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ABSTRACT

Use of a high power Yb:YAG laser is investigated for joining advanced high strength steel materials for use in
tailor-welded blank (TWB) applications. TWB’s are materials of different chemistry, coating or thicknesses
that are joined before metal forming and other operations such as trimming, assembly and painting are carried
out. TWB is becoming an important design tool in the automotive industry for reducing weight, improving fuel

economy and passenger safety, while reducing the overall costs for the customer.

Three advanced high strength steels, TRIP780, DP980 and USIBOR, which have many unique properties that
are conducive to achieving these objectives, along with mild steel, are used in this work. The objective of this
work is to ensure that high quality welds can be obtained using Yb:YAG lasers which are also becoming
popular for metal joining operations, since they produce high quality laser beams that suffer minimal distortion
when transported via fiber optic cables. Various power levels and speeds for the laser beam were used during
the investigation. Argon gas was consistently used for shielding purposes during the welding process. After the
samples were welded, metallographic examination of the fusion and heat-affected zones using optical and
scanning electron microscopes were carried out to determine the microstructures as well as weld defects.
Optical and scanning electron microscopes were also used to examine the top of welds as well as fracture
surfaces. Additionally, cross-weld microhardness evaluations, tensile tests using Instron tester, limited fatigue
tests as well as formability evaluations using OSU plane strain evaluation were carried out. The examinations
included a 2-factor full factorial design of experiments to determine the impact of coatings on the surface
roughness on the top of the welds. Tensile strengths of DP980, TRIP780 and mild steel materials as well as
DP980 welded to TRIP780 and mild steel in the rolling direction as well as transverse direction were

evaluated.

Metallographic examinations determined that most of the fusion zone is martensitic with small regions of
bainite and ferrite. High microhardness values of the order of 550 - 600 Hv were noted in most joints, which
are attributed to high alloy content of the fusion zone as well as high rates of cooling typical of laser welds.
During tensile, fatigue and formability tests, no fractures in the fusion or heat affected zones were observed.
Geometric variability evaluations indicated that coatings such as aluminum (in the case of USIBOR) and
galvanized zinc (TRIP780) can affect the variability of the weld zone and the surface roughness on the top of
the weld. Excessive variability in the form of weld concavity in the weld zones can lead to fractures in the weld
region, even though higher hardness can, to some extent, compensate for these surface irregularities. The 2-
factor design of experiments further confirmed that coatings adversely affect the surface roughness on the top
of the welds. Although thickness differentials alone do not make a significant impact on surface roughness,
together with coatings, they can have an adverse effect on roughness. Tensile tests in the direction of rolling as

well as in the transverse direction indicate that TRIP780 seems weaker in the direction of rolling when
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compared to transverse direction while mild steel is stronger in the direction of rolling. Weldability analyses
revealed that the typical melting efficiency is on the order of 50-70% for full penetration welding. Formability
tests showed that TR/MS joints fractured in a direction parallel to the weld line when tested with the loads
perpendicular to the weld line. Tests have also confirmed that weld speed and power have no impact on the

outcome of formability results.

Overall, this work conclusively proves that high power Yb:YAG lasers can effectively join high strength
materials such as DP980, TRIP780, USIBOR, as well as mild steel, for use in tailor-welded blank applications,

contributing to lighter, more fuel-efficient and safer vehicles.



CHAPTER 1. INTRODUCTION

1.1 Introduction

Automotive companies worldwide are under increasing pressure to improve fuel economy of vehicles due to
increasing fuel costs as well as limited fossil fuel availability, while ensuring that the vehicles perform at
optimum levels. These often conflicting requirements include high margin of safety during all kinds of
accidents such as vehicle rollover, side impact and frontal collision. Reducing vehicle weight, without
sacrificing the safety and other functions as needed, is the key to achieving these objectives. Although the use
of materials such as aluminum and, in some rare cases, magnesium, for manufacturing of body structures and
closures do reduce weight, these can be considerably expensive. The alternative is the use of tailor-welded
blanks (TWB) using advanced high strength steels (AHSS) that will result in significant weight reduction while
maintaining the safety levels of the vehicles and carefully controlled costs. The definition of TWB is joining of
materials of differing compositions, coatings and or thicknesses by a suitable metal joining operation before
further operations such as metal forming, edge trimming, hole piercing, joining with other panels and painting

are carried out.

An automobile body requires many high performance characteristics such as high strength, durability,
corrosion resistance and crash worthiness while minimizing the weight to achieve maximum fuel efficiency
and minimizing the cost to the customer. In order to meet all these characteristics, hundreds of panels with
varying sizes were developed. However, engineers understood that to improve accuracy, reliability as well as
productivity, the number of parts must be minimized for each body panel. TWB produced by cutting and
welding before metal forming (Figure 1.1) thus came into existence. Apart from reducing the number of parts,
the advantages of TWB are numerous: Fewer dies are required, fewer spot welds, reduced design and
development time, lower manufacturing costs, less material volume and thus better utilization of raw materials,
improved dimensional accuracy and structural integrity [1]. An excellent illustrative example that explains
some of these concepts is offered by Bob Lewinski, Vice President for marketing and sales for VIL/Wayne
Trail Technologies as follows [2]: "It may be desirable to form a component such as an inner door panel that
has a deep-draw depth to accommodate the contour of the finished vehicle door. This requires a very soft, and
relatively thin metal. However, the front of the same inner door where the hinges will attach have to be strong
enough to hold up the weight of the entire door. In the past, this would have required the addition of several
extra parts to strengthen this area. By producing a tailored blank with a large, thin soft piece of flat material
joined to a thick, stronger small piece of flat material, this customized blank can then be formed into one piece
inner door, deeply drawn in one area." Thus, following Bob Lewinski's logic, the hinge and latch

reinforcements, and, possibly other parts such as belt reinforcement and even side intrusion beam, can be



eliminated by use of one inner panel using a clever TWB design. This will eliminate several dies and

manufacturing sequences which will lead to many of the advantages stated earlier.

The history of TWB's goes back to 1979 when Volvo used resistance mash seam process in Europe. Today
TWB's are "... used for body side frames, door inner panels, motor compartment rails, center pillar inner
panels and wheelhouse/shock tower panels"[1]. In the near future, they’ll be used on more body parts due to
the reduction in tooling and operating costs. Several examples for TWB applications are provided in literature

[3,4].

Material cutting Welding Press forming
| |
1)) '
- -
Tailored blank

Figure 1.1 An application of TWB to body outer panel [5]

TWB's are produced by laser welding, mash seam welding, and plasma welding. Laser welding is a “keyhole”
fusion welding process that produces welds with narrow width and deep penetration. Lasers are ideal for TWB
applications as these both cut individual blanks and weld the component parts to form a finished tailored blank;
during this process, a laser weld results in small fusion and heat affected zones. Other advantages of laser
welding include: high processing speed, low heat input, high-strength joints and easy to automate. Mash seam
welding is a resistance welding process using electrode wheels with high-speed capability; however it suffers
from contamination, wider seam, poor weld bead appearance and difficulty in welding high-strength steel
sheets. The welds exhibit lower hardness than laser welds. Plasma welding is also a keyhole welding process
with lower cost of equipment than laser and mash welding units. However the seams are much wider and

inferior in formability.

There are two central issues in the manufacture of laser TWB: One is the needed edge preparation while the
other is the type of laser used for welding. In the first case, since it is necessary to keep the edges close to each
other with narrow gaps, an edge preparation such as milling or even laser cutting to close tolerances are
necessary. After this, the blanks are loaded into fixtures with clamping systems that apply side pressure on the
fixtures or use a roller system to deform the sheet adjacent to the weld to keep edges in intimate contact (<0.1
mm gap). Such preparation is important when welding is carried out autogenously, but when filler material is

used, the edge preparation becomes less important; however, use of a filler material during welding adds to the



cost of the process. Beam weaving or twin spot welding processes can also be used to overcome this issue, but
the maximum welding speeds that can be achieved will be compromised and this too adds to the total costs.
For the choice of laser type, 5-6 kW continuous wave CO2 lasers were extensively used in automated
production systems prior to the development of Nd:YAG lasers with more than 3 kW power. A number of
TWB production systems based on Nd:YAG lasers have been installed for tailored blank manufacture which
have the benefits of increased versatility due to the fiber optic beam delivery, higher welding speeds (due to the
improved coupling of the laser wavelength), improved tolerances to gaps and elimination of the need for gas

shielding.

The development of disk lasers such as Yb:YAG significantly improved the advantages of using lasers for
TWB preparation. In the case of Nd:YAG lasers, the YAG rod (typically 6 mm diameter and 150 mm long)
which is cooled by water, results in thermal gradients from the outer surface (which is maintained at a lower
temperature) and the hotter core; this results in lower beam quality. The thin disk lasing medium, typically 14
mm diameter and 0.2 mm thick, is mounted to a water cooled block and exhibits nearly negligible thermal
gradient, resulting in a higher beam quality. Also, the back reflection of the laser beam, in the case of diode
lasers, are lower when compared to the rod lasers, which eliminates extremely high peak powers that can
damage internal optics and the fiber optic cables that carry the laser beam. For this reason, laser beam
produced by Yb:YAG laser can be transported to a remote location with minimal distortion of the beam.
Another advantage of Yb:YAG lasers (and Nd:YAG lasers too) is that they produce a high wall plug efficiency
of greater than 15% when compared to 3% to 4% for lamp-pumped laser [6]. For these reasons, the reliability

of Yb:YAG lasers is very high and their maintenance costs are lower [7]

Advanced high strength steels (AHSS) offer yield strengths in excess of 350 MPa and tensile strengths as high
as 1700 MPa for martensitic steel as shown in Figure 1.2 [8, 9]. Several grades of these steels such as Dual
Phase (DP), Transformation Induced Plasticity (TRIP) and Complex Phase (CP) steels can be processed in the
conventional way while others like boron steels (also called USIBOR) need special processing. Among these,
DP steels are the most popular, and are used in door beams, bumper reinforcements and in seat structures and
seat tracks, while USIBOR is finding applications in front and rear end rail extensions, A- B- and hinge pillars
and reinforcements, and door and bumper beams [10]. Ford Motor Company, for example, has used DP steels
for rocker panels, side roof arch and hinge pillars and aluminized boron steel for A-pillar [11]. Similarly,
General Motors has used considerable ultra high strength steels in addition to high strength steels in Chevy
Volt to improve crashworthiness and stiffness of the body structure; over 70% of the body structure is said to
have been designed with high strength steels [12]. The use of AHSS materials are projected to increase over
the next decade. Dick Schultz and Abey Abraham of Ducker Worldwide state that the use of DP steel is
projected to increase from 110.7 Ibs per average car in 2009 to 312 Ibs per average car in 2020, while the total

AHSS is projected to increase from 150.8 Ibs to 450 lbs during the same period [13].
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Figure 1.2 Conventional, low strength steels (shown in dark gray), high strength steels (shown in light
gray) and advanced high strength steels (shown in color) [8]. Boron steels, also called USIBOR, are part
of the martensitic steels shown in the blue region.

Use of AHSS materials in TWB applications further improves the effectiveness of the process. By integrating
AHSS with TWB using a high power laser beam, automakers can aggressively reduce the weight and cost of
their products. This idea is being stressed increasingly by steel suppliers. For example, Arcelor points out that
"a tailor welded blank with AHSS and drawing steels allows for instance to combine the strength necessary in
the middle with the formability requirements in the upper and lower parts of a B-pillar" [14]. Automakers seem
to agree with similar analysis and are implementing a combination of AHSS and TWB's. For example, Ford
Motor Company used DP600 as part of tailor-welded blanks in the side member inner where it was teamed
with HSLA 250, and the side member outer where it was combined with mild steel [15]. More research, in all
aspects involving AHSS, TWB and laser welding, needs to be carried out to help the OEM's achieve their
goals. Use of AHSS materials by Ford Motor Company is shown schematically in Figure 1.3.

1.2 Objectives of this research

The overarching goal of this research project is to enhance the knowledge-base in tailor welded blanks
consisting of advanced high strength steels as well as mild steel, using a high power laser. Specific objectives

consist of the following:

1. To confirm that high quality welds can be obtained by using the laser beam produced by a high power
disk laser such as Yb:YAG (which uses ytterbium doped yttrium aluminum garnet crystal as the

lasing medium) carried to a remote location with the use of fiber optics technology.



2. To assess the melting efficiencies during the welding process and to confirm that laser welding using
Yb:YAG is a highly efficient process. Confirmation of the accuracy of the weld speeds predicted by
mathematical models using bead-on-plate experiments is also of part of this objective.

3. To understand the microstructures in the heat affected zones as well as the fusion zones of various
combinations for the AHSS materials, to assess the microhardness values in these zones and to
confirm using tensile and fatigue tests that the joints obtained would be of high quality,

4. To assess the variability of the fusion zones as well as the roughness of the top of the weld zone, as
this variability can have significant impact on the performance on the joint on a statistical basis, and,

5. To assess the formability of the joints using a process such as the Ohio State University (OSU)
formability test for plane strain tests and confirm that the joints would not fracture during metal

forming.

Statistical analysis is applied to draw conclusions in several areas of the dissertation and, where appropriate
and available, variability in the results are presented, since such information is vital to ensure high quality in

practice.

A-pillar is fashioned from ultra-high-
strength aluminized boron steel and
delivers strength and rigidity

B-pillar is shaped for ultra-high strength

Hinge pillar is formed of very
high-strength, dual-phase
600-grade steel

Side roof arch
uses dual-phase
steel, connecting
the A-pillar with
the B-pillar

Rocker panels are crafted from
very high-strength, dual-phase steels
renowned for energy absorption

Rocker baffles stabilize the rocker
section and make the rocker panel
and B-pillar act as a systemn

Image represents the structure of the European Ford Fiesta, which differs somewhat from the car coming to North America due to different safety requirements.

Figure 1.3 Ford Motor Company uses AHSS materials in several advanced vehicles including European
Ford Fiesta [11]



1.3 Thesis organization

A brief literature survey of all aspects of TWB's including AHSS materials is provided in Chapter 2. This
chapter is kept brief since a detailed literature survey is provided in the beginning of Chapters 3-6. Chapter 3
explains the microstructural examinations as well as tensile and fatigue tests carried out on combinations
involving TRIP780 steels, namely, TRIP780 welded to mild steel and DP980 steel. The dimensional variability
obtained for various combinations is examined in great detail in Chapter 4. Results of the evaluation of weld
efficiencies and depth of weld are presented in Chapter 5. Formability evaluations of AHSS materials, in
particular TRIP780 steel welded to mild steel, is presented in Chapter 6. Appendix A presents results of a 2-
factor full factorial Design of Experiments that examined the effects of coatings and thickness differentials
between samples being welded on surface roughness on the top of the weld. Appendix B examines the effect of

rolling direction on the strength of the joints, while Appendix C provides further information on disk lasers.
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CHAPTER 2. LITERATURE SURVEY

2.1 Advanced high strength steels

Before the literature survey of tailor-welded blank (TWB) applications of advanced high strength steels
(AHSS) is presented, it is imperative that the science behind these materials is provided. AHSS consists, as of
today, mostly of Dual Phase (DP), Transformation Induced Plasticity (TRIP), Complex Phase (CP) and
martensitic (MS) or martensite phase (MP) which includes boron-alloyed (MnB or USIBOR) steels. Other
steels such as Twinning Induced Plasticity (TWIP) are still in the laboratory stage and are left out of this
chapter.

