardening exponent has better ability to uniformly distribute plestain (higher %
elongation) in uniaxial tensile test. It was also obesreved thatue-a&d % elongation
from the tensile test reflects the overall stretchabdftyhe material in sheet forming. So
tensile test simulative test is the easiest and quickest way to anadgtd@mability.

This study is on the influence of the laser welding on the formability aspeitis AHSS
and to develop a numerical simulation approach for modeling the uniargle test of
laser welded DP980 blanks which show significant softening in the HAZ.
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3 Equipment, Materials and Procedures

The various experimental techniques and methods used to charatttermeperties of

base materials and the welded blanks to study formabilityeofitle types of steels for
tailor welded blanks are discussed in this chapter as shown in Biguréhe design and
process details of specimen preparation, laser welding and expeiioe are explained.
The different steps followed in the design and fabrication of exjeertial set up are also
discussed in detail.

Metallurgical Tensile test

examination Formability properties of

v base metal and welded v

lank o
Hardness bla Limiting dome
examination height test

A 4

A

A 4
A

Figure 3-1 Block diagram for the various experimental analyses conducted in this
chapter.

3.1Laser Equipment

A study of the weldability of steels was carried out pritgasn butt welds on small flat

coupons. Generally, coupon size was "® mm, yielding welded specimens of
100 50mm, though this was increased when necessary to obtain adequatesren

for mechanical testing. Two different laser systems weed usthe course of the work;

the system characteristics of each are summarized in Table 2.6.

3.1.1The Diode Laser

The Nuvonyx ISL-4000L is a 4kW AlGaAs diode laser with a wawglenof
805 = 5 nm [81]. The diode laser had the laser head mounted and depidiedarm of
a Panasonic VR-016 welding robot. The system as used for lakBngves shown in
Figure 3.2. The coupon holding fixture, also visible in the figurej hgh strength steel
clamping bars tensioned by arrays of cap screws. The diodectas@rises four water
cooled heat sinks each containing 20 individual laser diodes, with comglenics to
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deliver a combined rectangular beam of 12 x 0.9 mm. In all cases welding vwad oatr

with the welding direction parallel to the beam long axis, aitl the plane of best focus
coincident with the coupon top surface.

The laser system consisted of a system control unit, a laadrdma a chiller. The
system control unit contained current power supplies as welysisns control PLC

modules and a touch-screen control interface. The laser head cornkesrieder diode

arrays, a focussing lens and output window. The laser diode areagsooled by water
flowing through channels in heat sinks to which the diode bars were mounted.

Figure 3-2 Nuvonyx ISL-4000L diode laser system and Panasonic VR-16 welding robot
The chilled water was supplied to the laser head by an ektdmtlar unit. Water flow

from the chiller was measured and controlled by the system caomitol In addition, dry
compressed air was used as a purge gas which flowed througiséhédéad cavity at all
times when the chiller was in operation, in order to control the hymidithe laser
cavity and prevent condensation which may damage components. An awasifgted

to direct a jet of air in front of the output window of the laserdheaprotect the output
window from spatter or fumes. Welds were conducted in the bead enrmptate i.e. a

butt weld with full penetration on the blanks of uniform thickness aattnal. Welding
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was conducted on the blanks within the speed range of 0.7 — 1.9 m/min. \sgldet)
less than 0.7 m/min led to excess weld size and sag; speedlaBbawémin resulted in

partial penetration.

3.1.2Fixtures and Shielding Gas for Diode Laser

Tight, uniform clamping was achieved by a fixture as ilktsd in the system schematic,
Figure 3.3. Clamping bars machined from high strength steel alldlae transfer of
strong clamping forces through a thin, streamlined geometry. Thgndefsthe fixture
and the clamping bars allowed for full access of the lasehdoweld joint without
interfering with the shielding gas flow or air knife. All of thetures had an open cavity
beneath the weld line, designed to absorb any transmittedelasegy and to facilitate
exclusion of air from the underside welding environment by Zn vapour aededuring

the process.

Figure 3-3 Diode laser welding fixture and shielding gas setup.

Shielding was provided by feeding ultra-high purity argon througpezially designed
nozzle. The shield gas nozzle was attached to the bracket surrotimeliager head and
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angled to provide a laminar flow of gas from the front of thedwmdol. The inside
diameter of the shield gas nozzle was 19 mm (3/4”), and gas ftewofd 4 |/min (35
cfh) was used to achieve good shielding of the weld pool withnkniiow. The shield
gas nozzle was mounted to the laser head bracket to direct slsid¢tdrgahe front of the
weld pool toward the rear of the weld pool. None of the weld tespéoged inert gas

shielding on the underside of the joint assembly.

3.1.3The Nd:YAG Laser

The Haas HL3006D Nd:YAG laser employed fiber optic beam delifrery a remote
laser system to the final delivery optics. The full power of 3 k&g wsed for the welding
process. Operating speeds were used within the range of 1 — 6 ro/robtain full
penetration. Welding speed less than 1m/min led to cutting of trexialaspeed above 6

m/min led to incomplete penetration.

3.2 Selection of Materials

The microstructures of DP and HSLA sheet materials used inMbrk are shown in
Figure 3.4. The DP steel has a ferrite matrix with a Bggmt volume fraction of fine
martensite grains. The HSLA steel also has a fined-graingtk feratrix with very small
dispersed colonies of alloy carbides. A summary of Chemical cotigpo®f the
different steels is provided in Table 3.1. Steels thickness witbating, described as
galvannealed coating (GA) was used for this study. The voluattidns of martensite
(fm) were determined using quantitative metallography agwgl isl the Vickers hardness
of base metal. Since the full chemical composition of the stexd wonsidered
proprietary, a summary of the alloying is provided including carbon dguivasing the
well known Yurioka formula [16].
CE=C+ f(C)[Si/24+ Mn/6+Cu/15+ (Cr + Mo+ Nb+V)/5], Q)

where, f(C)=0.75+0.25tanh[20(C-0.12)].
The melting temperature (in K) of the steels was calculated with the fojow
equation[16]:

T =1810- 90C . )
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The critical temperature (in K) for austenite transformation on heatingstasated for
the steels using the equation proposed by Yurioka [16].

T,q =1024- 26.6C +17.6Si- 11.6Ma- 229Cu- 23Ni+ 24Cr

: 3)
+22.5Mo- 39.7V - 5.7Ti+ 232.4Nb- 16€.4Al - 894.7B

(a) DP Steel

(b) HSLA

Figure 3-4 Microstructure of the base metal (a) DP steel (b) HSLA steel
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Table 3-1 Chemical composition of the different steels

Thickness |Coating [fu (%) CE [HBM
Steel C (wt%)

(mm) (g/m2) (Wt%) |(Hv)
HsLA  [L14 N/A - 0.056 0.170 | 163
DP450 1.2 77 7 0.071 0.265 162
DP600 1.0 77 16 0.099 0.341 199
DP800 1.25 77 54 0.147 0.524 262
DP980 1.17 48-55 49.4 0.132 0.474 283

3.3 Metallurgical Examination

3.3.1Sample Preparation

Weld characteristics were evaluated using metallographic ieadon and
microhardness measurements. Thin sections were cut from thevigsed specimens,
mounted and polished as per standard metallographic procedures to otteerve
microstructure of the weld fusion zone, HAZ and parent sheet. Thdng@dlspecimens

were etched with 2% nital solution and observed under an optical microscope.

3.3.20ptical Microscopy and SEM Analysis

Stereo-microscope images and optical micrographs were acquidednalyzed using
image-analysis software. Scans of entire weld cross-selctawaas with the optical
microscope were made using an automatic stage, and images ssemsbked by the
image analysis software. The weld profile was observed Xatnd@gnification to check
the penetration and grain size and structure were observedhighexr magnification.
SEM was performed on a Jeol JSM 6460 with an attached Oxford lestisiftNCA-350
for energy dispersive spectroscopy (EDS) analysis.
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3.4 Hardness Examination

Cross-weld Vickers microhardness tests was conducted on hesl efgecimens at a load
of 500g, with loading time of 15s. Traverses normally used a distpnce between
indentations of 0.3 mm for diode and 0.15 mm for Nd:YAG laser weldsha#n in
Figure 3.5.

Figure 3-5 Cross weld Vicker microhardness measurement for DP980 steel.

3.5Tensile Testing

Uniaxial tensile tests were carried out on specimens of bat# sheets machined as per
ASTM standard E8M specification as shown in Figure 3.6 [62]. Theirspas were
tested along two directions, with tensile axis being parall®), (85 degree and

perpendicular (9 to the rolling direction of the sheet as shown in Figure 3.7.
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Figure 3-6 Standard tensile test sample

Figure 3-7 Orientation of the tensile test specimens - rolling directions
A constant cross head speed of 2 mm/min was employed in all gbs. CEhe standard
tensile properties of 0.2% offset yield streng?t§( ultimate tensile strengtiuTs, %
elongation, strain hardening coefficien) @nd strength coefficienKj were determined.
The strain-hardening behaviour of the sheets can be described bythesikigllomon

equation [75]:
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s=K¢" (3.1)
wheres = true stressg= true strain, n = strain hardening coefficient, K= strength
coefficient.

For determining the n value of these sheets, load-elongation dataeobii@m the above
tensile tests were used to plot engineering stress-staives. These engineering stress-
strain curves were converted into true stress-true strain cuisieg the following
equations:

s =s(l+e) (3.2)

e=In(1+e) (3.3)
where s = engineering stress, e = engineering strain.

The logs- log e data were calculated for the uniform plastic deformation rénefveen
YS and UTS) and using linear regression (least square method)fda lves was plotted.
The slope of this line gives n value and the y-intercept gives log K.

Sub size tensile specimens were cut from the laser weldeplesaas shown in Figure
3.8 for conducting the tensile tests in transverse and longitudinetidime on the TWBs
as per ASTM E8M standard [62]. The tensile tests were doneatbsiant cross head
speed of 2 mm/min until fracture. Since in the longitudinal sub peeimens, the width
in the gauge portion is 6 mm out of which nearly 50% is in the \aatil the HAZ
regions, these tests were done to get an indication about mechaoigalties of the
weld. Transverse tests were used to ensure that the weld doeadkdbefore the failure
occurs in the weaker material due to deformation.

Smaller micro-tensile specimen, as shown in Figure 3.9, was tseubtain the
mechanical properties of fusion zone experimentally. The geomwesyderived as per
the tensile split Hopkinson bar (TSHB) test [61].
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Figure 3-8 Sub size specimens used in uniaxial tensile tests of TWBs (&)damaly
welded specimen and (b) transverse specimen (weld line perpendicular to ttendaec
application of load).
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Figure 3-9 Micro tensile sample of the fusion zone

3.6 Formability testing

3.6.1Specimen Preparation and Grid Strain Analysis System

To encourage essentially biaxial, pure stretching deformation, all fditypaést coupons
were square specimens of size 180mm X 180mm (as shown in Figure 3i®)cw

from the laser welded specimens, without cutouts.
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Figure 3-10 Dimensions of welded blank specimens for biaxial stretching
Due to the heterogeneous nature of the mechanical propertiess aarweldment,
variations in strain were expected along weld sample. Locah stradhe welded sample
after deformation was measured using the circular grid methoekefore, transverse
tensile and formability tests were evaluated using strairsuneaents to obtain local
strains. The strain measurement system consists of two fiartbe application of
uniform grids on specimens prior to deformation; and (ii) the visuaktienh system to

measure grid sizes at the completion of testing.

3.6.2Gridding

Uniform circular grids were etched onto the tensile and formabslggcimen. This
involves passing an alternating current through an etching eléairsbjution onto the
AHSS sheet. This procedure produces a dark etched region on the sfirflaeesheet.
Figure 3.11 shows the etching equipment. By placing an insulatingls{&)con the
specimen surface (C), a pattern can be produced. The stencil has rggions where
the current can pass through to the surface.

The sheet is cleaned prior to gridding to ensure good electcaduction with a
cleaning solution. The sheet surface is wet with the elgtitaolution and the stencil is
applied directly to the sheet surface. An absorbent pad (D) wisishbeen soaked in
etching solution is placed on top of the stencil. The electricaliticonsists of a power
supply (A) and its two electrodes. The ground electrode (F) ishatfato the edge of the

TWB specimen. The circuit is completed by a conductive rollgrvBich is rolled over

Experiment Result 43



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

the absorbent pad until a satisfactory pattern of grids is produceagBaiching an AC
potential of 15V was applied, which does a much better job of penetthgngurface
than DC current.

The steel grids exhibit higher contrast and uniformity and are masiereto produce
consistently. A more consistent grid size and shape definitionitéided strain
measurement especially after a grid has been scored or rubkibe byoling surface
during the deformation process. A circular grid size of 2.5 mm dexnveds used for

each test.

Figure 3-11 Grid etching system

(A) Power supply (B) Conductive roller (C) Specimen (D) Absorbent pad (E)
Insulating stencil (F) Ground electrode

3.6.3Limiting Dome Height Test Equipment

The limiting dome height tests were carried out on an MTS 866.02 daachien
hydraulic press (Fig 3.12). The assembly of punch, lower die and wipedn the

experimental set up is shown in Fig3.13. The blank was placed egriter of the lower
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die so that weld bead was at the centre of a 101.6 mm (4.0 in) herrdaplpench
(Figure 3.13), in a direction perpendicular to the rolling directions.upiper and lower
dies had a circular draw bead at a distance of 132 mm (5 in) frendi¢ center. A
clamping force of 135 kN was used to secure the blank so that thidbe wo draw-in in
the flange region. The lubrication between the punch face and the SUfif&8ce was
provided by a light coating of mill oil (Quaker Lerrocote 61 MAL-HCL-1G), folémiby
a 0.05 mm plastic sheet. The tests were performed according T A543-84
standards [62]. While performing the experiment, a practical dif§iafl controlling and
stopping the test at the point of necking was encountered. Thus both re#fifrgcture
were accepted as the criterion for failure for all thetctrelome tests, which has also

been reported by Chan et al. [60].

Figure 3-12 MTS 866.02 formability press
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/

LDH

Figure 3-13 Die Geometry

3.6.4Data Acquisition and Strain Measurement

In all the forming experiments, a data acquisition system corgsist a load cell and a
rotary encoder was used to record the load-displacement data thaiegperiments. A
30 ton load cell with a resolution of 10 kg was attached to the punchasume load and
a rotary encoder with a resolution of 0.1mm was attached to thetaaget punch
displacement. Amplifier was used to amplify the signals fronidhé cell and the rotary
encoder. These amplified signals are converted to digital signalanalog to digital
converter card and are fed to the motherboard. Suitable softwanese@go collect all
the digital data and plot the data in the form of load vs displacement curve.

The grid pattern was applied along the length of the weld, on tlieavblanks. Ideally
the grid pattern would be etched directly on the weld linefitsielwever, the irregular
weld surface and the variable weld width make it impossible teodand, as well, the
accurate measurement of strain requires a consistent suofaceasure from. The
transverse mode of failure is usually a HAZ or base matiilale, therefore this strain
measurement location permits the failure strain to be direatlasured. Weld failure in
the longitudinal direction is most closely measured directlycadito the weld line. The

measurable strain gradient is inversely proportional to the gredasmd spacing, since
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each grid only measures the average strain over the area itexc8pialler grid sizes
are able to capture a higher gradient of strain in the matén@@ 8 higher density of
grids can be applied. There is a practical limit to the ssialirid size however. As the
grids get smaller, their shape and size become more inconsigtents especially true
on aluminum surfaces, where etching can be problematic. Alsonthies grid sizes
would result in more strain measurements for a given arean Straasurement is a
laborious and time consuming procedure, making unnecessary measurement a goor use
resources.

All strain measurements were taken with a digital imagdysisastrain measurement
system, shown in Figure 3.14. Its components include a digital ca@genaith which
grid images are acquired, and a computer (A) including a softwraggam (B) which
performs the measurements of each grid on a specimen (D). The rametbfgrid size
must be calibrated before any experiments are performedking the average size of
many undeformed grids. After calibrating, the error or deviatian lbe checked. A
tolerance of up to approximately 3% strain is expected. Aftibration, strain
measurement can then be performed. By defining five points on theealge of the

grid, the elliptical dimensions are computed by the software.