Among these, TRIP steels, or, more appropriately, "TRIP-assisted steels" [1] have high work hardening rates
and combine high strength greater than 750 MPa with excellent ductility. Main metallurgical mechanism in
these steels that provide these properties involves the strain-induced transformation of austenite to martensite
during cold rolling [2]. As a result of these properties, TRIP steels offer high strength and toughness
combination with excellent uniform elongation. Since these steels have ability to absorb more energy during
crash due to the delayed transformation of retained austenite to martensite, they are used widely in automotive
industry where such energy absorption during crash conditions is important. TRIP steels have a microstructure
consisting of various fractions of ferrite, martensite, bainite, and retained austenite, giving the steels their
unique balance of properties. Generally lower carbon levels are preferred for TRIP steels so that transformation
of retained austenite to martensite occurs at the beginning of forming leading to excellent formability and
strain distribution; at higher carbon levels, retained austenite is more stable and does not transform into
martensite. It should be noted that further transformation to martensite occurs during subsequent deformation
such as crash event, and this provides even greater crash energy absorption [3]. Microstructure of TRIP780

steel and is shown in Figure 2.1 with small regions of retained austenite.

DP steels consist of a dispersion of islands of hard martensite (5 to 20% by volume) in soft ferrite matrix [3].
These steels are characterized by high work hardening and used in automobile components that require high
strength, good crashworthiness and acceptable formability. The strength levels of these steels depend upon the
amount of martensite in the microstructure, which varies considerably depending upon the steel grade. DP
steels are produced by controlled cooling from the austenite phase (in hot-rolled products) or from the two-
phase ferrite plus austenite phase (for continuously annealed cold-rolled and hot-dip coated products) to
transform some austenite to ferrite before a rapid cooling transforms the remaining austenite to martensite [4].
Although DP steels have excellent mechanical properties, the persistence of high work-hardening rate at higher
strains in TRIP steels gives them a distinct advantage over DP steels on formability. As noted under Chapter 1,

DP steels are the most popular AHSS choice among automotive companies.



Figure 2.1 TRIP780 Microstructure showing martensite and retained austenite in a soft matrix of ferrite
and bainite (Image captured by Naveen Ramisetti of Arcelor Mittal after treating with sodium
metabisulphite).

(b)

Figure 2.2 Optical micrographs of (a) DP steel (captured at 400X), and, (b) Complex Phase Steel
(ThyssenKrupp CP-K 70/98. www.thyssenkrupp-steel.com)
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CP steels offer very high minimum strengths and are characterized by high work hardening potential even at
low levels of deformation and high wear-resistance [5]. The microstructure of CP steels contains small
amounts of martensite, retained austenite and pearlite within ferrite/bainite matrix. In comparison to DP steels,
CP steels show significantly higher yield strengths at equal tensile strengths of 800 MPa and greater. CP steels
are characterized by high energy absorption and high residual deformation capacity [4]. Optical micrographs of

DP and CP steels are shown in Figure 2.2.

Martensitic steels have a microstructure of entirely martensite with small amounts of ferrite and/or bainite [6].
To create MS steels, the austenite that exists during hot rolling or annealing is transformed into martensite
during quenching in the cooling section of the continuous annealing line or via post-forming heat treatment.
One example of martensitic steels is boron-alloyed ultra high strength steels (MnB), trademarked as USIBOR,
and is widely recognized by automakers. Essentially this steel (hot stamped and die-quenched) contains Mn
and B as alloying elements resulting in excellent hardenability. Hot stamping process consists of heating the
blank to austenitization, press forming and then quenching within the die to form hard phases that give rise to
extreme tensile strength of up to 1500 MPa. It may be noted that the base material, 22MnBS5, has a ferritic-
pearlitic microstructure with a tensile strength of approximately 600 MPa; after the part is hot stamped, it has a
martensitic microstructure and increased strength, up to 250% of its initial value [7]. Thus MnB steels offer
great potential for minimizing component weight by reducing sheet thickness as well as the number of

components needed.

2.2 Welding Techniques and related issues

Laser welding is the preferred method of joining materials for TWB's, since a continuous weld line can be
obtained when lasers are used. However, friction stir welding (FSW) is also being explored to join AHSS
materials for spot welding. For example, Feng et al [8] studied welding a 600 MPa DP steel to a 1310 MPa
martensitic steel (M190) and concluded that it is possible to use the fixed pin approach to produce
metallurgical bonding for both DP600 and M 190 in under 3 seconds of welding time. A similar demonstration
that FSW can be effectively used to join AHSS was carried out by Hovanski and Santella [9], Sklad et al [10].
Khan et al [11] studied both resistance spot welding and friction stir spot welding of DP600 and concluded that
a correlation can be found among microstructure, failure loads, energy requirements and bonded area for both

processes.

Butt welding is the preferred method for joining AHSS materials and, where TWB's are involved, the only
process that can be used. Welding of galvanized AHSS steels results in vaporization of zinc, which needs to

exit from the weld-pool area; for this reason, spacers (commonly called shims) are used when lap welding of
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galvanized steels is carried out [12]. Butt welding does not carry this disadvantage. However, in the case of
butt welding, the edges need to be machined (milling or grinding). Liu et al [13] suggest keeping the gap
between the workpieces at 0.04 mm, Wu et al [14] at 0.10 mm to 0.15 mm and Shao et al [15] at 0.2 mm or
better. Such close gaps are more important when parts are welded autogenously, and a way to resolve it is by
use of filler material [12]. A fixture is recommended for both butt and lap welds to keep the workpieces close
to each other. This is more critical in lap welds, where a larger gap may result in increased interface fusion
zone between the parts resulting in poor shear strength. Use of a shielding gas such as Argon might be helpful
to avoid hydrogen embrittlement, although the type of shielding gas and the volumetric flow rate required
depend upon specific applications. Nitrogen is probably not a good choice [14] since it may react with the
molten pool. Argon seems to be the shielding gas of choice, although Nitrogen [14] and Helium [16] are also
sometimes used. Hartley and Ono [17] used Corgon 18 (82% Ar, 18% CO,) with success on DP steels for
tailored blank applications. It is important to remove oxide layers and contamination from the surfaces before
welding, as these would adversely affect the weld properties. The choice for the workpiece thickness is
important, as larger specimen thickness may result in more frequent weld defects as reported by Matsumoto et
al [18]. They also report that a larger welding heat input may be favorable since it keeps the fusion zone molten
for longer periods of time and allows in-molten metal gas to escape and thus reduce porosities. This, however,
results in larger heat affected zone (HAZ) which may not always be desirable. The choice of the laser is also
important. Nd:YAG and Yb:YAG lasers offer higher energy absorption due to lower reflectivity; this can help
achieve higher welding speeds and thus lower costs, and also result in lower residual stresses. But these lasers
need special eye protection, a disadvantage not present among CO2 lasers. Depending upon the type of laser

used, proper protection should be worn to prevent eye injury [19].

2.3 Weld geometry and defects

During welding of butt joints, a concave shaped bead formation on the top of the weld can sometimes result.
Yan and Gallagher [20] observed such concave shaped weld pool formation on the top, during welding of
EDDS and DP590 steels and other combinations. At the bottom of the weld pool, due to the effects of gravity,
concavity is almost never observed. At the bottom of the weld zone, a tear-drop shape with concave-up
geometry is noticed. Even when full penetration is not achieved, due to the shape of the laser beam (generally a

Gaussian shape), the bottom of the fusion zone is generally concave up.

Yan and Gallagher [20] have observed that concavity has little effect on the results of tensile tests, if the
concavity is less than 20% of the metal thickness. They attribute this to the higher strengths obtained in the
weld pool and the HAZ of the welded samples. A combination of softening of HAZ and concavity could,
however, adversely affect results of transverse tensile tests. For example, high strength AHSS materials such as
DP980, when welded to itself, would result in lower hardness in the HAZ; in such cases, weld concavity could

become an important consideration.
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Generally, with increased speeds, weld widths become narrower. But welding carried out by Yan and
Gallagher [20] on M900 steels showed different results. They found out that for the same conditions, the
average weld pool widths were lower than those for other materials (0.9 mm width for cold rolled M900 steel,
versus 1.4mm for DP600 GI and HSLA350 GI steels). The authors suggest that this could be attributed to

absence of spacers during welding of M900, which was carried out as a lap joint.

During butt-welding of 800 MPa class TRIP steel using a CO, laser, Han et al. [21] found that porosity will be

lower at higher welding speeds.

2.4 Microstructures in the weld

During laser welding of materials, high cooling rates are experienced by both the fusion zone and HAZ, which
results in transformation of microstructures. During laser welding of 1.6 mm EDDS steel (an interstitial-free
steel), Yan and Gallagher [20] observed growth of small clusters of Widmanstatten ferrite and allitromorphic
ferrite growing from the grain boundaries inside large columnar ferrite grains inside the fusion zone (see
picture). On the other hand, laser welding of HSS350 material resulted in a small amount of austenite formed
from dissolved cementite, which transformed into Widmanstatten ferrite or pearlite, with the amount of pearlite
increasing at points closer to the fusion zone, and the fusion zone consisted of almost 100% Widmanstatten
ferrite and small amounts of primary ferrite. Both EDDS and HSS350 materials show hardness values

continuously increasing from base material through HAZ and into the fusion zone.

When materials such as DP600 steels are laser welded, the hardness in both the fusion zone and HAZ will also
tend to be higher than that of base metal. This is because the high alloying content of AHSS materials increases
the carbon equivalent and, coupled with the rapid solidification process observed in laser welding, generally
increases the potential for the formation of martensite. While laser welding DP590 steel (consisting of ferrite
and 20% martensite), Yan and Gallagher [20] found that some austenite formed in the HAZ in the intercritical
region, which subsequently transformed to new martensite during cooling after welding. Closer to the weld
fusion line, more and more austenite formed, some of which subsequently transformed into martensite. In the
fusion zone, the microstructure was 100% martensite. This resulted in a continuous increase in hardness from
base metal to the fusion zone. This phenomenon has been found to occur in the case of spot-welding of DP600
steels as well [22]. On the other hand, when materials such as Martensitic steels that contain high proportion or
100% martensite are laser welded, the HAZ experiences 'softening' due to tempering of martensite which leads
to formation of ferrite with regions of martensite, thus resulting in lower microstructural hardness. Similar
phenomenon was observed by Xia et al [23] who found softening of the HAZ while welding DP980, which
contains significantly larger proportion of martensite in a matrix of ferrite. Such softening was not noted by the

same authors while welding the relatively softer HSLA steels. Other authors [17, 24] confirmed such softening
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of HAZ in DP980 steels. Interestingly, Hirai et al [25] report that there is some softening during welding of
DP590 steels also. The authors attribute this to thermal softening of the martensitic phase. Apparently their
results do not agree with the results reported by Gallagher, et al. [12] during laser welding of DP600 steels.
Comparison of the weld profiles obtained by Hirai [25] and Gallagher et al [12] is shown in Figure 2.3.
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Figure 2.3 (a) Drop in the microhardness at the edge of HAZ in DP590 [Hirai] (b) Microhardness in
DP600 laser weld does not show such drop in microhardness [Matt Gallagher and Benda Yan]

2.5 Tensile tests

Tensile tests run by Gallagher et al [12] show that for lap welds, as the weld speed is decreased and higher
weld penetration achieved, tensile strengths of the joints increase until the penetration reaches 30% thickness
of the lower substrate, when maximum weld strength is achieved. This trend is observed for IF and HSLA350
steels as well. DP600 steels showed failures in an area away from the welds which indicates that maximum
strength is governed by the base material properties for materials that do not soften in the HAZ region during
laser welding. Tensile tests conducted on optimized weld conditions show that 2.0/2.0 DP600 steels (2 mm
thick DP600 steel welded to 2 mm thick DP600) perform better than 2.0/2.0 M1310 steels, Also, DP600
consistently showed higher elongation than the Martensitic or mixed Martensitic/DP steels, which is not

surprising.

Tensile tests run by Wu et al [14] on laser welded galvanized DP800 DOGAL steel showed failures mostly in
the heat affected zones of the welded steels, while tailor-welded weldment on general steels similar to an IF
steel break off far away from the weld seam. The authors comment that laser welding of high strength
galvanized steel sheets do not soften HAZ, although the authors do not show hardness values in the fusion and
HAZ zones. Microstructural analysis of fusion zone in the galvanized DP800 steels shows upper bainite + low
carbon martensite microstructure and the HAZ show upper bainite + low carbon martensite + ferrite

microstructure, which explains the failures in the HAZ for DP800 steels.
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Work carried out by Xia et al [23] on HSLA and DP980 steels show that transverse tensile tests of DP980
steels result in failures in the HAZ by ductile rupture where softening occurs. Closer examination revealed that
yielding occurred first in the soft zones resulting in necking and eventual failure. Failure zones in the HSLA
materials are not explained, although HSLA shows somewhat higher variance in the values with excellent

elongation.

2.6 Formability tests

Most researchers use Erichsen cup test using AISI test procedure [26]. Generally the hardness (or strength)
plays a major role in the outcome of formability tests. This includes the effect of rolling direction in cases
where softening of HAZ does not affect the performance of the joint. For example, tests run by Xia et al [23]
indicate that directionality of rolling may be an important factor in some cases when weld region is not
stretched. The authors report that formability tests run on parent DP980 steels showed fracture path was at a
radial distance of 17 mm from the disk center and propagated in a direction parallel to the rolling direction in
all cases. Formability tests run on parent HSLA material did not show such relationship between rolling
direction and direction of fracture. However, when formability tests were run on welded samples of DP980, the
fracture was always entirely in the outer HAZ. The DP980 specimens with laser welds showed strain values
lower than DP980 parent specimens. In the case of HSLA, there was no difference in the fracture path
followed by samples with weld seam versus samples of parent metal. Xia et al [23] infer that a specimen with
fewer differentials in microhardness performs slightly better during formability tests. The softer zone first
yields compared to the surroundings, resulting in a severe concentration of strain in that area. Thus specimens
with local softening would show failures earlier, with a resultant lower average strain value. The resulting
Martensitic substructures would aggravate the problem. This seems to indicate that a joint such as laser welded
HSLA materials would result in excellent stretchability; Xia et al report that the laser welded HSLA materials

have a 98% formability value of the parent material.