Figure 3-14 Strain measuring system
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The major and minor axis of this ellipse is then used to calcihatprincipal strains. All
predicted and measured strain values are calculated as emgjratgain. The following

equation is used to calculate the principal engineering strains:

Ei = Ellipse major axis length — Calibration diameter

Calibration diameter

E,= Ellipse minor axis length — Calibration diameter

Calibration diameter
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4 Experiment Result

4.1 Material Characterization

Material characteristics were evaluated using both metajdgc and micro-hardness

measurements for both the base metal and the welded blanks.

4.1.1Metallurgical Aanalysis

Metallography was performed using optical microscopy and scaneiegtron
microscopy (SEM). The microstructure of three zones (base,mettlaffected zone and
fusion zone) are discussed. The cross sectional view of the weldofididth diode and
Nd:YAG are shown in Figure 4.1 and 4.2. The base metal microstructtine &P980
steel is shown in Figure 4-3 a. Microstructural examination shbestempering of
martensite in Figure 4-3 b and 4-3 ¢ for Nd:YAG and diode, respectiMe¢ volume of
tempered martensite was less in the Nd:YAG weld due to thieoleyvelding mode

rather than the conduction mode of the diode laser.

1000pum

Figure 4-1 Optical photo - Cross section of a Nd:YAG weld at 6 m/min

1000 pm

Figure 4-2 Optical photo - Cross section of a diode weld at 0.7m/min
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(a) Details of area A in Figure 4.1

™

(b) Details of area B in Figure 4.1
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™

(c) Details of area A in Figure 4.2

Figure 4-3 (a) SEM photos of base metal and (b) tempered zone in Nd:YAG lager wel

(c) SEM photo of tempered zone in diode laser weld [M- martensite; F- fefdte; T
tempered martensite] [64]

4.1.2Fusion Zone Microstructure of Different Steels

Fusion zone microstructure of DP450 under diode laser welding iscfemid bainitic
due to its lean chemistry as shown in Figure 4-4. However, DP600 B8@0Dis
martenistic in the fusion zone as shown in Figure 4-5 and 4-6. Undelidtie laser
welding window for these two steels, the fusion zone cooling rasewithin the same
range. The individual chemistry represented by carbon equivalémtsnaabig difference
in fusion zone microstructure.

The microstructure of the DP980 steel fusion zone was thought taioéyrnomprised
of martensite as shown in Figure.4.7, and moreover the hardness wadoclesels
generally associated with a fully martensite product [63]. FiB&A steel weld metal
mostly consisted of ferrite side plate and bainite structures, as shown ia.&igur
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Figure 4-4 The fusion zone microstructure of DP450 diode weld for 0.8m/min

Figure 4-5 The fusion zone microstructure of DP600 diode weld for 1.2m/min
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Figure 4-6 The fusion zone microstructure of DP800 diode weld for 0.8m/min

Figure 4-7 The fusion zone microstructure of DP980 weld [10]
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Figure 4-8 The fusion zone microstructure of HSLA weld [10]

4.1.3Microhardness Analysis

Microhardness profiles across the weld are shown in Figures 4.9 toRkfidesentative
cross-weld hardness profiles across the welds in DP980 and H8&K stre shown in
Figure 4.9. In both steels, the hardness profile was relatilaladross the fusion zone,
showing a very high hardness in the weld metal and high-temperatneg) (HAZ, as
could be expected from the chemistry. This region was fully auasi# during the laser
welding process. The high cooling rate generated in the lasilingieprocess, in
combination with high carbon equivalent for DP980 steel evaluated witokéa
formula resulted in the fully martensitic microstructure in iteer heat affected and
fusion zone[63].
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Figure 4-9 Hardness profiles of DP980 and HSLA steel for diode laser at wepeied s
of 1.0 m/min [10]

Figure 4-10 Hardness profiles of DP980 and HSLA steels for diode laser atriffer
welding speed [10]

In both steels, the local hardness progressively decreased noaximgrds through the

HAZ; i.e., with lower peak temperature experienced in the weldnthlecycle. With
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HSLA steel, the HAZ hardness pattern merged smoothly into theeatexdf base metal.
For DP980 steel, however, hardness “valleys” were invariably sedreiouter part of
the HAZ (outer HAZ) for all welds, where hardness locally dexppignificantly below
the base metal hardness. For the Nd-YAG weld there is dlésh@drop in hardness as
shown in Figure 4.11. Such valleys have previously been seen in HAZs of other DP steels
[66,67,63] and were attributed to local tempering of the martensite phasieeos-
manufactured steel. Microstructural examination also confirmedhbdtardness valleys
were directly related to tempering or local decomposition oftenaite could be
observed, as depicted in Figure 4.1 and 4.2

Figure 4.11, depicts typical hardness profiles of DP980 stededalith Nd:YAG laser.
The high welding speed achievable with the Nd:YAG laser ledgtafisantly smaller
weld and HAZ width, compared to the diode laser (Figure 4.2) . ditservation was
primarily due to the high power density and also smaller spot$itee Nd:YAG laser,
which resulted in a lower heat input keyhole mode weld and gedesaghorter thermal
cycle which led to a shallower, narrower softened zone in the outer HAZ.

Xia et al. [83] observed softening in a wide range of dual phadedst@gns. The degree
of softening in the HAZ was found to be a function of the weld heat iaputiell as the
steel design. Increasing heat input resulted in an increase expusure time of the
softened region to temperatures where martensite temperingso£d low heat inputs,
the minimum hardness in the HAZ tended to approach the base metlaédm With
increasing heat input, the local heating and cooling rates iHAlZeare lower, resulting
in a longer exposure to high temperatures and a greater sofedféng The base metal
microstructure, specifically the volume fraction of martensis aiso found to affect the
softening response. The higher strength steels with increasezheit@ievels were more
affected by softening.

Figure 4.12 shows cross-weld hardness profile for DP450, DP600, and Dieg8&) s
welded at a constant weld speed of 1.3m/min. Since the heat inpunilar,sthe
softening response of these materials is a function of the mgeteositent, with the
volume fraction of martensite increasing with base metal gtienbhe highest strength
DP980 showed the greatest softening, followed by the DP600, and filallypwest
strength DP450 showed the lowest softening [65].
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Figure 4-11 Hardness profiles of DP980 Nd:YAG welds 3 m/min [64]

Figure 4-12 Hardness profiles across welds: Diode laser welding witth sp&e3
m/min. BM is Base metal; HAZ is Heat affected zone; and FZ is Fusion zone. [65]
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The welding speed and the mode of laser welding (conduction and keylzmlea
significant effect on the softened HAZ of the DP980 seel, affecting itidacavidth and
the minimum hardness. Consistently, with the increase of the wedgeed, the width
and degree of softening were both reduced as seen in Figure 4.13. The afegre
softening is represented by the hardness difference betweebase metal and the

minimum hardness in the softened zone.
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Figure 4-13 Relationship between soft zone width, degree of softening to various diode
laser welding speed [64]

4.2 Uniaxial Tensile Testing

Uniaxial tensile testing, longitudinally (i.e. weld parallel twading direction) and
transversely (i.e. weld perpendicular to loading direction), as siowigure 4.14, was
used to characterize weld deformation and failure modes and to evddaattrength of
welds for two different steels, HSLA and DP980. The testing teeaué shown in Figure
4.15 for 1.3 m/min welding speed and other welding speed results of diedevkdd are

summarized in Table 4.1.
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(@)

(b)

Figure 4-14 Typical tested tensile coupons for weld specimens
(a) Transverse; (b) Longitudinal. [10]

Figure 4-15 Typical stress strain curves for DP980 and HSLA transversengitddinal
tests with the welding speed of 1.3 m/min of diode laser. [10]
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Table 4-1 Tensile test results of HSLA and DP980 steel of diode laser [65]

Steel Welding . Trans. UTS Trans. Elong. | Long. UTS | Long. Elong.
Speed (m/min) (MPa) (%) (MPa) (%)
1.3 488 17.4 578 22.1
HSLA 1.2 467 17.2 590 18.6
1.0 453 18.5 606 17.2
1.6 786 4.7 1213 6.5
DP980 1.45 776 4.5 1198 5.3
1.3 756 4.7 1246 53

The transverse tensile test results of the DP welds showedhthailtimate tensile
strength was lower in all cases than the base metal. Fudhe failure occurred by
ductile rupture in the outer-HAZ, exactly at the location of Hhedness valley (Figure
4.14 a). Examination of the deformation pattern along the transyegsamens showed
that yielding occurred first in the soft zones and much of the phéaitic strain was
concentrated there. This led in turn to a reduction in overall spacetongation, as
necking and failure occurred in the HAZ before the balance ofpgbeeimen was fully
work-hardened.

In longitudinal tensile tests, the weld metal, HAZ, and baselrnetees are under equal
strain, and zones of different local hardness/strength contribpteafiel to overall load-
bearing capacity. All specimens showed strength in excessedidse metal (963 MPa
for DP980, 470 MPa for HSLA), which was expected as the weld raethmost of the
HAZ was harder than the base metal. The fracture site intlolgal tests was randomly
distributed as shown in Figure 4.14b. Interpretation of strengthfadatalongitudinal
tests is complex because each specimen is a composite of Jdayierss having varying
flow properties, including the fusion zone, continuous variation of proparttee HAZs
on both sides of the weld, plus a thickness of unaffected basedaptaident on fusion
zone width in relation to specimen width. Actual strength dataradaivere found in
each case to reasonably reflect a weighted sum of the wafitmstituents present and
their local flow properties based on correlation with local hardnessognizing the

difficulties of interpreting strength data from longitudinal iEnsest, these tests were
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included in the investigation mainly to verify that significant ettlbment was not being
included in any weld zone(s) by the welding process. However, aH8ieA welded
longitudinal and transverse specimens showed excellent elongatreh, showed
significant amounts of plastic strain, in spite of the highedweétal hardness than the
base metal.

Local strain in the transverse tensile sample after defaymatas measured using the
circular grid strain analysis as described in the section 3.6e2giid pattern was applied
along the length of the tensile sample (which includes the weldHAZd as shown in
Figure 4.16. Smaller grid sizes are able to capture a higtaelient of strain in the
material, hence a circular grid size of 2.0 mm diameter wabk Asethe grids get smaller
than this, it is expected that their shape and size become moresistent. After the
tensile test was complete, the deformed elliptical grids wezasured to calculate the

major strain along the length of the specimen and obtain a strain distribution.

100 mm

Weldment

32 mm

Figure 4-16 Gridded subsize tensile specimen of welded DP980 steel
Since the width of the fusion zone was very small in both diode andAGi:Mser
welds, the standard ASTM ES8 tensile specimen could not be used tohgivensile
properties of the independent fusion zone. Longitudinal samples whichcarepmsite
of the fusion zone, heat affected zone, and base metal properties bavesbd by some
[84,85] to characterize the weld metal properties. This apmitathowever, is
complicated by the presence of a softened region without known pro@ertesannot be
used. Hence, a smaller mini-tensile specimen, as shown in Figurea3.9ised to obtain

the mechanical properties of fusion zone experimentally
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The HAZ exhibited steep property gradients and varying widthspritbess parameters.
It was impossible to prepare uniform samples for mechanidahdethat represent the
HAZ properties. So, in the present study the mechanical propeftid&o were not

evaluated experimentally, but were evaluated from the finite elemdgsizna

The standard tensile properties of 0.2% offset yield strength, (W8mate tensile
strength (UTS), % elongation, strain hardening coefficient (n), &redgth coefficient
(K) for the DP980 base metal and weld zone are shown in Table 4.2tsResaked that
the DP980 had fair strength and reasonable ductility (stradehisrg coefficient = 0.14)

for automobile part manufacturing.

Table 4-2 Mechanical properties of DP980 and its weld

Y.S. UTS Elongation Sterngth Strain Hardness
(MPa) | (MPa) (%) Coefficient- | Hardening (HV)
K (MPa) | Coefficient-
n
Base Metal| 534 980 15.2 1510 0.14 283
(DP980)
Weld 804 1361 12.1 - - 413-429

Figure 4.17 shows the engineering stress- engineeringy stwave obtained from the
tensile tests for base metal and weld zone. Typicas ledpg e plots for the base metal

and weld zone are shown in Figure 4.18.

In the case of the base metal, a linear fit was succesafybyed (after 2.5% strain). The
slope of this line was the n-value and the Y-intercept was thk kajue. In the case of
the weld metal, a good linear fit could not be attained, which indidai it changed
slope (n-value) during deformation. Hence the weld metal did not appezbey the
power law of hardening and the strain hardening and strengthoteet$ could not be
determined. The strength of the weld metal increased compared to base nneliabhted

by the UTS and YS, which was an outcome of the hardness increase
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Figure 4-17 True stress- true strain curve obtained from the experimbéastometal
(DP980) and weld.
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Figure 4.19 shows representative engineering stress - siragsdrom tensile testing of
the base metal and the transverse welded samples. The YS andfWi& welded
samples were lower than base metal values. Furthermore, |cy@ealmen elongation
was reduced, as necking and failure occurred in the softenediiAall the welded
specimens as shown in Figure 4.20. The Nd:YAG laser welded spebiagehigher
strength and ductility (elongation) compared to the diode laser wsjuszimen. This
was due to a smaller softened HAZ width and smaller drop in hardnétsthe Nd:YAG
laser. Hence, it was observed that the transverse strength aildlydofctaser welded
DP980 depended on HAZ width and hardness. To further understand the eHi&Z of

characteristics it was important to determine the mechanical prog&rtzesl n- value).
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Figure 4-19 Representative results of engineering stress versuseemgjrstrain of the
uniaxial tensile tests

Figure 4-20 Typical tested transverse welded tensile coupon indicatihgdrat the
HAZ during experiment.

4.3 Formability Test

The formability of laser welded blanks was evaluated under biatt@h conditions to
compare different grades of the dual phase (DP) type of AHSS. &oys \of tested

specimens till the pont of fracture are shown in Figure 4.21. Fig@Ha), (b), (e) are
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DP980 and HSLA base metal specimens, whereas Figure 4.21(c)) (dje (velded
deformed specimens. In DP base metal, the fracture location waesd@ladistance of 17
mm from the pole and propagated in a direction parallel to the raliragtion in all tests
(Figure 4.21(b)). This DP steel displayed strong directionality in terrfgmoibility. The
fracture path in dome height testing of HSLA base metal diffsigrificantly from the
DP steel. The crack followed a curved, arc path and the radtahde from the fracture
path to pole was about 30mm (Figure 4.21 (e)). Fractures of lasgedveppecimens of
both steels followed fundamentally different paths in LDH test.
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Rolling direction

(a) base metal of DP (b) base metal of DP

Weld centerline l

: (d) typical fracture appearance for
(c) welded specimen of DP DP steel welded

§30mg|

(f) welded specimen of HSLA

(e) base metal of HSLA

Figure 4-21 The shape of specimens after Dome Height Testing [10]
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In diode and Nd:YAG laser weldments, the fracture path waayalentirely in the outer
HAZ, at a different radial distance from the weld centerlinéh wespect to the welding
speed (Figure 4.21(d)). The limiting dome height (LDH) of all welded spesinsdower
than that of the corresponding base metal. Hence the formabilgy swgaificantly
reduced due to change in material properties during weldingfofimability degradation
was also demonstrated by the big gap of dome height in HgRge(a). As for HSLA
welded specimens, no significant difference in fracture path el@served between
welded specimens and base metal. The minimum radial distamele dome apex to
the fracture path was essentially the same in base metalelddd coupons and both
exhibited a curved fracture feature as shown in Figure 4.21 (§uch high consistency
implied that the welding process had no significant influence on dheability of
HSLA. This is also consistent with the fracture height resaltSigure 4.22 (b), where

strains in base metal and welded coupons were essentially equal.

30.40mm
13.10mm
(a) DP980
32.51mm 31.80mm
(b) HSLA

Figure 4-22 Side views of the LDH test specimens of (a) DP980 and (b) HSLLA stee
weld speed 1.6 m/min [10]

Figure 4.23, shows load progression during LDH testing of the base metal and déode las

welded speicmens (weldarallel and perpendicular to the rolling direction) of DP980
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steel. The LDH of the base metal was 30.4 mm, and that of thew&ded sample was
13.1 mm. Formability of DP980 welded specimen was drasticallycexl by 57% with
respect to the base material. This indicates that the fdrtyadfi the DP980 material
was significantly reduced due to major changes in material propertiesifuil welding.