Tests run by Wu et al [14] on DP800 and general steel (comparable to Mild Steel) shows that the Erichsen
number of equal thickness TWB’s will reduce by 20% from the base material values due to microstructural
changes and increase in microhardness of fusion zone and HAZ. Differential thickness TWB’s fared worse,

with 35% drop in Erichsen number from those of base materials.

Saunders and Wagoner [27] note that when samples are stretched parallel to the weld, the limited weld
ductility allows cracks to nucleate and propagate normal to the weld line; and when the samples are stretched
perpendicular to the weld, the stronger material constrains the weaker one to fail near plane-strain tension with
the crack in the weaker material running parallel to the crack. This observation is reflected in the results of

formability tests reported by Sreenivasan et al [24]
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2.7 Fatigue tests

Tests run by Yan and Gallagher [20] suggest that the fatigue strength of laser welded specimens is lower than
the parent metals. This difference is more in the low load and long life region than high load and short life
region. Tests run by these authors on DP600 2.0 mm welded to 2.0 mm thick plates (DP600 2.0/2.0),
HSLA350 1.9/1.9, M900 1.5/1.5 and M190 2.0/2.0 suggest that, unlike tensile strengths, no discernable
differences can be noticed for fatigue properties for laser welds [Figure 2.3 (a)]. Minor differences noted
between various laser welded samples are attributed to differences in gage thickness. The weld fatigue strength

seems to be a function of material thickness rather than steel grade and microstructure [12].

Yan and Gallagher [20] note that if severe concavity of greater than 20% is present, fatigue strength is greatly
reduced. In the absence of such concavity, Yan and Gallagher noted crack initiation occurring in the HAZ next
to the base metal for all fatigue specimens due to high stress concentration in that region; once crack is

initiated, it propagated into the base metal.

Work conducted by Anand et al [28] indicates that fatigue limit of uncoated TWB combination was 1.4 times
higher than that of the zinc coated TWB's. The lowered fatigue strength of galvanized versions is attributed to
the residual tensile stresses generated on the surface of the steel when the molten zinc in the fusion zone
solidifies and is further subjected to temper rolling or a skin pass operation for a homogeneous texture. While
zinc would alloy with iron in the fusion zone, hard and brittle zinc-iron phases may develop at the interface
between the steel substrate and zinc coating during hot dip galvanizing process. Outbursts or local growth of
zinc-iron phases at steel grain boundaries and the resulting mismatch between the inhibition layer and the steel
substrate may cause cracking. Thus, the fatigue strength of laser welded galvanized steels becomes lower
compared to laser welded cold-rolled specimens. Anand et al also note that fatigue crack propagation in the
base metal and bare TWB's was mainly characterized by fatigue striations, while the galvanized TWB's

exhibited intergranular cracking caused by the presence of zinc penetrating beneath the sheet surface.

Research work published by Tsay et al [29] indicate that formation of lower bainite and tempered martensite in
the weld zone and HAZ during welding of D6AC high strength steels (a medium carbon, low alloy steel) with
225°C preheating not only retarded the fatigue crack propagation but also improved Charpy toughness in these

regions. However, such a process will result in higher part costs.
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CHAPTER 3. Yb:YAG WELDING OF TRIP780 WITH DUAL PHASE AND MILD STEELS FOR
USE IN TAILOR WELDED BLANKS

Paper published in Materials and Design 30 (2009) 4146-4155
Rajashekhar S Sharma and Pal Molian

Abstract

Advanced high strength steels (AHSS) are essential to meet the demands of safety and fuel efficiency in
vehicles. In this paper, we present the results of laser welding of two AHSS steels, TRIP780 and DP980. A 2
kW Trumpf TRUDISK 6002Yb:YAG laser beam was utilized to join 1 mm thick TRIP780 with 1.5 mm thick
DP980 and 1 mm thick mild steel. Optical metallography was used to characterize the weld profile and
microstructures. Microhardness, tensile and fatigue tests were performed to evaluate the mechanical properties.
Results indicate that the laser welds exhibit excellent strength and hardness with minimal defects which are
attributed to the high beam quality, disk type of laser. In addition, there is a distinct effect of pre-straining of
TRIP780 steels on the energy absorption.

3.1 Introduction

With the increases in energy consumption, the fuel prices have been steadily rising all over the world, resulting
in higher demands for fuel-efficient vehicles. At the same time, due to increased awareness, consumers are
looking for environmentally friendly vehicles that offer higher safety during crashes. As a result of these often
conflicting demands, advanced high strength steels (AHSS) are aggressively deployed in automotive industry
to reduce weight of the vehicle body and closures panels, while at the same time increasing energy absorption
in some areas and stiffness in others. Considerable information on AHSS materials and their properties can be

found in literature (for examples, see Refs. [1,2]).

Tailor welded blanks (TWB) is one method of making full utilization of AHSS. TWB’s are blanks of differing
materials and/or treatments, thicknesses, or surfaces, which are generally welded before the stamping
operations are carried out. Since some AHSS steels such as transformation induced plasticity (TRIP) have high
strength combined with improved ductility, it may be advantageous to use these steels where energy absorption
and high strength characteristics are important, while other materials such as dual phase (DP) steels will need
to be used where even higher strengths with reduced ductility are desired. Whether TWB’s are used or not,
attaching panels made of differing materials such as DP, TRIP and mild steel remains a challenge and a safe

and reliable joining process is critical to the success of fuel-efficient vehicles.
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In recent years, lasers are efficiently used to join different automobile panels. The lasers offer significant
advantages such as high strength, excellent finish, simplicity, flexibility and reliability in manufacturing
compared to other processes such as resistance spot welding, gas metal arc welding and electron beam
welding. The chief limitation namely cost per watt is rapidly dropping with novel advances in laser technology.
Autogenous welding is the most common form of laser welding although in some cases such as when a gap

needs to be filled, a suitable filler material may be required.

Research has been carried out to understand the effects of laser welding on AHSS materials. Han et al. [3] butt-
welded 800 MPa class TRIP steel using a CO2 laser and found lower porosity at higher welding speeds.
However, welding speed did not seem to have a perceptible effect on microhardness values. Gallagher et al. [4]
used an Nd:YAG laser to weld HSLA300, DP600, M900 and M1310 steels at various speeds and found that
weld tensile strength appeared to be dependent upon steel grade, weld penetration and weld width. However,
weld fatigue strength was a function of material thickness rather than steel grade and microstructure. Others
[5,6] have found factors such as weld concavity [5] and presence of zinc [6] to be significant in affecting the
weld fatigue performance. Formability of the laser welds has also been investigated [7,8] with the ensuing
conclusions that strength difference between the parent metals being joined [7] and soft zones formed in the
HAZ [8] can be seriously influencing the formability of the joint. Finite element analysis using LS-Dyna
software has also been successfully used on laser welding of DP980 steels to simulate the tensile test results for

elongation [9] that allows easier prediction of the mechanical properties in the softened HAZ.

New innovations being applied on other materials are also being researched for applications in the welding of
AHSS materials. These include hybrid joining techniques such as Laser-MIG welding process [10,11], which
can result in cost avoidance by eliminating edge preparation, typical of GMAW arc welding. Other factors
such as the stability conditions for the hybrid laser-GMAW welding process [12] or the effect of the shielding
gas on the stability of the hybrid Laser-MIG process [13] have not been researched for AHSS materials.

The microstructures obtained in the fusion zone of laser welded AHSS materials are mostly martensitic due to
formation of austenite during the welding process and the subsequent high rates of cooling. This has been
confirmed by Rizzi et al. [14] who conducted experiments on laser welding of TRIP, DP and martensitic steels.
This may not hold true in all cases. For example, Xia et al. [15] used laser welding process on Al-alloyed TRIP
steel with a chemical composition of Fe—1.5C—1.73Al-2Mn and found that ferrite was one of the predominant
phases in the fusion zone due to the ferrite-stabilizing property of Al. In the HAZ of lower strength steels such
as DP600, austenite formation will be higher at closer proximity to the fusion zone and the percentage of
martensite in the HAZ decreases with increased distance away from the fusion zone. This has been verified by
Yan and Gallagher [5] on DP590 materials. In the HAZ of higher strength materials such as M1310 steels,

tempered martensite or ferrite could form resulting in softened regions [4]. When two materials of widely
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differing alloy compositions are laser welded, microstructures that emerge depend upon the composition of the
fusion zone. This has been reported by Yan and Gallagher [5] who found formation of Widmanstatten Ferrite

during welding of DP590 with EDDS (an Interstitial Free material).

A knowledge of the microstructure and mechanical performance of the fusion zone as well as heat affected
zone (HAZ) obtained with laser welding is essential to ensure the reliability of the process. In this paper, laser
welding of TRIP780 (galvanized) was investigated by autogenously welding it to DP980 (cold rolled) and to
mild steel (cold rolled) separately using a high beam quality YAG laser. It was noted that during repair
procedures, pre-strained TRIP780 steels might be re-used by welding them to other panels that are undamaged.
In order to understand the performance of pre-formed TRIP780 steels, pre-strained strips of TRIP780 were also

used in the experiments.

3.2 Experimental Procedure

TRIP780 and mild steel were received in the form of large sheets of 1.0 mm thick, while DP steel was
procured with a thickness of 1.5 mm. TRIP780 steel was cold rolled and coated with zinc using galvanized iron
(GI) process. DP980 and mild steel were cold rolled without any surface protection. In contrast to DP steels,
TRIP steels exhibit high work-hardening rates at higher strains. This workhardening difference is one of the
primary reasons for the enhanced formability of TRIP steels, a significant advantage over DP steels. Tables

3.1(a) and (b) list the chemical composition and properties of these steels.

Table 3.1 (a) Chemical compositions (wt%) of DP980, TRIP780 and mild steel used

Steel C Mn | Mo P S Si Cr Al B Ti \Y Nb Ni Cu N
DP980 0.135/2.100| 0.350 | -- -- 10.050{0.150{0.450( 0.007 - - - - - -
TRIP780 |0.190|1.580| -- ]0.013{0.025(1.600|0.070|0.036| -- 0.027| -- |0.038|0.020{0.020
Mild Steel |0.043|0.270| 0.002 |0.041|0.009|0.021(0.020|0.040( 0.000 (0.002|0.001| -- -- - | 0.007

Table 3.1 (b) Mechanical properties of DP980, TRIP780 and Mild Steel used.

Steel Yield strength Ultimate strength Elongation
(MPa) (MPa) (%)
DP980 CR 534 980 12.2
TRIP780 CR 471 792 18
Mild Steel 215 355 37.8
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Strips of 75 mm width were cut from parent materials of TRIP780, DP980 and mild steel. Some of the
TRIP780 strips were plastically deformed to 10% engineering strain (9.53% true strain) in an Instron Tester to
study the effect of pre-straining on the performance of the joints. All samples were milled on the edges to
ensure that the gap between the edges remained well within 10% (0.1 mm) recommended in literature for butt
welding [5, 7]. Since it is the most common form, butt joint configuration was used in all cases. A Trumpf high
power TRUDISK6002 laser beam, delivered from a 6 kW Yb:YAG solid state laser (wavelength: 1030 nm,
focal length: 200 mm, focal spot diameter: 0.6 mm) to a robotic arm via fiber optics, was used to weld the
samples [Figure 3.1(a).] The samples were held stationary in the fixture as shown in Figure 3.1(b), while the
laser beam attached to the robot’s end effector moved along the edges of the samples being joined. The laser
beam was set perpendicular to the surfaces of the plates being joined. Bead-on-plate technique was initially
used to determine the speed at which a laser power of 2 kW would achieve full weld penetration. Before the
welding was carried out, the samples were cleaned in acetone to remove any debris and contamination
remaining on the edges. After that, they were loaded on the flat surface of the fixture and clamped down while
ensuring that the milled edges were firmly in contact against each other. The top plates and the bolts (two used
on each side) assured that the plates being welded did not move during the welding operation. Locating scheme
as shown in Figure 3.1(b) assured consistency in the location of the samples, which minimized re-adjustment
of the starting point of the laser beam and its direction of movement. Argon shielding gas was used at a flow
rate of 30 1/min (1.8 cubic m/h) during the welding process, although in industrial practice, the shield gas may
not always be used (for example, work carried out in Refs. [4,5] does not use shield gas). The direction of
shielding gas flow was set perpendicular to the welding direction, with the nozzle moving synchronously with
the laser beam to keep the shielding uniform over the weld pool. The welding was carried out at 2 kW at a
constant speed of 70 mm/s (4.2 m/min) while ensuring that full weld penetration was achieved. The weld

parameters and material combinations are shown in Table 3.2.

TOP HOLDING
PLATES

LASER BEAM AND
SHIELD GAS NOZZLE
MOVEMENT

Figure 3.1 (a) Laser set-up and (b) weld fixture adjustment
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Material 1 Thickness of Material 2 Thickness of | Sample ID
Material 1 Material 2 number
TRIP780 CR and Gl, 1mm Mild Steel, 1mm 1A
unstretched Cold Rolled
TRIP780 CR and Gl, « Mild Steel,
10% stretched tmm Cold Rolled 1mm 1c
TRIP780 CR and Gl, DP980 Cold
Imm 1.5mm 1D
unstretched Rolled
TRIP780 CR and Gl, . DP980 Cold
10% stretched tmm Rolled 1.5mm 1F

" Thickness before stretching

NOTES:

CR=Cold Rolled, GI = Galvanized Iron

Laser power: 2 kW

Laser beam speed: 70 mm/sec (4.2 m/min)

Focal spot diameter: 0.6mm

Shield gas: Argon

Shield gas flow rate: 30 liters/min (1.8 cubic meters/hour)

After the welding was completed, small samples were cut at a distance of 25 mm away from the edges to
eliminate the effects of starting and stopping of the welding operations. They were then mounted in resin,
polished and etched with 3% Nital solution for microstructural examination that included optical

metallography and microhardness testing. All microhardness values were obtained in HV using a load of 0.3

kN.
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|

Figure 3.2 Coupon of TRIP-0 welded to mild steel (TRIP-0:MS) and tensile samples cut using high
pressure hydro jet. Major nominal dimensions are shown.

Further, tensile test samples 10 mm wide at the grip and 6 mm in the mid region, as shown in Figure 3.2, were
prepared using high pressure hydro-jet cutting operation. Measurements of the cut samples showed that all
samples were within 6.0 + 0.25 mm. Statistical analysis showed that the standard deviation of the sample width
at the weld point was 0.08 mm, with an average width of 6.04 mm. All tensile testing was carried out in a
direction perpendicular to the weld. Also, the direction of tensile load was set to be perpendicular to the
direction of elongation in the TRIP-10 steel. Tensile testing was carried out on Instron Tester and stress—
displacement graphs were obtained using five to six samples for each combination. Fractured surfaces of
TRIP780 steel were examined using scanning electron microscope (SEM) to understand the ductile and brittle
fracture modes. Fractured surfaces of mild steel were not studied as these are well known. Finally a few fatigue

tests were conducted on samples of TRIP-0 steel welded to mild steel using a MTS fatigue testing machine.

3.3 Results and discussion

3.3.1 Microstructure and microhardness of TRIP780 and DP980 base metals

Microstructural examination of un-stretched TRIP780 base metal (referred to as TRIP-0) versus 10% stretched
TRIP780 steel (TRIP-10) showed that the TRIP effect was successful in increasing the hardness of the base
metal from 240-260 HV to 310-320 HV. Optical micrographs of the base metal of TRIP-0 and TRIP-10 as
well as DP980 are shown in Figure 3.3. The microstructure of TRIP780 consists of soft ferrite matrix with
grain boundary retained austenite and martensite (dark spots). The various levels of these phases give TRIP
steels their unique balance of properties. The increase in hardness is attributed to the plastic-strain induced
transformation of retained austenite to martensite. During pre-straining, the retained austenite transforms to

martensite, leading to volume and shape changes within the microstructure. DP steels have a microstructure of
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mainly soft ferrite, with islands of hard martensite dispersed throughout. The strength level of these grades is

related to the amount of martensite in the microstructure.

Ferrite

Retained Austenite +
Martensite

Martensite

Figure 3.3 Microstructure of base materials used. (a) TRIP steel, un-stretched, at 1000X, showing
retained austenite and martensite (red) in a matrix of soft ferrite (yellow). (b) TRIP steel, stretched to
10% engineering strain, 1000X. (¢) DP980 base metal, 1000X, with martensite (red) in a matrix of soft
ferrite (yellow).

3.3.2 Fusion and heat affected zones

The weld profiles obtained in the laser welding are illustrated in Figure 3.4. At the speed of 4.2 m/min, the
fusion zone exhibits hour-glass configuration with a concave shape at the bottom. The gravitational forces
acting upon the liquid metal caused the concave shape. Considerable variability in the hour-glass shape can be

expected if laser power, welding speed and flow rate of the shield gas were varied. The small variation in the
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hour-glass shape of the fusion zones is believed to be an effect of material and thickness changes. The
monochrome photographs of Figure 3.4 clearly show the HAZ for various cases. While TRIP steels welded to
mild steels showed about equal sized regions of HAZ, DP980 steels welded to TRIP steels showed larger HAZ

in the DP980 base metal, as shown in Figure 3.4(b).

Figure 3.4 Shapes obtained during the welding process using optical microscope, shown without color to
improve clarity. (a) Micrograph of TRIP-0 welded to MS showing hourglass configuration in the fusion
zone shown at 50X. MS base metal is shown on the left and TRIP-0 shown on the right. (b) Micrograph
of TRIP-10 welded to DP980 steel, shown at S0X. The hour glass is still present, and the concave shape
in the bottom is evident. (c) Picture of TRIP-10 welded to mild steel, still exhibiting an hour-glass shape
but to a much lesser extent. Note the microhardness indentations shown in (b) and (c).
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MS HAZ

Figure 3.5 Microstructures in TRIP780 steels welded to MS, 3% Nital etched. (a) TRIP-0 welded to MS,
1000X. (b) TRIP-10 welded to MS showing TRIP780 base metal and HAZ near the top of the weld,
400X. (c) TRIP-10 welded to MS showing fusion zone and mild steel’s HAZ near the top of the weld,
400X.

3.3.3 Microstructure and microhardness

The microstructures obtained in TRIP steels welded to MS are shown in Figure 3.5. The microstructure is
predominantly martensite with small areas of ferrite present throughout the fusion zone. Weld defects such as
cracks were prominently absent. Figure 3.5(a) shows the microstructure in the TRIP-0 samples welded to mild
steel (TRIP-0:MS), which showed hardness in the range 480—-510 HV. The HAZ in the TRIP steel, adjacent to
the fusion zone, is shown in Figure 3.5(b), while the HAZ in MS is shown in Figure 3.5(c). Nital etching seems
to have darkened the HAZ of TRIP steel considerably more compared to the fusion zone and the HAZ of MS

base metal. The mild steel region showed a larger HAZ with higher values of microhardness.
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Figure 3.6 shows microstructures obtained in TRIP steels welded to DP980. The hour-glass shape is evident in
both TRIP-0:DP as indicated by Figure 3.6(a) and TRIP-10:DP fusion zone as shown in Figure 3.6(b). Both
micrographs show clear concave shape at the bottom of the fusion zones. The microstructure of the fusion zone
for TRIP-10:DP near the bottom of the fusion zone near TRIP-10’s HAZ is shown in Figure 3.6(c) at 1000X.
The microstructure is predominantly martensitic with islands of ferrite, and exhibited hardness values in the

region of 500 HV.

Figure 3.6 Microstructures in TRIP780 steels welded to DP980, 3% Nital etched. (a) TRIP-0 welded to
DP980 showing bottom of the fusion zone and HAZ of both TRIP-0 and DP980, 100X. (b) TRIP-10
welded to DP980 showing bottom of the fusion zone and HAZ of DP980 on left and HAZ of TRIP780 on
right, 100X. (¢) TRIP-10 welded to DP980 showing fusion zone near bottom, just left of TRIP steel’s
HAZ, 1000X.
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Microhardness evaluations of the weld zone, HAZ and base metal were carried out for all cases. Figure 3.7
shows microhardness data for TRIP-0 samples welded to mild steel (TRIP-0:MS) at several depths, as shown
in Figure 3.7(a), to determine if there is considerable variability of hardness with depth. As shown in Figures
3.7(b)—(d), the hardness values are quite consistent in the fusion zone, although higher values of hardness are
observed in the upper area of the fusion zone compared to the lower regions. Data analysis carried out,
assuming a normal distribution and using t-test, suggests that statistically, the microhardness values in the top
row of the fusion zone are higher compared to those in lower rows. This analysis is shown in Table 3.3,
indicating that the null hypothesis is rejected for both levels of confidence (a) for the top row versus the third
row from the top, while it cannot be rejected for the third row versus the second row from the bottom. The
higher values of the microhardness in the top of the fusion zone are attributed to higher rates of cooling

achieved due to convection currents that result from shield gas flow.

Table 3.3 Hypothesis testing for microhardness values

Setup Ho: X; £ X,0r X;-X, 50 o ty=1= 1.721 ata=0.05
Hi: Xy > X, X; =X, =8, 2.831 ata=0.005
tt:alc = ’ 60: 0
{522+ s2/n,2 ) t,-15=1.734 ata=0.05
2.878 ata =0.005

Where H, = Null Hypothesis
H, = Alternative Hypothesis

Standard Reject Hy at | Reject Hy at
Row Mean o Sample Size tealc clect Hoat | Reject Ho a
Deviation 99.5%? 99.95%?
Top row X;=502.9 $,=17.9 n;=13
— 5.8980 Yes Yes
Third row fromtop | X,=493.1 S,=9.3 n,=10
Third row fromtop X,=493.1 S,=9.3 n,=10
- 0.1733 No No
Second row from
X3=492.8 S,=14.6 n,=10
bottom

The microhardness data measured for TRIP-0:MS combination are summarized in Table 3.4. Although the
standard deviation values are high, in general, the microhardness values in the TRIP steels welded to mild steel
are around 490 HV in the fusion zone. This confirms that the structure is mostly martensitic. Typical
microhardness values observed with the other combinations are presented in Figure 3.8. Fusion zone in the
TRIP-10 welded to mild steel (TRIP-10:MS) exhibited microhardness values similar to TRIP-0:MS
combination. This is expected because the effects of prior straining will disappear by laser melting and the
chemical analysis as well as the rate of cooling would be similar to TRIP-0:MS. On the other hand, the fusion

zones of TRIP steels welded to DP980 exhibited microhardness values much higher, in some instances as high
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as 600 HV. The fusion zone of TRIP780:DP980 will be richer in chromium (Cr) compared to the fusion zone
of TRIP780:MS, since both DP980 and TRIP780 contribute Cr. This results in a general increase in the
hardness. Furthermore, the presence of Ni also reduces the grain size. The effect of all of these is increased

hardness in the fusion zone of TRIP780:DP980 combination compared to TRIP780:MS fusion zone.
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Figure 3.7 Microhardness evaluations in TRIP-0 samples welded to mild steel at 70 mm/s. The hardness
in the fusion zone and HAZ is consistent from row to row, although slightly higher hardness values were
noticed in the top than in the bottom, presumably due to higher rates of cooling in the top region.

A closer examination of Figures 3.7 and 3.8 suggests that there could be a slight softening of HAZ in TRIP-0
and TRIP-10 steels. On the other hand, the softening of HAZ zone in DP980 area is significantly higher. This
phenomenon has been subject to some controversial observations. Gallagher et al. did not find any such
softening in laser welded DP600 [4]. However, Wu et al. [16] investigated welding of DOGAL (DP800) to
BUSD (mild steel), but reported the softening phenomenon. Gallagher et al. reports that the local softening in
the HAZ has occurred only in very high strength steels such as M900 martensitic steel [4]. This suggests that if
DP980 is welded to DP980 using the same process, HAZ would be indeed soft and fracture is likely to occur in
the HAZ during tensile testing. This has been reported by Panda et al. [9] who conducted tensile and
formability tests on DP980 steels. It should be noted from Figure 3.7(c) that the softened HAZ in DP980 has
microhardness values similar to that for TRIP780 steel. Since microhardness values can be related to tensile
strengths [17], it can be expected that the fractures could occur either in the HAZ of DP980 or TRIP780 steels,
or in the TRIP780 base metal. On the other hand, the HAZ in mild steel region exhibited much higher
microhardness values of 200 HV or higher compared to about 150 HV in the base metal. For this reason,
welding of AHSS materials such as DP600 or TRIP780 to mild steel will not adversely affect the tensile

strength of the joint when compared to the base metal properties, but in fact may actually improve it.
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The softening of DP980 and the considerable differential in the microhardness values between the fusion zone,
HAZ and base metal are not suitable for the formability of the steels. Xia et al. [8] conducted limiting dome
tests on samples of DP980 and HSLA steel and reported that high differentials in hardness across the weld

resulted in early fractures in the softened HAZ during metal forming.
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Figure 3.8 Typical microhardness values observed in other material combinations are shown.

Table 3.4 Microhardness values observed in TRIP-0:MS

TRIP steel Mild Steel
Base metal HAZ Fusion zone | Base metal HAZ
hardness hardness hardness hardness hardness
Mean 258 358 493 156 216
Stal’.ldé‘ll‘d 15 59 18 71 47
deviation

3.3.4 Tensile tests

Figure 3.2 shows part of the coupon with tensile samples cut using the hydro-jet operation. The figure also

shows the major nominal dimensions programmed into the CNC for the sample cutting process. Dimensional
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analysis of samples cut indicated that the sample dimensions were consistent with all sample widths falling in

the 5.75-6.25 mm range.

TRIP780 WELD JOINT DP980

Figure 3.9 Tensile test samples of TRIP-10 welded to DP980 showing fracture zone away from the weld.

Tensile tests were carried out for all the combinations studied. For both the TRIP-MS combinations, all
fractures occurred in the base metal area of the mild steel, while for both the TRIP-DP combinations, fractures
occurred in the base metal region of TRIP steel. The fracture tendency can be directly correlated to the
microhardness values which are always higher in the HAZ and fusion zones compared to the base metal
values. The tests also confirmed that the minor softening of the HAZ in TRIP-DP combinations was
insignificant. Also, if the welded region had showed significantly reduced cross sectional areas, we could have
seen fractures in the HAZ or fusion zones. However, drastic reductions in cross-sections were not noted in any
cases. All fractures occurred about half way from the weld region to the transition region to the grip area. Some

of the fractured samples are shown in Figure 3.9.



32

The tensile test data is summarized in Table 3.5 with stochastic parameters of mean and standard deviation
values for maximum deflection at fracture, maximum true stress achieved and maximum true strain at fracture.
Calculations were carried out for the joint of an initial length of 42 mm. Variations in the sample dimensions
were accounted for during the calculations. For example, in the case of TRIP-10:DP combination, the thickness
of the fractured TRIP base metal was initially at 0.93 mm that was used to calculate the stress values. As can
be seen from Table 3.5, for the two TRIP:MS combinations, all fractures occurred at an engineering stress of
375-385 MPa or true stress of 396—408 MPa; this indicates that the TRIP base metal, which has a yield
strength of 435 MPa, did not reach the yield point in the traditional sense, although some local yielding might
have occurred in the TRIP base metal. Thus the elongations of the joint occurred primarily in the mild steel
region. Since little yielding can be expected in the TRIP base metal region for the TRIP:MS combinations, the
maximum elongations achieved for the two mild steel cases are similar. On the other hand, for the TRIP-DP
combinations, engineering stress of about 811-870 MPa was reached before fracture occurred in the TRIP
steel’s base metal area. Since the yield point of DP980 is about 560 MPa, it can be expected that the total strain
in the TRIP-DP combinations consisted of some elongation in the DP980 regions. It can also be noted from
Table 3.5, that the total deflection as well as true strain values for TRIP-MS combinations are much higher
than those for the TRIP-DP combinations. This result is not surprising since the mild steel has an elongation of

38% compared to 18% for TRIP780 and 12% for DP98O0 steels.

Table 3.5 Results of tensile tests

. Deflection at Max load (at Maximum ) Maximum true )
X o Sample o Max deflection Maximum engrg . Maximum true
Material combination size Statistics @ fracture, mm max engrg max engrg engrg stress strain stress achieved, strain
! stress, mm stress), kN achieved, MPa MPa
Mean 9.275 5.569 2.244 375.38 0.221 395.44 0.199
TRIP-0 to Mild Steel 5
Star?dz-ard 1.523 1.355 0.014 2.40 0.036 2.65 0.029
Deviation
Mean 9.128 5.397 2.325 380.77 0.217 401.85 0.197
TRIP-10 to Mild Steel 6
Standard 0.408 0541 0.007 1.65 0.010 1.78 0.008
Deviation
Mean 5.952 4.728 4.774 803.88 0.142 895.25 0.133
TRIP-0 to DP980 6
Standard 0174 0.109 0.024 536 0.004 6.33 0.004
Deviation
Mean 5.013 3.478 4.782 838.53 0.119 934.02 0.113
TRIP-10 to DP980 6
Standard
andar 0.369 0243 0.043 8.90 0.009 1013 0.008
Deviation

From Table 3.5, it can be seen that the true strain in the TRIP-MS cases is much higher than in the TRIP-DP
cases. This is expected as the mild steel is considerably more ductile than TRIP780 steel. Another interesting
observation noted is that the variability for the TRIP-10:DP samples was much higher than that for the TRIP-
0:DP samples. On the other hand, the tensile tests for TRIP-10:MS samples showed lower variability compared
to TRIP-0:MS samples. This indicates that the TRIP effect has not been uniform in the TRIP-10 samples that
are stretched to 10% engineering strain. On the other hand, in the TRIP:MS samples which always fractured in
the mild steel region, strengthened TRIP-10 samples result in less plastic deformation and therefore TRIP-

10:MS samples showed less variability compared to TRIP-0:MS samples.
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Typical load—displacement diagrams for all four cases are presented in Figure 3.10. As can be seen, for the
TRIP:MS cases, the graphs are identical, but the total elongation achieved in TRIP-10:DP is significantly lower
than that in the TRIP-0:DP980 combination. Since the total energy absorbed is represented by the area under
the load—deflection curve and the two TRIP:DP combinations fracture at about the same load, it can be
surmised that TRIP-10:DP cases absorb much lower energy than TRIP-0:DP combination. Statistical
hypothesis testing (shown in Table 3.6) was utilized to confirm that the energy absorption for the TRIP-10:DP
samples is much lower compared to that for the TRIP-0:DP samples; this infers that when pre-stretched TRIP
steel is repaired by welding to a much stronger material, the energy absorption will be significantly reduced;

this factor must be kept under consideration during repair of vehicle bodies.