180 T
— - Base metal

\ —— Weld, parallel to rolling direction

150
- N - - - Weld, perpendicular to rolling direction

1204

Force (kN)
(o]
o

60 +

30+

Displacement (mm)

Figure 4-23 Typical limiting dome height results of the base metal and diodedvel
specimens at 1.6 m/min welding speed [64]

In this DP980 steel, welding direction with respect to the rollingction of the steel did
not significantly influence the formability (Figure 4.23).

Experiments were conducted for each position (the root side &side¢ of the weld
samples facing the punch. The LDH results for the diode weld ssnipteeach of the
positions is shown in Table 4.3. Placing the similar thickness vaefhple with face side
or root side of the weld facing the punch did not significantly chaingdormability of

the DP steel.[37].
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Table 4-3 Diode laser weld orientation on the punch of the formability equipment at

2m/min [64]
Orientation LDH (mm)
Face side 11.03
Root side 11.14

The formability of all grades of dual phase steel and HSLA exaaluated in terms of
LDH and the results of the LDH tests for unwelded and weldetkélare summarized in
Figure 4.24. The LDH of the base metal was in the range -8636m for all of the
grades tested. The LDH of all the welded specimens was tbarrthe respective base
metal LDH. But the LDH of the welded HSLA was nearly equathat of the base
metal. The LDH decreased continuously with increasing nomirsd beetal strength.
The lowest LDH was observed in the welded DP980 steel, which wasumed to be
13.1 mm. The fracture location was across the weld for HSLA, DP45MBRBO0 as
seen in Figure 4.21(f). However, fracture location was along tle: (M&\Z) for DP800
and DP980 steel as seen in Figure 4.21(c).

40
OBase metal

@ Laser welded

30T

20 1

LDH (mm)

10+

HSLA450 DP450 DP600 DP800 DP980
Material

Figure 4-24 Limiting dome height of base metal and diode laser welded sarhples
different strength AHSS at welding speed: 1.0 m/min [65]
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The formability ratio is given as in Eqn 1:
Formability ratio = LDH of welded sample / LDH of base metal  (Eqn 1)

The formability ratio for a welded blank is defined here as D bf the welded blank
divided by the LDH of the base metal (Egn 1). The formabilitiorcan be understood
as the effect of welding on the strain to failure in biaxiabdeftion for each of the
materials. The formability ratio for LDH results givenFigure 4.24 is plotted in Figure
4.25.

0.8t

o
[o)]
1
T

Formability ratio
o
>

HSLA450 DP450 DP600 DP800 DP980
Material

Figure 4-25 Formability ratio of different AHSS (welding speed: 1.0 m/ngif) [
There is a clear trend of decreasing formability ratithwicreasing nominal base metal
strength. Previous work has suggested that the reduction in fotynahi be attributed
to metallurgical changes in the weld metal and HAZ surrounttiegveld [68,63]. For
example, in dual phase steels the fusion zone experiences high craiksgafter
solidification typically resulting in a hardened martensitic rostructure. The high
temperature heat affected zone (HAZ), just outside the fusion bouisdaeated above
the austenitic transition temperature and upon cooling forms a hdrd@neostructure
that generally consists of lower transformation products martessitdbainite. Further
from the fusion boundary, the maximum local temperature is too low dadupe
martensite; however, exposure to elevated temperatures restdtaparing of the pre-

existing martensite phase and concomitant softening of the inimtse. These
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metallurgical changes can be associated with the mechanicaktepe the welded

joint, and ultimately, the formability of a welded blank.

4.3.1Effect of Softening on the Formability Properties of Welded AHSS

The degree of softening in the HAZ can be best representedmis @& percentage
reduction in hardness. Reduction in hardness is represented as in Egn 2:
Reduction in Hardness (%) = (W HVsz)/ HVp, * 100 (Eqn 2)
Where, H\j, is the hardness of the base metal sH¥the minimum hardness of the
softened zone.
Figure 4.26, represents the relationship between the formabilityHYL&nd the
percentage reduction in hardness. It was observed from the pladrtpat teductions in
hardness led to lower formability of the welded blanks. Differentectitting operations
were attempted to obtain the best fit for the experimentaltsesn which an exponential
curve (shown in Figure 4.26) fitted the data well with regressiefficent (R value) of
98%.
The formability of the diode welds was less than that of the N@&Yaelds, as the
softened zone in the diode welds has larger reduction in hardnesghdtaaf the
Nd:YAG welds as shown in Figure 4.26. With increase in the welsjiegd, formability
of the welded DP steel samples approaches that of the letigke fihese results indicate
that there is less reduction in hardness in the softened zone for payher laser density
and higher welding speed with keyhole mode of welding. Therefore, RostBel it is
better to weld with Nd:YAG laser in keyhole mode, and at the maxirachievable

welding speed to achive higher formability.
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Figure 4-26 Relationship between reduction in hardness vs. limiting dome height [64]
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Figure 4-27 Relationship of formability ratio on the hardness ratio of differd&SA
welding speed 1.0 m/min[65]
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Fig. 4.27 shows the effect of softening on the formability (internferafability ratio) of
different AHSS welded blanks. The formability ratio is plottedirrggaHAZ softening,
where softening is defined as the hardness difference betWwedmase metal and the
minimum hardness in the HAZ. The formability of the dual phaséssiereds to decrease

with greater susceptibility to softening.

4.3.2Effect of Heat Input on the Formability Properties of Welded AHSS

Figure 4.28 depicts the relation between formability raticswerwelding speed for
welded balnks (using both the lasers) of DP980. Formability was Highkelanks which
are laser welded at higher welding speed. Specific energy topghe material reduced
and faster cooling rate can be achieved with increase of weddewy. This resulted in a
smaller softened zone created in the specimen. For the saligarameter, Nd:YAG
welds had better formability. This was due to smaller softeoee due to the keyhole
mode of welding in Nd:YAG laser but a deeper and broader softemeslin the outer
HAZ was developed during welding with the low irradiance diode hab&h operate in
the conduction mode welding, generating a longer thermal cycleréHgl and 4.2 ).
Varying the weld speed changes the net heat input per unit lengtblchfAs shown in
Figure 4.29, the net heat input has an effect on the formability f@tiDP980. The
formability ratio decreases with increasing heat input (i.eetowelding speed). An
exponential curve fits the data well with a regression cogfti¢ie-value) of 98 %. Thus,
it is apparent that the formability ratio is a function not onlynatterial design, but also

of the process parameters.
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process for DP980 steel [65]
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4.3.3Effect of Base Metal Elongation on the Formability Properties ofWelded

AHSS

Two steels of the same grade, ultimate tensile strength ackhdéilss (DP980) with
different base metal elongation (martensite content) and delitb the same welding
parameters (3kW, 4 m/min) were used for formability tests mcd et al [4]. It was
observed from their work [4] that the formability of the lasetded high strength DP
steel was higher when thmse material elongation was higher. This result confirms the
conclusion of Uchihara et al [33] that one of the influencing factdhe formability of
laser welded high strength steels is the elongation of the basa. nrurther, to
investigate the formability of the same grade of DP steéh the same welding
parameters, test welds were conducted in the present studga3é&enetal elongation of
the DP steel used in this work was smaller than that of théfvsteels [4]. Figure 4.30
depicts the relation between the formability ratio as defindeégm1 and the base metal
elongation of the welded DP steels in the present work as compdhed & Bruce et al
[4].

Similarly, three steels of the same grade, thickness amdatgtitensile strength (DP600)
with different chemical composition and welded with the same diader Iwelding
parameters 4kW, 1 m/min in this work. As shown in Figure 4.31, the redidates the
effect of the base metal elongation on the formability of tHele@deDP steel. Higher base
metal elongation means higher strain hardening exponent (n-value) of thedtasé he
n-value describes the material’s ability to uniformly distribdeéormation or elongation.
Material of higher n-value will have greater uniform elongatiorha presence of local
strength variations and will also resist localized deformation or necking.

These result shows a good and a predictable relationship of thebfliymaith the base
metal elongation of the laser welded joint. DP steels with highee metal elongation

are preferred for the formability aspect of the laser welded specimen.
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4.3.4Relationship between Heat Input, Minimum Hardness and theFracture

Location

It was confirmed that fracture in the welded DP 980 steelslae to the formation of a
softened zone. It is well known that increasing the heat inputsesutwider HAZ, thus
moving the position of maximum softening farther from the weld cemeerHigher
welding speed is expected to generate faster cooling rate$) whiigenerate the same
peak temperatures in the HAZ at a shorter distance from the aeelreline. Fracture
occurred slightly farther out from the weld centerline than theesiofone. It appeared
that the hardened inner HAZ and the fusion zone restricted the @gifmnnand pushed
the failure farther out from the softest zone. Figure 4.32 shdatsoreships between the
welding speed and fracture distance and softened zone distancthé&oveld centerline
in the biaxial test (LDH). Fracture distances from the welatreline in both the uniaxial
and biaxial tests were similar. The fracture distance andreaf zone distance from the
weld centerline were inversely related to the welding speedh(Bw soft zone and
fracture location were directly related to the net heat inpusictéire distance from the
weld centre was higher for diode laser weld than for Nd:YAGrlageld at the same
welding speed. Since diode and Nd:YAG lasers have different pimmsities generating
conduction and keyhole mode laser welding respectively, which eviddetiglop a
different welding thermal cycle for the same welding speed [&., less irradiance in
diode laser resulted in a softened zone farther away from the weld centre.

Experiment Result 78



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

6.5 6.5
—&— Soft zone Nd:YAG
[ - ®- Fracture Nd:YAG
55T —a— Soft zone Diode 5.5
— - - - Fracture Diode =3
e . £
E 45+ A +45<=
g | ‘ 8
: \ :
% 354 & 13505
‘~ Sy (@]
a | A )
) c
225+ 1259
(] S
s | " £
L n
15+ + 15
0.5 } } } } } } 0.5
0.5 15 2.5 3 35 4 4.5 5 55 6 6.5

Welding Speed (m/min)

Figure 4-32 Softened zone and fracture distance from weld centre for welds \ith bot
lasers [64]

4.3.5Relationship between Uniaxial Strain and Biaxial Strain

Figure 4.33represents the relationship between the uniaxial and the biasial st the
base metal and diode welded samples of the DP980 material. Thgeaveeasured
strain in traverse tensile tests and average measuredisttdiid tests appeared to have
a stable and a predictable relationship.

The measured biaxial strain was higher than the uniaxial simaime base metal
specimen. This is consistent with the behaviour expected from thenéplimit diagram
(FLD) [69]. However, the measured biaxial strain was less than the ungraah in
welded specimens. Since the ratio of softened zone size (widtie gatige length of the
LDH speceimens was smaller than the ratio of the softened mentoghe gauge length
of the uniaxial tensile test specimens. Hence the localizeh stoncentration developed
in the biaxial test will be smaller compared to the uniaxial tensile test
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The results showed that fracture and failure in both the unitetsile test and the
biaxial LDH test was in the outer HAZ of the laser welddd &eel, indicating that

transverse tensile testing is a useful indicator for the formabilityeoivelded DP steel.
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Figure 4-33 Relationship between biaxial and uniaxial strain versus weld speed [64]

4.4 Summary of the Experimental Results

The present work developed tailored blanks for formability testiegevgimply created

with identical material properties on each side of the jointaogyg out full-penetration
bead-on plate welding on square blanks precut to fit the dome heighg tesparatus.
Comparison of the behavior of welded and unwelded blanks was thus able to focus
exclusively on welding related phenomena. The formability effettihe welds made

with two different power density types of laser on DP 980 stpahrsng a wide range of
welding thermal cycles. The influence of the softened zone on fditpavas examined.

The effect of welding speed/heat input on fracture distance atehsdfzone distance
from the weld centreline was studied. Further the relationship betwaiaxial and

biaxial strain was examined.
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5 Numerical Modelling

5.1 Introduction

Numerical simulation has become a very important tool to claaifiyl confirm
experimental observation. The strong demand for cost reduction, stbdenelopment
cycle and high quality has required the development of computer aidatkenmg
(CAE) simulation. FE analysis is an essential component of AHEnfny fields of
engineering analysis including TWB. As a development tool, Finément analysis
(FE) analysis can be invaluable for eliminating many protatymr proof-of-concept
experiments. Having the flexibility to test new parameterstastdconfigurations led to
the development of the unaxial tensile and biaxial formability experiment.

In this work, FE analysis focuses on the uniaxial tensile teteobase metal (DP980)
and the autogenously laser welded DP980 steel sheets in translmastion. The
objectives was to look into the validation of numerical simulatiorult®swith
experimental results, the influence of tensile strength andvitité of the soft zone on
the overall load bearing capacity and the elongation of the weldméné geometry,
material properties and the boundary condition of the numerical modetiwated and
meshed by the help of the commercially available pre-procesdled Hypermesh. FE
analysis was done by a commercially available code LSDYNA

5.2 Theoretical Back ground

The transverse weld specimen was a heterogeneous structurdiffatent material
properties across the various regions of the weldment, such as hagieninner and
outer HAZ, and base metal. Each of these zones can be modellediromdhedual

mechanical properties, where available. Figure 5.1 depicts a soh@wvearview of the

half side of tensile test sample with 3 different zones withéngauge length., whete
(') is the initial (final) overall length of the specimé{?, (1,) the initial (final) length of
fusion zone,lzO (1,) the initial (final) length of HAZ andaO (1) the initial (final) length

of base metal. The final length of each region will be differenitonly due to different
initial length of each region but also due to different amount ohsitnadifferent region
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during deformation.

Figure 5-1 Schematic view of half the tensile sample.
Initial total length of the sample is represented as

—10 ,10 , 10 1)

lo =17 +15 +15
And final length as

_ 2)
Total true strain is as given as
& = (3)
Each zone is governed by its own constitutive equation as

nl _ n2 _ n3 — 4

Where, K, m, Ky, i and K, ng, are the strength coefficient and strain hardening

exponent of the fusion zone, HAZ, and base metal, respectively. Aardheof cross

section is same in all the regions, the stress will be uniforough out the region. But
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due to difference in mechanical properties (K and n- values), iepbn will have
different deformation and this will lead to non-uniform deformation.

For each zone the strain will be as follows

I
g =In= N
1
.
& —Inl—0 (5)
2
_I |3
e = nl—0
3 _

Using equation (3), (4) and (5) we get
I glo 1K I 0y gls TKe)T 0y glo /K] 0

12419 +12 ©)

From this equation it can be understood that the displacement and foetepee in
each region is governed by its strength coefficient angliténgth. Hence for the FEM
simulation of the heterogeneous transverse weld specimen, theoéfééength and size
of HAZ should be studied.

5.3 Experimental Tensile Testing

The experimental results of the transverse tensile testitige @P980 steel are discussed

in detailed in the section 4.2 of experimental result.

5.4 FE Modeling

Numerical simulation of tensile test was done by the LS-DY®NA FEA software
package (this solver handles material and geometrical non-kseirtisolving the quasi-
static sheet metal forming process very well) [73]. The madsl created and meshed by
quadratic 2D shell elements with 5-integration points by the belhe commercially
available pre-processor called Hypermesh.
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The sub-size transverse TWB tensile specimen was divided intortfai® regions. Each
region was joined with the adjacent region by merging of commooes. As the sample
was symmetric in both the longitudinal and transverse directions,aoglyarter of the
whole sample was modeled. The weld centre (seam) coincidéd tinat transverse
symmetrical line. The solution domain was discretized by 5263 qatetdl shell
elements. A refined mesh was used in the weld and HAZ areaxadarddor the rapid
change of stresses in these areas (shell element dimension of 0.1 mm x 0.1 mm) [74].
Figure 5.7 shows the TWB tensile specimen along with the boundary cosdith order
for the quarter model to represent the full specimen, both X and Yraonstwere
imposed on the nodes along the transverse and longitudinal symmetriesipeetively.
Displacement in X-direction was applied to the nodes at the e @fripp portion. This
displacement is equal to the final displacement obtained during the tensile test.