TYPICAL LOAD VS DEFLECTION CURVES

LOAD, kN

DEFLECTION, MM
~*-TRIP-0 TO DP980 == TRIP-10 TO DP980
-+ TRIP-10 TO MS ~<-TRIP-0 TO MS

Figure 3.10 Typical load versus deflection curves for all the combinations studied.

Table 3.6 Hypothesis testing for maximum deflection (Hy: No difference between treatments)

Treatment Mean St Dev Sample size teale Reject Hpata = 0.05? Reject Hpata = 0.0057?
TRIP-0:DP 5.952 0.174 n; =6 13.8099 Yes Yes
TRIP-10:DP 5.013 0.369 n,=6

ty.,p=1.812at a=0.05
ty_q0 = 3.169 at o =0.005
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Figure 3.11 SEM micrographs of the fractured zones of the TRIP steel for the TRIP-10:DP980
combination. (a) Typical horizontal fracture zone shown in the middle of the sample (80X) indicated by
the yellow lines. Such a fracture zone was observed for all TRIP-DP combinations. (b) Details in the
area circled in (a) showing a bright spot and areas of fracture (1300X). (¢) SEM micrograph within a
similar bright zone at 3000X showing some areas of brittle fracture in the bright zone. (d) SEM
micrograph at 5000X outside the bright zone showing almost entirely ductile fracture.

3.3.5 SEM examination of TRIP780 fractured surfaces

The fractured TRIP surfaces from several samples of both the TRIP-DP combinations were examined in the
scanning electron microscope. All the samples exhibited a fracture line along the width of the sample, as
shown in Figure 3.11(a), from which the fracture seems to have been initiated. All the samples also exhibited
bright spots such as shown circled in Figure 3.11(a), shown at higher magnification in Figure 3.11 (b), which
also shows clearly the fracture zone running along the width of the sample. Closer examination of the bright

spot showed that this area consisted of both brittle and ductile fracture zones as shown in Figure 3.11(c), while
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areas just left of the bright zone consisted of cup and cone structure which indicates ductile fracture as shown
in Figure 3.11(d). Quantitative energy dispersive spectral analysis was carried out in the bright spot as well as
the region just left of the bright spot, and is shown in Figure 3.12. Higher percentage of carbon in the bright
spot (11.65 at%) was observed compared to the regions left of the bright spot (6.96 at%). Thus, the quantitative
analysis coupled with the existence of brittle fracture zones in the bright spots confirms that the fracture could

have initiated in the bright spots along the width of the sample, which then propagate along the whole width

and then fracture occurs.

(b)

Summary results :

Element | Weight% | Atomic% |
C 118+ 012 11.65
Al 011 +- 003 048
Mn 090+ 010 195
Fe 4049 +/- 042 8592
Totals 4268 100.00

(d)

Summary results :

Element | Weight% | Atomic% |
C 052+~ 009 6.96
Al 014+ 003 082
Mn 055+~ 008 161
Fe 3142+ 037 9060
Totals 3263 100.00

Figure 3.12 Spectral analysis from the SEM (a) and (b) show spectral analysis and Quanta for the bright
spot of the sample shown in Figure 3.11, while the spectral analysis and Quanta for the darker region
just left of the bright spot of Figure 3.11 are shown in (c¢) and (d). Note the lower carbon content in the
darker region (d), compared to the bright spot in (b).
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3.3.6 Fatigue test results

Preliminary fatigue tests were carried out on TRIP-0:MS combination samples using the tensile test samples.
Data shows that stress versus number of cycles (S—N) graph remained flat with run-out of 106 cycles achieved
for mean stress values of up to 320 MPa for RO.1 set-up, where R0.1 carries a value of 0.1 for the ratio of
minimum to maximum stresses applied. For high stress values of 370 MPa, fracture occurred in the mild steel
region after 100-150 cycles (low cycle) with ductile fracture. Yan and Gallagher [5] reports that the weld
fatigue failure in AHSS is a crack propagation process rather than crack initiation process. For butt welds,
absence of crack-like features such as noted in all our combinations, means crack propagation theory may not
apply. In addition to this, a severe weld concavity of more than 20% might result in initiation of cracks in the
HAZ and its propagation into base metal. In cases where such weld defects are absent, the base metal strength
might determine the fatigue life of the joint. This explains the reason why no fatigue failures were noted in the
HAZ during our fatigue testing of TRIP-0:MS samples. Anand et al. [6] have concluded that the fatigue
strength is compromised by the presence of molten zinc in the fusion zone. Their findings indicate that the
fatigue limit of the bare TWB’s can be 1.4 times higher than those of galvanized TWB’s. This leads to the
possibility of fatigue fractures occurring in the fusion zone of the TRIP:DP combinations. In the case of
TRIP:MS combination, the initial tensile strength of the fusion zone would be significantly higher than that of
mild steel, which would lead to early fractures in the mild steel base metal for high load, low cycle fatigue. For

this reason, no fractures could be expected in the fusion zone of the TRIP:MS combination.

3.4 Conclusions

The experimental work presented in this paper confirms that high quality, excellent laser welds can be
achieved in joining of TRIP780 to mild steel and DP980, which can be successfully used for applications such

as tailor welded blanks. Following are the principal results obtained:

(1) The fusion zone was free of defects such as cracks, porosity, voids, inclusions and others.

(2) High microhardness values were obtained in all the fusion zones, although the values reached in the
TRIP:DP combinations were higher than those achieved in the TRIP:MS combinations.

(3) Evidence that suggests that the hardness values in the top is higher than elsewhere in the fusion zone.

(4) Some softening of the heat affected zone (HAZ) was noted in the DP980 base metal regions;
however, it did not affect the outcome of the tensile tests for the combinations tested.

(5) Tensile tests indicated that most elongations for the TRIP:MS combinations are due to the mild steel
region. However, for the TRIP:DP combinations, considerable plastic deformation has occurred due

to the TRIP region.
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(6) The strength/elongation analysis reveals that energy absorption of stretched TRIP steels welded to
higher strength steels will be lower than un-stretched TRIP steels welded to similar steels. This is
true although the direction of stretching is perpendicular to the direction of loads.

(7) Examination of the TRIP780 fractured samples using SEM indicates that there is a fracture line
running along the width of the sample, consisting of areas of higher brittleness.

(8) It is hypothesized that the weld regions of TRIP:MS combinations would provide excellent
formability properties. In contrast, the formability of TRIP:DP combinations could be poor due to the
expected fracture in the HAZ of DP980 base metal.

(9) Fatigue tests show that TRIP:MS combinations exhibited excellent fatigue life, with fractures
occurring in the base metal region of mild steel at values approaching the tensile strength of mild

steel.
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CHAPTER 4. GEOMETRIC VARIABILITY AND SURFACE FINISH OF WELD ZONES IN Yb:YAG
LASER WELDED ADVANCED HIGH STRENGTH STEELS

Paper published in SME Journal of Manufacturing Processes, 12 (2010) 73-84
Rajashekhar S Sharma, Pal Molian and Frank Peters

Abstract

Laser welding is used for joining advanced high strength steels (AHSS) to improve formability and
performance. In this paper, the geometric variability observed in the fusion zones and heat affected zones of
several combinations of AHSS (different types, coatings and thicknesses), which were butt welded using a
Trumpf TRUDISK 6000® Yb:YAG laser beam, is presented. The surface texture parameters such as
roughness and waviness of laser welds were also measured and correlated with geometric variability. Results
indicate that although high quality welds with minimal defects can be obtained using the Yb:YAG laser
welding process, there is considerable variation in both the shape and the dimensions of weld zones. The
variability increased with an increase in thickness differentials between the sheets being welded. Analysis of
top of the weld surfaces also suggested that aluminum coating on USIBOR samples contributes significantly to
increased roughness. An increase in laser power coupled with corresponding increase in welding speed did not
impact variability. A fair correlation between the surface roughness and weld region variability exists, although

this needs further study.

4.1 Introduction

Demand for higher automotive fuel efficiency without an undue sacrifice of passenger safety has been on the
rise in the worldwide automotive market. Consequently the vehicles need to be lighter while at the same time
the vehicle structures should have the ability to manage the crash energy better; this led to the utilization of
advanced high strength steels (AHSS). Considerable information on AHSS materials and their properties can
be found in literature (for example, see References 1, 2). The most popular among the AHSS materials are
Transformation Induced Plasticity (TRIP) steels, Dual Phase (DP) steels, Martensitic steels and the more
recently developed Twinning Induced Plasticity (TWIP) steels. USIBOR steels, also called Boron steels or
MnB steels, are also emerging as serious contenders but cannot be cold-formed. Hot stamping is used for such
materials by first austenitizing the material to about 900°C, stamping in the hot condition and subsequently
quenching in the die to produce large fraction of martensite. With this process, USIBOR materials can attain

tensile strengths of up to 1500 MPa.
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One of the most efficient ways of designing with AHSS is Tailor Welded Blanks (TWB), which uses blanks of
different materials, thicknesses, coatings, or surface treatments which are joined together before metal forming
operations are carried out. This could result in substantial weight reduction while adding ultra high strength or
high energy absorption characteristics resulting in increased fuel efficiency and safety. Butt welded joints are
more suitable than lap-welded joints for TWB applications since they can be used more effectively for metal

forming operations.

Lasers offer significant advantages when joining automobile panels such as high weld strength, excellent
finish, simplicity, flexibility and reliability in manufacturing compared to other processes such as resistance
spot welding, gas metal arc welding and electron beam welding [3]. The main limitation is the cost per watt,
however, this is rapidly declining with novel advances in laser technology. Autogenous welding is the most
common form of laser welding although a suitable filler material can be added in some cases, such as when a

gap needs to be filled.

A knowledge of the microstructure and mechanical performance of the fusion zone as well as the heat affected
zone (HAZ) obtained with laser welding is essential to ensure the reliability of the process; these aspects are
well addressed [4-9]. However, a clear understanding of the size variability of the fusion zone and HAZ, as
well as the surface finish that can be achieved during the laser welding, can contribute to the improved
reliability and usage of the laser welds. Geometric variability and surface finish become more significant for
TWB's involving hot-forming materials such as USIBOR that are welded to other ultra-high strength materials
such as DP980; this is because the subsequent austenitizing and quenching process considerably lowers the
hardness of the fusion zone and therefore the tensile strength of the joints. In such cases, severe concavity, for
instance, would significantly lower the joint strength. Limited work has been reported on the effect of various
parameters on the kerf width and heat affected zone variability and the majority of said work has been for
traditional 4130 steels [10]. Research data has also been documented on the surface roughness produced by
CO2 laser welding of zinc coated low carbon steels [11]. But the information on the dimensional variability

and surface roughness of fusion zones in laser welded AHSS steels is not available.

In this paper, the geometry and surface finish of the fusion zone obtained during laser welding were studied

when welding a variety of AHSS steels. A high beam quality Yb:YAG laser was utilized to prepare the joints.

4.2 Experimental Procedure

The following types of materials were used for the welding experiments:
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e TRIP780 (galvanized using galvanized iron or GI process and cold rolled, 1.0 mm thick),
e  DP980 (without protective coating and cold rolled, 1.5 mm thick),
e USIBOR (aluminum coated and cold rolled, 1.8 mm thick), and

e  Mild steel (without protective coating cold rolled, 1.0 mm thick).

The chemical compositions of the materials are presented in Table 4.1. Strips of 75 mm width were cut from
parent materials of TRIP780 (designated TR), DP980 (DP), USIBOR (U) and mild steel (MS). Prior to
welding of the samples, the edges were milled and cleaned with acetone to remove any debris. A butt joint
configuration was used in all cases. The samples were loaded on the flat surface of the weld fixture and
clamped down while ensuring that the milled edges were firmly in contact against each other. Two 25 mm
thick top plates and bolts (two on each side) were used to clamp down the samples that assured the absence of
movement during the welding operation [Figure 4.1(a)]. The locating scheme, as shown in Figure 4.1(b), also
minimized re-adjustment of the starting point of the laser beam and its direction of movement. Argon shielding
gas was used at a flow rate of 30 liters/min (1.8 cubic meters/hour) during the welding process. The shielding
gas flow was set perpendicular to the welding direction, with the nozzle moving synchronously with the laser

beam to keep the shielding uniform over the weld pool.

Table 4.1 Chemical compositions (wt%) of materials used
Steel C Mn | Mo P S Si Cr Al B Ti \% Nb Ni Cu N

USIBOR 1500P|0.220{1.100| 0.003 |0.012|0.003|0.264|0.172{0.051| 0.0023 |0.040{0.005{0.001|0.009|0.028| 0.004

DP980 0.135|2.100{ 0.350 | -- -- 10.050|0.150|0.450( 0.007 | -- - - - - -
TRIP780 |0.190|1.580| -- [0.013|0.025|1.600|0.070|0.036f -- |0.027| -- |0.038{0.020|0.020
Mild Steel 0.043|0.270| 0.002 |{0.041|0.009|0.021|0.020({0.040( 0.000 |0.002|0.001| -- - - | 0.007

Welding was carried at two power levels, 2.0 kW and 3.7 kW, at constant speeds of 70 mm/sec and 150
mm/sec, respectively. These parameters ensured that full weld penetration was achieved. These two speeds
and power levels were determined by a series of trials using bead-on-plate approach. A Trumpf high power
TRUDISK® 6002 laser beam, delivered from a 6 kW Yb:YAG solid state laser (wavelength: 1030 nm, focal
length: 200 mm, focal spot diameter: 0.6 mm) to a robotic arm via fiber optics, was used to weld the samples
using the fixture as shown in Figure 4.1(b). The samples were held stationary in the fixture, while the laser
beam attached to the robot's end effector moved along the edges of the samples being joined. For the
combinations involving USIBOR steels, the laser beam was set at a 6 degree angular deviation from normal to
join the materials. A higher power level of 4.5 kW was used for USIBOR combinations since USIBOR had a
thickness of 1.8 mm. For all other combinations, the laser beam was set perpendicular to the surfaces of

materials being joined. Five combinations of welds carried out are studied in this paper:
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e TRIP780 welded to mild steel at 70 mm/sec speed (designated TR/MS-70),

e TRIP780 welded to mild steel at a higher speed of 150 mm/sec (TR/MS-150),
e TRIP780 welded to DP980 (TR/DP),

e USIBOR welded to TRIP780 (U/TR), and

e USIBOR welded to DP980 (U/DP).