Constant displacement applied
in the end nodes on x-direction

Transverse symmetrical line
(weld centre line) constrained x-axis

Y Fine mesh Longitudinal symmetrical line
in the weld and HAZ constrained y-axis

X

Figure 5-2 Mesh for the quarter model of tensile specimen with constraints in'Yhe X
plane

The model was considered as a deformable body with appropriatecyierion and
stress-strain relation during non-linear plastic deformationa¢gount for strain
hardening. The yielding behaviour of the blank material was coesic@s per Von-

Mises yield criterion. The simplest way to represent thitergon isf(lz): l,=C.
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Where |, is the second invariant of the stress tensor @ni$ a material constant. The

second invariantl(,) of stress tensor can be expressed in terms of stress déeregor

asl, =

N

S;S; . Here, the Einstein summation convention is used. Hence Von-Mises

2

L : 2
criterion for plastic flow can be expressed {5, =§syp,

wheres is the yield stress

of the material in uni-axial tensile test [75]. This quadrgitd condition in the cartesian

principal stress £,,5,,5,) space is represented by the following equation in terms of

principal stresses.

N

%{(‘91'52)2"'(52'53)2"'(53'51)2} =Sy (7)

For uniaxial tensile test it simplified to
$,=S,, (8)
Wheres,,s,,s, are the principal stresses in three direction apds the yield stress of
the material.
The stress-strain relationship during deformatioas vapproximated by the following
constitutive equation in the numerical model. Tiaikes into non-linear work hardening
behaviour of the material.
s, =Ke"=K(g, +e")" 9)
where s =flow stress, ¢, = strain to cause yiel&g” = effective plastic strain

K is strength coefficient and n is strain hardergogfficient.
The elastic strain at yield can be found from {73]

e = 2 (10)

The K and n value of the base metal was obtaineifitting a power law function to the
true stress and true strain curve obtained fromekperiment. It was done by calculating
the log true stress and log true strain valueshe uniform plastic deformation range

(between YS and UTS) and using linear regressias{Isquare method), a best fit was
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plotted. The slope of this line gives n-value anthtércept gives log K [76]. In the case
of the fusion zone, the material did not obey toggr law of hardening, and the true
stress and true strain curve was imported for thaterial model by the help of a
subroutine including the stress-strain data inpgfegram. The LSDYNA-971 solver has
the ability to evaluate stress and strain for tregamal at each stage of deformation by
interpolating from the data points that were imedrfor the stress-strain curve [73]. It
was assumed that the softened HAZ obeys the poewsr df hardening during
deformation. As previously discussed, experimerdatermination of the strength
coefficient and strain hardening exponent for the&ZHvas not possible. For simulation
purposes, these values were obtained through anptagprocess optimization until the
load-displacement curve matched well with the expental result (by comparing the
load-displacement curve obtained from both the exm:t and FE simulation i.e.
different combinations of the K and n-values weriedt to fit the best with the

experimental load vs. displacement curve).

5.5 Comparing the Numerical Simulation Results with theExperimental
Results

Initially comparison of the FEM simulation resultsith the experimental load-
displacement curve for the DP980 base metal is showrigure 5.8. The predicted and
experimental curves matched reasonably well witemall discrepancy in the initial

portion of the curve.
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Figure 5-3 Comparison of load-elongation curve iiaté from experiment and numerical
simulation for DP980 steel.

This was a result of the approximation of power lerdening by assigning a constant n-
value throughout plastic deformation. In the meedwurve, during the initial phase of

plastic deformation the n-value was not constatit arstrain of 2.5%.

FE analysis of the welded samples which consistdrhse metal, HAZ, and fusion zone
was done to evaluate the effects of HAZ propertiese fusion zone and HAZ

dimensions were taken from the experimental resutsare shown in Table 5.1.

Numerical Modelling 87



Effects of Laser Welding on Formability Aspectsfafvanced High Strength Steel

Table 5-1 Fusion zone and the soft zone width obthduring laser welding

experiments.

Laser Experiment | Experiment
Weld speed| specific ¥ P
Laser . soft zone | fusion zone
(m/min) | energy(X18

KJ/nT) (mm) (mm)
Diode 0.7 381 4.0 3.5
Diode 1.3 205 2.5 3.2
Diode 1.9 140 2.0 3.2
Nd:YAG 3.0 100 0.75 0.75
Nd:YAG 6.0 50 0.5 0.5

The mechanical properties for the base metal wereited with the parameters obtained
experimentally. The material properties of the wadtie were modelled by importing the
measured true stress - true strain curve into BBYNA-971 code (as the weld zone
could not be modelled by the power law of hardeniigwas assumed that this curve
was valid for all welding parameters for both dicdel Nd:YAG laser welds. Table 5.2
gives the mechanical properties (k, n value) ofdbi zone for the diode and Nd:YAG
laser weld respectively obtained from curve fitting get the mechanical properties (K
and n-value) of the HAZ, trial input parameters aigen and the output load-

displacement was matched with the correspondingraxental results.

Table 5-2 Mechanical properties for the HAZ comparebase metal in the welded

samples.
Properties Nd:YAG Laser Diode Laser
Base Metal HAZ Base Metal HAZ
n-value 0.14 0.17 0.14 0.19
K-value (MPa) | 1510 1408 1510 1290

When the curves matched, the corresponding K angtalues were adopted as the

mechanical properties of the softened HAZ. Figur@ $hows the matching of load-

Numerical Modelling
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displacement curves obtained from experimentalranderical simulations for different
welded

samples.

Load (kN)

- - - - Numerical 6m/min Nd:YAG

= Experimental 6m/min Nd:YAG
Numerical 1.9m/min Diode

a  Experimental 1.9m/min Diode
— - - Numerical 0.7m/min Diode
. ® Experimental 0.7m/min Diode

1 1.5 2 2.5
Displacement (mm)

Figure 5-4 Comparison of experimental and numeriesililt of load vs. displacement in
the DP980 steel for diode laser and Nd:YAG lasddwe

To validate the model, the strain distribution ateda from experimental results and
FEM simulations were compared. Figure 5.10 deplescomparative results of the local
strain of the experimental and numerical analy$§se simulated distribution matched

reasonably well and it was seen that major plastiain has taken place only in the
softened HAZ as seen in Figure 5.11. For the sitrars, the major strain values were
calculated at the gauss point and then extrapotatéiae nodes which had a high density
in the softened HAZ. However, in the experimeniaésmen, the softened HAZ is

contained within the span of one circular grid p@nd only one major strain value was
obtained. In both experimental and numerical restifte major plastic strain is less than
8% in both the fusion zone and base metal, whithéncase of the HAZ it is above 35%.
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The fusion zone and base metal in both the numeiwh experimental distribution did
not experience significant plastic strain, while thaximum plastic strain occurred in the

softened HAZ. This led to localized deformatiorm dracture of the sample.

Figure 5-5 Comparison of experimental and numeptastic strain in the transverse
welded tensile specimen of DP980 steel (diode lasdding).

Figure 5-6 Strain localisation is high in softer#&lZ in DP980 steel welded sample in
experiment and FEM simulation.
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5.6 Effect of Softened HAZ Material Properties on the Qrerall Strength
and Elongation

The effects of both material properties and sizethef softened HAZ were studied
individually. Tabor [76] estimated that the bestretation between Vickers hardness,
Hv, and the flow stress occurs at a strain of 8%ek®wing.

H, =CS o (11)
where C is a material constant.

In the work-hardening region the stress—strain esifellows Holloman’s equation.

s =Ke} (12)
where , is the plastic deformatiorK the strength coefficient and the hardening

exponent.

For =0.08 the flow stress should be
S 008 = K(€ 008)" (13)
where e, ,,, = 008- e, ande, being the elastic strain.

From equations (11) and (18)e relation between hardness and strength cattics
obtained

H, =CK(&, 08)" (14)

So in the simulations different K values (1510, @45%410, 1370 and 1300 MPa) were
used to define the HAZ properties to indirectlyyw#re hardness of this region. But in all
the simulations the width of HAZ was kept constan0.5 mm. Figure 5.12 shows the
effect of HAZ strength on the maximum load and Bispment of the transverse weld
uniaxial tensile test sample. It was found thahwvdecreasing strength (hardness) of the
softened HAZ the overall load bearing capacityhaf welded joint decreases along with
the displacement of the tensile sample.
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Figure 5-7 Variation of maximum load and displacatneith respect to decrease in HAZ
strength for welded sample with 0.5 mm HAZ widthhie simulation.
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(b)

Figure 5-8 Plastic strain contours in different e®nf weldments for HAZ strength of (a)
1300 MPa (b) 1450 MPa during time=0.1996 sec obmhedtion.