SHIELDING
GAS

Figure 4.1(a) Laser welding set-up showing (a) laser beam welding the samples, with the shield gas
flowing in a direction opposite to the welding direction, and (b) weld fixture.

BETWEEN-SAMPLE REGIONS - TENSILE STRENGTH
USED FOR VARIABILITY STUDY TEST SAMPLES

Figure 4.2 Coupon of TRIP780 welded to mild steel (TRIP/MS) and tensile samples cut using high
pressure hydro jet. Major nominal dimensions are shown.
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More information on the laser power and weld speed used is provided in Table 4.2. After the welding was
completed, tensile test samples 10 mm wide at the grip and 6 mm in the mid region, as shown in Figure 4.2,
were prepared using high pressure hydro-jet cutting operation. Results of tensile tests using these samples have
been reported earlier on combinations of TRIP780 welded to mild steel (TR/MS) and TRIP780 welded to
DP980 (TR/DP) [9]. Measurements of the cut samples showed that the width of all samples was within 6.0 £+
0.25 mm. Statistical analysis revealed that the standard deviation of the sample widths at the weld point was

0.08 mm, with an average width of 6.04 mm.

Table 4.2 Experimental set-up for laser welds

Sample ) Thickness . Thickness |Laser Power| Weld Speed Laser beam
Material 1 Material 2 L
ID (mm) (mm) (KW) (mm/sec) incident angle
TRIP780 .
Mild Steel
cold rolled & Normal to
TR/MS-70 . 1.0 cold rolled, no 1.0 2.0 70
galvanized (Gl ) sample surface
protection
process)
TRIP780 .
Mild Steel
cold rolled & Normal to
TR/MS-150 . 1.0 cold rolled, no 1.0 3.7 150
galvanized (Gl ) sample surface
protection
process)
TRIP780 DP9S0
cold rolled & Normal to
TR/DP . 1.0 cold rolled, no 1.5 2.0 70
galvanized (Gl ) sample surface
protection
process)
USIBOR (B TRIP780
oron
K cold rolled & 6° off normal to
U/TR Steel) aluminum 1.8 . 1.0 45 150
. galvanized sample surface
coating
(Gl process)
USIBOR (Boron DP980 R
) 6° off normal to
U/DP Steel) aluminum 1.8 cold rolled, no 1.5 45 150
. X sample surface
coating protection

The welded regions left between the tensile samples were saved for metallurgical analysis and for surface
roughness measurements. These pieces were sectioned using a cutoff wheel, mounted in resin, polished and
etched with 3% Nital solution. Six samples of each of four weld types, TR/MS-70, TR/MS-150, TR/DP and
U/TR, were used to study the variability of several characteristics. Optical micrographs at 50X were obtained
for each sample and measurements for various characteristics were recorded to understand the variability for
each characteristic. Surface roughness measurements were made on the same four weld types using the laser
scan surface roughness analyzing system manufactured by UBM Corporation. For each case, six scans in 0.5
mm width of the weld region for a length of 40 mm were obtained. It was noted that U/TR weld, which had
aluminum from the USIBOR sample and zinc from TRIP780 exhibited significantly higher values of surface
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roughness and waviness. To understand whether aluminum was the major contributor to higher surface
roughness or if both aluminum and zinc contributed to it, the U/DP weld was also analyzed for surface
roughness. These two sample combinations (U/TR and U/DP) were also further examined under scanning
electron microscope (SEM) to identify the factors that might have caused higher roughness in U/TR

combination.

4.3 Results and discussion

Visual and optical examination of the welds revealed full penetration joints with 0 to 3 mm distortion in a
direction perpendicular to the surface of the samples. It is surmised that there could be some residual stresses

around the weld region [12].

4.3.1 Dimensions of weld zones

Examination of the fusion zones of TR/MS-70 combination samples shows that the weld region is fairly
consistent in both size and shape. Figure 4.3 shows the optical micrographs of the sections on four of these
samples. The weld region shows a typical hour-glass configuration for all cases. Some sections show a minor
concavity in the top of the weld and a dip in the bottom which is characteristic of full penetration weld due to

gravity effects.

Figure 4.3 Optical micrographs (50X) showing variations in the fusion zones of TR/MS-70 combination
welded at lower speed of 70 mm/sec and 2.0 kW power.
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Figure 4.5 Optical micrographs (50X) showing variations in the fusion zones of U/TR combination.
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The samples from the higher speed, higher power TR/MS-150 combination also showed similar consistency
while exhibiting the hour-glass shape. The tear-drop in the bottom seemed to be more pronounced and is
attributed to the higher heat input and speed. The weld pool becomes more elongated and a shift from elliptical

to teardrop occurs. There is a tendency for more concavity in the top, especially on the MS side of the weld.

Four samples each for TR/DP and U/TR combinations are shown in Figures 4.4 — 4.5. The micrographs in
Figures 4.4 and 4.5 indicate considerably more variation in TR/DP and U/TR than the TR/MS-70 welds. The
weld concavity in the top is more pronounced in some cases and substantial differences in the size and shape of
the weld zone can be noted. The larger variation in TR/DP and U/TR combinations can be partially attributed
to variations in the path of the laser beam in the transverse direction. When the beam strays more towards the
thinner material, lesser material from the thicker material would be melted and this would result in a deeper
cavity on the top surface; when the beam strays towards the thicker material, more of the thicker material
would be melted smoothing out the cavity and resulting in a smoother transition. This would also cause
variations in the concavity observed in the sample combinations with larger thickness differentials. U/TR
combination shows the highest variability in the shape and size of the fusion zone and indicates that for this
combination, profiles of welds made under identical conditions are different. In two of the samples, the top

shows an upstanding teardrop shape.

4.3.2 Measurement of dimensional characteristics in the fusion and heat affected zones

In order to quantify the dimensional variation in the weld zone, measurements of the fusion zone as well as
HAZ were taken. Seven dimensions as shown in Figure 4.6 (a) - (c) were measured. Characteristics A, B and C
measure the weld dimensions in the top, bottom and the waist regions, while D and E measure weld concavity
in the top and the teardrop in the bottom. The HAZ characteristics are addressed by measurement of F,
measured at the top and G, measured at the bottom. Characteristics for TR/MS-70 and TR/MS-150 samples
were measured as shown in Fig. 6 (a). Slight changes to the measurement scheme as shown in Figure 4.6 (b)

and (c) were made to accommodate larger thickness differentials in TR/DP and U/TR combinations.

Statistical analysis was performed on the dimensions measured for all samples of the four combinations. The
results are shown in Table 4.3. In order to understand which combinations had significantly different averages
and variations, two statistical tests — the two-tailed t-test and the F-test — were carried out [13]. It was assumed
that all the data are normally distributed. The results are shown in Tables 4.4 and 4.5. Results with statistical
significance are marked with “YES” and are circled in red. For the t-test, a significance level (o)) of 0.005 was

chosen, while for the F-test, a value of a=0.1 was used.
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Table 4.3 Dimensions of characteristics of weld zones (uM)

Material Statistics A B c D E F G
combination
Average 1137.5| 822.8 | 722.0 32.2 34.3 |1400.2 | 1212.2
TR/MS-70
Standard Deviation 57.9 55.7 69.4 42.0 23.0 47.9 69.3
Average 1137.7 | 752.5 | 661.0 | 135.8 18.3 | 1360.7 | 1113.2
TR/DP
Standard Deviation 94.0 23.2 25.0 57.3 17.3 58.5 27.7
Average 1058.7 | 873.8 | 776.0 18.0 59.0 |1360.8 |1227.5
TR/MS-150
Standard Deviation 26.8 | 100.0 | 43.1 37.0 15.9 78.4 | 103.6
Average 1065.2 | 792.6 | 693.4 | 16.8 | 188.2 | 40.7 |1287.2
U/TR
Standard Deviation 112.2 | 829 96.1 35.3 66.5 28.3 | 117.6

Table 4.4 Student t-tests for comparison of means

tboF=10, a=0.005 ‘ 3.169 ‘ N1 6

Ho: p1-p2 =0 or p1 = p2 N2 6

Ha: p1-p2 # 0 or p1 # p2 DOF 10
aleflclolel r [c]

Standard Error (SE) 26.06 | 46.72 | 33.36 | 22.86 | 11.43 | 37.52 | 50.91

tstatistic 3.03 | -1.09 | -162 | 0.62 | -2.16 1.05 -0.30

Absolute value(tstatistic) | 3.03 1.09 162 | 0.62 | 2.16 1.05 0.30

TR/MS-70 Vs
TR/MS-150

Reject HO at a=0.005? | NO NO NO NO NO NO NO

Standard Error (SE) 45.09 | 24.64 | 30.12 | 29.02 | 11.76 | 30.89 | 30.48

tstatistic 0.00 2.85 2.03 | -3.57 | 1.36 1.28 3.25

Absolute value(tstatisic) | 0.00 2.85 2.03 | 3.57 | 1.36 1.28 3.25

Reject HO at a=0.005? | NO NO NO @ NO NO @

Standard Error (SE) 205.75| 181.16 | 129.89 | 36.33 | 12.19 | 249.14 | 193.96

TR/MS-70 Vs
TR/DP

tstatistic 1.36 1.30 214 | -3.90 | 0.58 1.49 2.53

Absolute value(tstatistic) 1.36 1.30 214 | 3.90 | 0.58 1.49 2.53

TR/MS-70 Vs
U/TR

Reject HO at a=0.005? | NO NO NO @ NO NO NO

The t-tests on TR/MS-70 versus TR/MS-150 samples indicate that higher laser power and weld speed used in
TR/MS-150 samples have no effect on the characteristics measured. On the other hand, the t-tests on TR/MS-
80 versus TR/DP as well as TR/MS-70 versus U/TR suggest that the weld concavity in the top (characteristic
"D") is significantly larger when different thicknesses are joined. The effect seems to be larger in U/TR
samples since there were two cases of ‘upstanding’ tear-drop shapes in the top with values of 88 and 13 um.
Because of the small sample size, statistical tests were not conducted to prove this point, however. Thicker

DP980 material used in TR/DP combination has resulted in a large width of the HAZ (characteristic "G") at the
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bottom. Barring this one exception, the widths of HAZ are not significantly different in TR/MS-150, TR/DP
and U/TR combinations compared to TR/MS-70 samples.

Table 4.5 F-tests for comparison of variances

F5.5), a=0.1 ‘ 3.453 ’ N, 6
Hy: 0,%-0,2=00ro,2=0,2 N, 6
Hp 0,2 #0,°
Characteristics
A B C D E F G

F-test for TR/MS-70 versus TR/MS-15(

Standard Deviation 57.9 55.7 69.4 42.0 23.0 47.9 69.3
TR/MS-70

Variance 3356.3 | 3104.6 | 48200 | 1763.0 529.5 22958 | 4809.4

Standard Deviation 26.8 100.0 43.1 37.0 15.9 78.4 103.6
TR/MS-15(

Variance 718.3 99942 | 18564 | 1371.2 254.0 6149.0 | 10742.7

0,%a0,? 4.67 0.31 2.60 1.29 2.08 0.37 0.45

Fo.

statistic 4.67 3.22 2.60 1.29 2.08 2.68 223

(0,%0,2, with 0,>0,)

TR/MS-70 Vs
TR/MS-150

Reject HO at a=0.1? YES NO NO NO NO NO NO

F-test for TR/MS-70 versus TR/DP

STD DEVIATION 57.9 55.7 69.4 42.0 23.0 47.9 69.3
TR/MS-70
VARIANCE 3356.3 | 3104.6 | 4820.0 | 1763.0 529.5 22958 | 4809.4
STD DEVIATION 94.0 23.2 25.0 57.3 17.3 58.5 27.7
TR/DP

VARIANCE 8840.3 539.5 623.6 3289.0 300.3 3427.9 765.0
0,402 0.38 5.75 7.73 0.54 1.76 0.67 6.29
F

statistic 263 5.75 7.73 1.87 1.76 1.49 6.29

(0,%0,2, with 5,>0,)

Reject HO at a=0.1? NO @ @ NO NO NO @

F-test for TR/MS-70 versus U/TR

TR/MS-70 Vs
TR/DP

STD DEVIATION 57.9 55.7 69.4 42.0 23.0 47.9 69.3
TR/IMS-70

VARIANCE 3356.3 | 3104.6 | 4820.0 | 1763.0 529.5 2295.8 | 4809.4
UTR STD DEVIATION 500.7 440.2 310.5 785 19.0 608.4 470.0

VARIANCE 250653.3 | 193803.5 | 96406.5 | 6155.5 362.0 | 370115.0 | 220916.7

0,%0,? 0.01 0.02 0.05 0.29 1.46 0.01 0.02

F

stasistc 74.68 62.43 20.00 3.49 1.46 161.22 45.93

(0,%0,2, with 0,>0,)

Reject HO at a=0.1? @ @ YES YES NO @ @

Results of the F-test comparing TR/MS-70 to TR/MS-150 indicate that, except for the width of the fusion zone

TR/MS-70 Vs
U/TR

(characteristic "A"), higher speed does not have any effect on variances. TR/DP sample combination has
significantly different variability compared to TR/MS-70 for width of the fusion zone in the bottom ("B") and
width of the fusion zone in the center ("C"). On the other hand, U/TR combination has significantly higher
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variability compared to TR/MS-70 samples. Except for the variability in the bottom of the weld (characteristic
"E") the null hypothesis that the variance for TR/MS-70 and U/TR are the same can be rejected for all
characteristics. This includes a rejection of null hypothesis for characteristic "D" (concavity) at a confidence
level of a = 0.1. This indicates that increased thickness differentials between the samples being welded would

result in higher variability for the characteristics such as concavity in the top of the weld.

TRIP 780
BASE
METAL

TRIP780
BASE
METAL

TRIP780
HAZ

(a) (c)

(c)

USIBOR
BASE
METAL

TRIP 780
BASE
METAL

Figure 4.6 Characteristics measured in the weld zones of (a) TR/MS samples and (b) U/TR samples.
Additional characteristic, H, measured on U/TR samples, is shown in (c) along characteristic D with the
direction of measurement as shown.
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4.3.3 Surface roughness

The high variability observed for the concavity (and ‘reverse tear-drop’) noted on the top of the weld for U/TR
combinations could be associated with higher surface roughness compared to TR/MS-70 combination. To
confirm this, the surface roughness values were obtained for the four combinations. Since U/TR samples had
aluminum and zinc coatings on the USIBOR and TRIP materials, respectively, it was decided to obtain surface
roughness on U/DP samples as well. Since DP samples are uncoated, by comparing U/TR to U/DP, one could

arrive at a conclusion on whether the aluminum coating on USIBOR samples alone made a significant impact

on surface roughness or whether aluminum and zinc coatings together would influence the results.

Six scans, 0.5 mm wide and 40 mm
long taken on the top of the weld.

Figure 4.7 Area scanned on the top of the weld. The micrograph shows top of TR/MS-70 weld (scale
indicated in mm in the top).

For each combination, six scans were obtained parallel to the weld direction in an area that was 0.5mm wide;
each scan was 40 mm long, as shown in Figure 4.7. The roughness R, and waviness Wy values for all scans
obtained for the five combinations are shown in Table 4.6. Both R, and W for U/TR combination are

significantly higher than those for all other combinations including TR/MS-70 sample. This is in agreement

with the F-test results rejecting the null hypothesis for the TR/MS-70 versus U/TR samples obtained for

characteristic "D" and presented in Table 4.5. It can also be seen that the R, value for the U/DP combination is
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slightly higher than that obtained for the TR/MS-70 combination but not as high as the value obtained for the
U/TR combination. The waviness value for U/DP is lower than that of the TR/MS-70 samples, but the U/TR
samples exhibited the highest waviness values. Scanning electron microscope studies to understand this

difference between U/TR and U/DP combinations are presented later in this paper.

Table 4.6 Roughness and waviness parameters (DIN 4776 standards)

Mat.eriall Description Roug.hness R, Wav_iness Wi
combination (Microns) (Microns)
TR/MS-70 All scans 9.05 73.28
TR/MS-150 All scans 3.41 23.73
TR/DP All scans 2.77 45.29
U/TR All scans 22.51 97.11
U/DP All scans 9.43 54.56

The roughness profiles obtained for TR/MS-70, TR/DP and U/TR samples are displayed in Figure 4.8. There is
a slight taper exhibited in all figures shown in Figures 8 (a) - (c) for TR/MS-70, TR/DP and U/TR samples
indicating that the samples distorted during the welding process. The taper seems to be about 0.12 mm over a
40 mm length in the TR/MS-70 sample and about 0.1 mm over 40 mm length in the TR/DP sample. The taper
seems to be higher in the U/TR sample and estimated to be about 0.2 mm. The tapers noticed were due to
geometric variability due to various factors, since scanning the weld surface in other areas of the samples
yielded different values for the tapers. The profiles as seen in Figure 4.7 and Table 4.6 suggest that the U/TR
samples have higher roughness compared to TR/MS-70 and TR/DP samples. Typical single line scans for
TR/MS-70 and U/TR samples, both filtered per DIN 4776 standards, are presented in Figure 4.9. The
roughness characteristics for TR/MS-70 are more evident due to lesser waviness when compared to U/TR
samples. It can be seen that the U/TR sample line trace shows a range of 300 pum. Since the 6o value for
characteristic D for U/TR is 210 um (¢ = 35 um), using the 6c value as the basis, the error is of the order of -

43%, which can be considered reasonable considering that only 6 samples are used for the 6c calculation.
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Figure 4.8 Roughness profiles (a) TR/MS-70 sample, (b) TR/DP sample and (¢) U/TR samples, top of the
weld. 6 scans in 0.5 mm width of the weld, each 40 mm long, were obtained.
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Figure 4.9 Single line scans of (a) TR/MS-70 sample, and (b) U/TR sample. The roughness
characteristics of TR/MS-70 sample are more evident since it has less waviness. On the other hand, the
larger waviness of U/TR samples seems to have hidden the roughness characteristics.

The concavity value “D” measured from the actual sections for the other samples studied did not compare as
well with the line scan range data. For example, the TR/MS-70 sample had a line scan range of 70 um and a 6c
value of 252 pum, resulting in a 72% error, while TR/DP sample had line scan data of 120 um and 6c value of
344 yum, with an error of 65%. This disparity can be explained by noting that the line scans are in a

longitudinal direction while the 66 values are arrived at by sectioning the weld regions in a transverse direction
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(the UBM scanning system available could not handle the depths of field required for transverse scans). Also,

since different samples are used for 66 evaluation versus line scan data, more data will lead to better results.

Analysis of the R, values plotted against W values for all scans showed good correlation, with a coefficient of
0.901. It has been reported in literature that due to their inherent stochastic nature, processes such as shot
blasting and electrical discharge texturing show a good correlation between roughness and waviness
parameters (there is generally an increase in the waviness with increase in surface roughness) [ 14]. Apparently
the stochastic nature of the laser welding process also introduces a correlation between waviness and roughness

factors. An attempt to correlate standard deviation values obtained from the actual sections (Table 4.3) to the

roughness characteristics (Ry) for all scans for TR/MS-70, TR/DP, TR/MS-150 and U/TR sample

combinations indicate a somewhat weaker correlation coefficient of -0.582. The waviness characteristics (Wy)
showed even weaker correlation with a correlation coefficient of -0.306. Again, it is surmised that a better
correlation can be obtained between the standard deviation values and roughness and waviness characteristics
with the collection of more data. It is likely that a few large surface anomalies are providing a significant

impact to the data set.

4.3.4 Analysis of U/TR and U/DP surfaces using SEM

Scanning electron microscopy (SEM) was utilized to study the surface roughness of U/TR samples and U/DP
samples. It was theorized that aluminum coating on USIBOR samples contributed significantly to higher
roughness and waviness values in U/TR samples. To determine if zinc had any effect on surface roughness a
comparison of U/TR to U/DP was made since TR has zinc coating and DP has no coating (cold rolled). Since
both contain aluminum and only one contains zinc, this would provide an understanding of the effect of zinc on

surface roughness.

Figure 4.11 shows SEM micrographs of the top of the surfaces for the two combinations. It can be seen that the
U/TR surface shown in Figure 4.11(a) consists of many rough ridges with bright surfaces near the USIBOR
base metal. This surface seems to be considerably rougher compared to that obtained for the U/DP combination
shown in Figure 4.11 (b). This is further supported by an examination of micrographs shown in Figure 4.12
shown at higher magnification. The ridges on U/DP in Figure 4.12 (a) near DP980 base metal seemed to be
wider apart compared to those on U/TR shown in Figure 4.12 (b).

Further analysis of the U/TR weld showed many spatters of metal near the TRIP surface as shown in the
micrograph of Figure 4.13 (a). One of these spatters, shown in Figure 4.13 (b), was subjected to spectral
analysis and proved to contain both aluminum and zinc elements, indicating that the droplets could have been

formed from the top layers of both USIBOR and TRIP780 steel. It can also be seen from Figure 4.13 (a) that
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the surface is very grainy, which resulted in higher roughness. This suggests that the zinc layer also contributes

to an increase in the surface roughness.
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Figure 4.10 (a) Graph of roughness versus waviness parameters obtained for all values (correlation
coefficient = 0.901) (b) Plot of roughness values obtained for all scans from Table 4.6 versus standard
deviation values for characteristic "D" (correlation coefficient = -0.582) (c¢) Plot of waviness values
obtained for all scans from Table 4.6 versus standard deviation values for characteristic "D"
(correlation coefficient = -0.306)

The bright surfaces near the USIBOR region as shown in Figure 4.11 (b) are further analyzed in Figure 4.14.
The bright layers forming rough ridges are quite uneven. Spectral analysis indicates that these bright layers are
richer in zinc compared to aluminum, leading to the conclusion that zinc alloys in the coating of TRIP780

would have boiled, blown by the shielding gas and re-deposited on the weld surface.
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(a) DP980 TRIP780 (b)

EDGE OF
USIBOR FUSION

ZONE

Figure 4.11 SEM micrographs of top of the welded surfaces for (a) U-DP combination and (b) U-TR
combination, both shown at 45X.

Figure 4.12 SEM micrographs of (a) U-DP combination near the DP region, shown at 100X and (b) U-
TR combination near the TRIP region, shown at 230X. The samples were slightly tilted to get a better
view. Spatters of metal, generally containing aluminum and zinc, seemed to be present on both surfaces
but more frequently on U-TR surface.
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USIBOR-TRIP WELD

30um

Summary results :

Element | Wieight? | atamic |
c 1202+ 045 3969
&l 030+ 006 0.44
Si 181+ 007 256
Mn 080+ 003 065
Fe 7a36+- 042 5639
n 045+ 046 027
Totsls  94.84 100.00

Figure 4.13 Scanning electron micrograph of U-TR sample near TRIP base metal at 500X showing
grainy surface and droplets (a). Spectral analysis of a droplet showed that it consisted of aluminum and
zinc in addition to iron and other elements. (b) A close-up of the droplet shown at 2000X.

The surface of the U/DP weld also seemed to contain spatters of metal. Figure 4.15 shows the top of the
surface near DP base metal with several spatters. Spectral analysis of one of these spatters indicates that they
are rich in aluminum. Since DP980 contains only about 0.45% of Al by weight and the spatter is about 6% Al
by weight, the spatter mostly came from the USIBOR side of the joint. Another point of interest is that many of
these spatters seemed to be at the edge of the weld and beyond on the DP980 base metal surface.

An examination of U/DP sample revealed that the top surface of the weld near the USIBOR base metal to be
relatively free of spatters and being smoother when compared to the surface near the DP980 base metal. The
results of the SEM examination leads to the conclusion that the shielding gas blown in a direction

perpendicular to the direction of welding results in the spatters that could have influenced the results of
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roughness and waviness values obtained. Both aluminum and zinc seem to have affected the surface roughness.
The results also strongly suggest that the roughness and waviness values can be location dependent and more
detailed data collection is needed to arrive at a better correlation between surface roughness measurements and

the standard deviation values.

Summary results :

Elemert | Weight3s | Atomicst |
C 5.38+/ 025 61.47
o] 223+ 016 19.06
Al 008+~ 002 0.42
Si D12+ 002 056
N 010+~ 003 026
Fe B12+f~ 012 15.03
In 151+~ 0410 318
Totals 15.54 100,00

Figure 4.14 Scanning electron micrograph of U-TR sample near USIBOR base metal (a) shown at 200X
revealing the grainy surface droplets and (b) at a higher magnification of 1300X. Spectral analysis of a
small region again showed that it consisted of aluminum but it was richer in zinc compared to the
droplet shown in Figure 4.13

4.3.5 Practical implications of the test results

From this study, it has become clear that the surface roughness and concavity issues observed in the weld
regions might lead to significant functional issues such as premature fracture and reduced fatigue life. The
concavity due to deep ridges leads to lower thickness in local regions which can result in higher stresses and
potentially fail in those areas. Rough surface profiles are always an item of concern in the fatigue life of the

products.
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DP BASE METAL
'-E"‘ ..-;-l| r BaF =
P =\

Element | Weight% | Atomic% |
c 5811+ 112 24.71
0 14242+ 081 4546
Mg 1045+~ 018 220
Al 3243+ 024 614
Si 5364+ 028 975
Ca 350+ 011 045
Mn 473+ 019 0.44
Fe 11757+ 057 1075
Co 122+- 029 0N
Totals 42407 100.00

Figure 4.15 Scanning electron micrograph of U-DP sample near DP980 base metal shown at 180X. From
the spectral analysis, it appears that the spatters are rich in aluminum. The spatters also seemed to
occur at higher frequency near DP base metal.

It should be noted that the spatters of aluminum may not be eliminated during subsequent hot forming
operation. The layer of aluminum coating containing 10% silicon has a melting temperature of 600°C.
However, during the subsequent heating operation to austenitizing temperature of about 900°C in the oven
before hot forming operation, the coating or the spatters form a Fe-Al-Si intermetallic compound that starts at
the interface with the base metal and migrates to the surface [16]. The melting point for this intermetallic
compound is much higher than 900°C used for austenitizing process. On the other hand, the hot dip

galvanizing (GI) process resulting in a Fe-Zn-Al intermetallic compound would have melting temperature in he



59

range of 600-700C and would melt during the austenitizing process. This could lead to possible contamination

of the dies during hot forming process.

4.4 Conclusions

In this investigation, the size and shape variability of the weld zones was evaluated for laser welded AHSS
steels with various combinations of types (TRIP780, DP980 and USIBOR), coatings (aluminized and
galvanized) and thicknesses (1 mm, 1.5 mm and 1.8 mm). All these combinations were also examined for
surface roughness and waviness. Scanning electron microscope was used to identify the role of aluminum and

zinc on the roughness parameters. Following conclusions were reached.

(1) Larger thickness differentials between samples being welded could lead to higher variability in the
weld area. In the investigation, 1.8 mm thick USIBOR (aluminized) welded to 1 mm thick TRIP-780
(galvanized) exhibited highest variability in the weld zone. This observation was confirmed by
standard deviation values computed by an examination of several sections of the combinations
studied as well as measurement of surface roughness of the welds.

(2) A fair correlation between standard deviation values and roughness parameters has been obtained for
the combinations studied.

(3) Scanning electron microscope confirms that spatters of metal containing aluminum and zinc caused
higher roughness values for USIBOR:TRIP780 combination. This phenomenon also appears to have
occurred in USIBOR:DP980 combination although to a lesser degree.

(4) Since the galvanized layer could melt at austenitization process and further contaminate the dies, it is
recommended that galvanization be avoided on laser-welded TWB's that are hot-formed.

(5) If tailor welded samples contain protective coatings such as aluminum, the surface profile of the
welded area needs to be examined carefully. Such protective coatings may result in larger surface
variability potentially to the detriment of tensile, fatigue and impact performance.

(6) SEM study also suggests that surface roughness values can vary considerably from one region to
another. For example, on USIBOR:DP980 combination, surface roughness appears to be lower near

USIBOR base metal region compared to DP980 base metal region.
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CHAPTER 5. WELDABILITY OF ADVANCED HIGH STRENGTH STEELS USING AN Yb:YAG
DISK LASER

Paper published in Journal of Materials Processing Technology 211 (2011) 1888-1897
Rajashekhar S Sharma and Pal Molian

Abstract

In this paper, weldability results of 1030 nm, 6 kW Yb:YAG disk laser welding of various combinations of
advanced high strength steels (transformation induced plasticity steel, dual phase steel and boron steel) of 1 to
2 mm thickness are presented. Weldability is expressed in terms of penetration, weld profile, weld defects,
microhardness and melting efficiency. Full penetration keyhole welds with hour-glass shape were produced.
Microhardness measurements indicated a substantial increase in hardness in the weld zones, attesting the
superiority of laser welding. Analyses revealed that the typical melting efficiency is on the order of 50 to 70%

for full penetration welding. Tensile test results confirmed the high quality of the welds obtained.