Figure 5.13 and Figure 5.14 show the plastic stcmintours for two different HAZ
strengths at different time during deformationwias seen that in the case of lower
strength (K=1300), there was not uniform strairtrdistion and strain localization took
place in the softened HAZ. But in the case of higsteength coefficient (K=1450) of
HAZ, the strength of the softened zone increasdti strain hardening, which in turn
arrested strain localization and resulted in a nuoiérm distribution in the base metal.
Thus, premature failure of the specimen in the H¥&s avoided, increasing the overall

ductility of the welded tensile specimen.
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(@)

(b)

Figure 5-9 Plastic strain contours in differenteenf weldments for HAZ strength of (a)
1300 MPa (b) 1450 MPa during time=3.1996 sec obwmhedtion.

5.7 Effect of Softened HAZ Width on the Overall Strengthand
Elongation

The width of the softened HAZ was varied (0, 0.5, 12.5 and 4.0 mm) while the
strength coefficient was held constant at 1290 MARgure 5.15 shows the effect of HAZ
width on the maximum load and ductility of the saarse welded specimen. It was

found that the load bearing capacity and ductdiégreased sharply as soon as the width
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of the softened HAZ increased above zero (i.e. aftesing). With further increase in
softened HAZ width, the maximum load decreased thet displacement was nearly
constant. Figure 5.16 shows contours of stress-dréction (Y-stress) developed within
the softened HAZ during deformation. In the fusmone and base metal there was zero

Y-stress.
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Figure 5-10 Variation of maximum load and displaeabtwith respect to HAZ width
(HAZ strength of 1300 MPa) in the simulation.

The stress in the softened HAZ changed from a xiait#0 bi-axial stress state, but the
fusion zone and the base metal remained in a ual-sttess state. During deformation,
the strain was localized in the softened HAZ and tustrain in the transverse direction
the width of the sample tended to decrease. Theceanj regions (base metal and fusion
zone) resisted transverse strain in the softened, hivhich produced a constraint force

and stress in the Y-direction (Figure 5.16).
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Figure 5-11 Contours of Y-stress during deformatbwelded specimen with 4mm
HAZ width due to development of constraint force.

The magnitude of the stress component dependedeoHAZ width. Figure 5.17 shows

that this Y-component decreased as the softened Wiélth increased from 0.5 mm to
ls__

4.0 mm. The hydro-static stress (mean stress) coemp 3 " within the HAZ

increased with increase of stress component inr&etion. Hence, a relatively larger
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tensile force was required to deform the softené&d laf lower width compared to that
of higher width to overcome higher hydrostatic streomponent. But hydrostatic stress
component does not cause plastic deformation. ¢t feand that the strength of welded

specimen with a very narrow HAZ width was clos¢h® base metal.

O average stress in Y-direction (at maximum load)

W average stress in Y-direction (at 0.26 mm displacement)
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Figure 5-12 Comparison of Y-stress developed inntekeled specimen for HAZ width of
0.5 mm and 4mm.

The simulation results show that both the softddad size and hardness (strength) have
a significant influence on the load bearing capaoit the welded blank. In terms of
ductility, the overall elongation of the sample @dases with decreasing strength in the
softened HAZ; however, it is relatively unaffectby increasing HAZ width. In real
welds, the severity of softening as well as thaeswfd HAZ width both increase with
increasing heat input. As a result, these twoofaciust be considered simultaneously.
Figure 5.9 shows the effects of heat input on thength and ductility of the transverse
weld tensile sample. Both the maximum load andldegment were significantly lower
in the high heat input diode welds compared toltkeheat input Nd:YAG welds. The
diode welds exhibited a wider and softer HAZ thia@ Nd:YAG welds. When the weld
speed was decreased from 1.9 m/min to 0.7 m/min thi¢ diode laser, the width of the
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softened HAZ increased; however, the hardnesseiisdfiened HAZ was nearly constant.
At high heat inputs, the martensite was fully terepgeand the hardness does not change
with increasing heat input. As a result, the maximload of the tensile samples
decreased with increasing heat input; however, simple elongation was relatively

unaffected.

5.8 Summary of the Numerical Results

This study developed a numerical simulation apgrdac modeling the tensile
test of laser welded DP980 blanks which show siggmift softening in the HAZ. Material
properties for the hardened and softened regionge vaetermined by comparing
experimental results with numerical analysis inaxral tensile testing. The effects of
mechanical properties in the weld region, espsciasion zone hardening and HAZ
softening where characterized in terms of formgbiind strength of the joint. This
provided clarification on the significance of thaftened region in the HAZ in terms of

the effects on the global deformation behavioua tdilor welded blank.
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6 Conclusion

6.1 Microstructure

The microstructure of base metal and laser weldd8& was characterized.

From this work, the following conclusions were made

1. With all the diode and Nd:YAG laser weld paraenetstudied from high to low

welding speeds, a combination of severe local mandeand local softening (outer HAZ)

happened across welds in DP800 and DP980 steal,rasult of metallurgical change
caused by the welding thermal cycle.

2. Dimensions (depth, width) of the softened zomeewfound to be inversely related to

heat input (welding speed and to the irradiandbeiaser).

6.2 Tensile Testing

Both longitudinal and transverse tensile testingpa$e metal and welded AHSS was
conducted. Softened HAZ of the welded DP980 stdklenced tensile properties. From
this the following conclusions were made:

1. In uniaxial tensile testing, DP980 showed a shagprehse in strain after laser
welding, particularly in the transverse orientati®he fracture site was invariably at the
soft zone in DP980 steel welds in transverse atemt. The HSLA weld steel also
exhibited lower strain than base metal, but enjogeldigher strain than DP980 weld
under same welding conditions.

2. DP980 steel deformation behaviour can be approxichby Hollomon’s power law
of hardening equation, without much discrepancthaplastic region for predicting load
bearing capacity and elongation. But the fusiondwaine does not obey power law of
hardening during deformation.

3. Strain is localized in the softened HAZ and thenaaing region undergoes
negligible plastic deformation in uniaxial transser tensile testing. On further

deformation fracture takes place in the HAZ.
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6.3 Numerical Simulation of Tensile Test

Numerical simulation of transverse tensile tesbafe metal and laser welded DP980

steel was developed. Numerical result was validaigtle experimental result. From this

the following conclusions were made:

1.

Experimental results agree with numerical simufaicand indicate that strain
localization decreases tensile strength and elangaf laser welds in DP980.

The strength of HAZ properties can be predicted twelFEM analysis by pragmatic
process optimisation technique.

The HAZ strength and its width are controllingttas for load bearing capacity and

the ductility of the laser welded steel sheets.

6.4 Formability Properties

The limiting dome height test of both the base inetad the welded AHSS was

determined. Influence of laser welding on the fdoitity was observed. From this work,

the following conclusions were made:

1.

Compared to the base metal, sharp decrease of lidityavas observed for DP980
welded specimens and while HSLA welded specimenssgssed the same
formability as base metal, regardless of the weldipeed. HSLA and DP980 steel
show different sensitivities to laser welding imts of formability.

Formability was significantly affected by the prese of the softened zone in the
welded DP980 steel, with reduction of formabiligcoming greater as softened zone
size increased. Higher welding speed was achiesdteairradiance of the Nd:YAG
laser develop a keyhole mode of welding, which gateel a shorter weld thermal
cycle and hence a smaller softened zone, yieldirgetéer formability of welded
blanks.

No significant difference was observed in the fdoitiy of the DP980 steel with
change in welding orientation relative to the rajlidirection or variation of the
welded specimen location on the punch (face or sate of the weld), as softened

zone dominated the formability behaviour.
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4. The hardness distribution across the weld canumeful indicator for the formability
of laser welded sheet metals. Soft zone acrossvéthe is detrimental to the welded
specimens’ formability.

5. The formability ratio of laser welded DP sheet Istegenerally decreases with
increased base metal strength. Significantly lo&if strain was observed in higher
strength DP steels.

6. Both in uniaxial tensile test and biaxial LDH tgsthe fracture occurred in the
softened zone of the welded DP980 samples consiswightly farther out from the

weld centerline than the location of the minimum rdmess.
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