5.1 Introduction

Historically fusion welding processes based on arc and resistance are utilized to manufacture automotive
structures. New welding processes have emerged over the years; however acceptance is generally slow due to
the design changes required to accommodate such processes. Laser welding has been in existence for over
four decades and has gradually replaced resistance mash seam welding for tailor welded blanks (TWB) in the
automotive industry. TWB welds blanks of different materials, thicknesses, and coatings before the blank goes

through metal-forming process, leading to lighter, less expensive parts that are functionally superior.

Laser welding offers the benefits of low heat input per unit volume, small heat affected zone (HAZ), low
thermal distortion of the workpiece, fewer welding defects, high welding speed, and, deep and narrow weld
profiles. In addition, it allows easy automation while welding complex joint configurations and dissimilar
materials. Like other welding techniques, laser welding has its share of drawbacks that include the need for
almost press fitting of parts due to its small focused spot size, high equipment and operating costs, lower
welding speeds for joints with a gap greater than 0.5 mm, low electrical efficiency of the laser and, in cases of

certain lasers, difficulty in welding high reflective materials like aluminum.

The most common lasers used for TWB are the industrial workhorse CO, (A=10,600 nm) and diode-pumped
Nd:YAG (A=1064 nm). Recent innovations in laser design have led to the development of two novel lasers for

welding applications: one is fiber laser and other is disk type. Ream (Ream, 2005) has made an extensive
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analysis of the comparison of four lasers (CO,, Nd:YAG, fiber and disk) for welding mild steel in the power
range of 4 - 5 kW (Figure 5.1). He suggests that with the emergence of high-power disk and fiber lasers, the
competitive landscape has expanded. Fiber and disk lasers exhibit multi-kilowatt powers in continuous wave
mode, high efficiency, compact design and excellent beam quality that produce deep penetration welds at high-
welding speeds. Quintino et al (Quintino et al., 2007) explains that the high electrical efficiency of the fiber
laser greatly reduces operating costs while resulting in better beam quality, with very low divergence, allowing
small spot diameters. They present initial data on welding of X100 pipeline steel with a 8 kW laser and
obtained high melting efficiencies. Kawahito et al (Kawahito et al., 2008) used a 6 kW fiber laser to obtain
deep penetration welds with narrow widths in 8 mm thick plate at a high welding speed of 4.5 m/min, and later

used a 2.5 kW laser beam to weld Zr55A110Ni5Cu30 metallic glass at very high speeds of 72 m/min.

The disk laser (Yb:YAG at 1030 nm) with powers in the 2 to 8 kW range is claimed to have the best beam
characteristics among industrial lasers for welding (Kim et al., 2008). Yb:YAG is the most widely used lasing
medium for thin-disk lasers because of its long radiative lifetime (~950 ps), high thermal conductivity (~6
W/m K) and good mechanical properties. Unlike Nd:YAG rod types, the disk has no thermal lensing, resulting
in absence of optical distortion and keeping constant beam quality over the entire power range. Since the disk
laser is not sensitive to back reflection, these lasers allow longer fiber lengths for beam delivery and thereby
remote welding, as enumerated by Havrilla (Havrilla, 2005). Disk laser also offers the advantages of improved
penetration and higher melting efficiency. It may be noted here that melting efficiency is defined as the ratio of
the theoretical amount of energy required to melt the volume of metal compared to the delivered laser energy.
In addition, absorptivity studies of various materials showed that the disk laser has an edge over CO2 and
Nd:YAG lasers. Disk lasers have been successfully used to weld aluminum alloys by varying the focal point
position and incident beam angle (Kim et al., 2008). It is expected that the disk and fiber lasers eventually
replace conventional laser systems due to their higher quality (Kim et al., 2008). These lasers are rapidly
gaining momentum in the industry because of the cost-effectiveness compared to Nd:YAG (Table 5.1) and
improved quality of welded joints. It can be noted here that Volkswagen has been using both fiber and disk
lasers and found that the operating costs for the disk laser is even lower than that of fiber for a three-shift

welding production process over a period of eight years (Anderson, 2007).

Advanced high strength steels (AHSS) are promising solutions for the production of lighter automobiles with
increased passenger safety and reduced fuel consumption (Mallen et al., 2008). AHSS grades include: (a)
Dual-phase (DP) steels, which consist of a dispersion of islands of hard martensite (5 to 20% by volume) in
soft ferrite matrix. These steels are characterized by high work hardening and are used in automobile
components that require high strength, good crashworthiness and reasonable formability. (b) Transformation-
induced plasticity (TRIP) steels that offer high strength and toughness combination with excellent uniform

elongation. TRIP steels have the ability to absorb more energy during crash due to the delayed transformation
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of retained austenite to martensite. They have a microstructure consisting of various fractions of ferrite,
martensite, bainite and retained austenite, giving them their unique balance of properties. However, the higher
percentage of alloying content and thermal cycle in welding, limits its weldability resulting in inferior
microstructure and mechanical properties of the weld. (c) Boron-alloyed (MnB) steels, trademarked as
USIBOR, which are more widely used by automakers today. Essentially this steel is hot stamped by heating the
blank to austenitization temperature, press formed and die-quenched, resulting in very hard phases that give
rise to extreme tensile strength of 1500 MPa. Other AHSS materials used by automakers are high hole
expansion (HHE), complex-phase (CP), and martensitic steels. Figure 5.2 shows the optical micrographs of

DP, TRIP and USIBOR steels.
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Figure 5.1 Comparison of four different lasers for welding mild steels with Power~ 4-5 kW. (a) Travel
speed versus penetration (b) Travel speed versus efficiency [Ream, 2005]

Table 5.1 Operating and maintenance costs for lasers (Ream, 2005)

Expenses ($/hour) CoO, Nd:YAG  Fiber Disc

Depreciation and interest $7.50 $15.30  $13.20  $18.10
Replacement Parts $3.10 $6.80 $1.90 $11.10
Electric $4.70 $8.90 $2.10 $1.90
Maintenance $3.30 $3.80 $2.10 $1.90
Floor Space $1.90 $2.10 $0.70 $1.20
Welding and Laser Gas $3.80 $1.70 $1.40 $0.90

Total $24.30 $38.60 $21.40 $35.10




65

Figure 5.2 Microstructures of the three advanced high strength steels used in the study: (a)
TRIP780 shown at 1000X magnification, (b) DP980 at 400X and (c) USIBOR shown at 400X.
USIBOR microstructure is shown before austenitization and quenching.

Heat transfer characteristics during laser welding are of great interest to researchers. Several models ranging
from simple analytical models involving moving line heat-source to elegant numerical models which account
for fluid dynamics and laser—plasma interaction have been proposed in the literature. Swift-Hook and Gick
(Swift-Hook and Gick, 1973) provide a simple theory that provides a good description of penetration welding
for both electron beams and lasers. Steen et al (Steen et al., 1988) provide an analytical form for the
temperature distribution; they have estimated weld profiles and compared them with examples of actual welds.

Dowden et al (Dowden et al., 1985) have considered the interaction of conditions in the liquid metal
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surrounding the keyhole formed and have developed a model for the energy interface and vapor flow in the
keyhole. They have then used the model to calculate keyhole shapes and the variation of depth of the related
quantities. Kaplan (Kaplan, 1994) has developed a model taking into account a point-by-point determination of
the energy balance at the keyhole wall, deriving a formula for heat conduction from the model of a moving line
source of heat, modeling the absorption mechanism and also considering the thermodynamics and the flow of
metal vapor inside the keyhole. Huntington and Eagar (Huntington and Edgar, 1982) studied the effect of joint
geometry — bead-on-plate, V groove and square groove - on the absorption of laser energy with the same laser

power and found better absorption of laser beam energy in grooved joints.

All these models predict different results due to various assumptions and use of a number of different
parameters such as keyhole size, material properties and absorptivity. The model proposed by Lankalapalli et
al (Lankalapalli et al., 1996) relates the penetration depth to the incident laser power and the Peclet number, the
latter being a function of the welding speed, the keyhole radius and thermal diffusivity. The relative
importance of conduction and convection in the overall transport of heat in the weld pool can be assessed from
the value of the Peclet number. For steel keyhole welding, Peclet number is much greater than 1 implying that

convection of melt pool is more dominant than conduction (Zhao and DebRoy, 1999).

In this paper, a study of weldability of different combinations of advanced high strength steels (AHSS) using a
6 kW Yb:YAG laser is reported. A high power laser beam produced by TRUMPF (TruDisk 6002), transported
to the work location using fiber optic technology was used, since such applications are most suitable for
industrial use, and the high quality laser beam can be transported with minimal distortion of the laser beam.
Since the cost gap is closing between disk and fiber lasers, a strong case can be made for the disk lasers in the
cost arena too. Since a combination of AHSS and laser welding is becoming very popular, there is considerable
interest in the automotive industry for evaluating the application of newer lasers for the joining of AHSS.
Material section thicknesses ranged from 1 to 2 mm and keyhole welding was conducted. Weldability has been
expressed in terms of penetration, weld profile, flaws, microhardness and welding efficiency. Two models
have been used to arrive at conclusions regarding the melting efficiency. Using calculations, conclusions on

how these models need to be used in practice have been drawn.

5.2 Experimental details of laser welding

Three grades of AHSS (TRIP780, DP980 and USIBOR) and mild steel (MS, AISI 1008) were obtained in the
form of 1 mm (MS, TRIP), 1.5 mm (DP) and 1.8 mm (USIBOR) blanks. TRIP steels were pre-strained to 5%
(designated TR-5) and 10% (designated TR-10) in an Instron machine. TRIP steels not pre-strained (designated
TR-0) were also evaluated. The grades, compositions and mechanical properties of these steels are listed in

Table 5.2 (a) and (b). Weld coupons of the size 100 mm x 200 mm were prepared and cleaned to ensure that all
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samples had same surface finish. The coupons were mounted in a fixture as shown in Figure 5.3 with good
clamping and a joint gap of less than 10% of thickness. The weld configuration was set as square groove, butt

joint.

The specific disk laser used was continuous wave type with a power capacity of 6 kW and beam quality of 8
mm-mrad. It was manufactured by TRUMPF (TruDisk 6002). By comparison, a traditional lamp-pumped
Nd:YAG would deliver 4 kW to the workpiece with beam quality of 25 mmemrad. The laser beam was
transmitted through optical fiber and focused on the specimen surface by the lens with 200 mm focal length.
The spot diameter at the focal point was about 0.6 mm. The system comprises of the laser beam delivery
system mounted on the robot's end-effector and moving in 3D space, with the beam perpendicular to the
workpieces for all combinations except those involving USIBOR; for the USIBOR combinations, the beam
was tilted at an angle of 6" to the vertical to account for large thickness differences between USIBOR (1.8 mm
thick), and, mild steel and TRIP780 stock (both 1.0 mm thick). The samples were held stationary in the weld

fixture.

Table 5.2 (a) Chemical compositions (wt%) of TRIP780, DP980, USIBOR and mild steel used.
Steel C Mn Mo P S Si Cr Al B Ti Vv Nb Ni Cu N

USIBOR 1500P|0.220|1.100| 0.003 {0.012{0.003|0.264|0.172]0.051| 0.0023 |0.040|0.005|0.001|0.009|0.028| 0.004

DP980 0.135(2.100{ 0.350| -- -- 10.050|0.150{0.450| 0.007 - - - - - -
TRIP780 0.190(1.580| -- |0.013|0.025{1.600(0.070|0.036 - 0.027| -- |0.038(0.020(0.020
Mild Steel |0.043|0.270| 0.002 |0.041|0.009|0.021|0.020{0.040| 0.000 |0.002(0.001| -- -- -- | 0.007

Table 5.2 (b) Mechanical properties of TRIP780, DP980, USIBOR and mild steel used.

Steel Yield strength Ultimate strength Elongation
(MPa) (MPa) (%)
DP980 CR 534 980 12.2
TRIP780 CR 471 792 18
MILD STEEL 215 355 37.8
USIBOR (before austenitization and
. 450 600 25
quenching)
USIBOR (after austenitization and
( detenttizatt 1100 1500 6

quenching)

Initially bead-on-plate experiments were performed to obtain the appropriate laser parameters for butt welding.

However a small change in the parameters has to be made for butt joints because the joint geometry can change
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the absorption of laser energy. A set of keyhole welding experiments was conducted with three levels of laser
power and two levels of welding speed as shown in Table 5.3. Argon was used as assist gas at a flow rate of 30
I/min. After welding, the specimens were cut from transverse sections at the mid-length position of the welds
and the cut surfaces prepared for metallographic inspection by polishing and etching using a 3% nital solution
to display weld shape and microstructure. Microhardness was evaluated using a Vicker’s hardness tester at a

load of 0.5 kN.

Figure 5.3 Laser welding fixture

5.3 Results

5.3.1 Microstructure and microhardness

Figure 5.4 shows top views of several welds. For the combinations involving TRIP780, DP980 and MS, the top
of the welds are relatively clean, while U/TR and U/DP combinations show spatters. These spatters have been
determined to be metal alloys from the zinc and aluminum coatings and blown by the shielding gas during the
welding process (Sharma et al., 2010). Figure 5.5 (a) - (f) show optical micrographs of the transverse sections
for six combinations (TR-0/MS-70, TR-0/DP-70, DP/MS-150, U/MS, U/TR and U/DP). The corresponding

microhardness values for the combinations are shown in Figure 5.6 (a) — (b).



Table 5.3 Weld combinations used in the study.
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TR-0/MS-70  |TRIP-O (1 mm) to MS (1 mm) 2 70
TR-5/MS-70  |TRIP-5 (1 mm) to MS (1 mm) 2 70
TR-10/MS-70 |TRIP-10 (1 mm) to MS (1 mm) 2 70
TR-0/DP-70  |TRIP-O (1 mm) to DP (1.5 mm) 2 70
TR-5/DP-70  |TRIP-5 (1 mm) to DP (1.5 mm) 2 70
TR-10/DP-70 |TRIP-10 (1 mm) to DP (1.5 mm) 2 70
DP/MS-70  |DP (1.5 mm) to MS (1 mm) 2 70
TR-0/MS-150 |TRIP-10 (1 mm) to MS (1 mm) 3.7 150
TR-5/MS-150 |TRIP-5 (1 mm) to MS (1.5 mm) 3.7 150
DP/MS-150  |DP (1.5 mm) to MS (1 mm) 3.7 150
umMs USIBOR (1.8 mm) to MS (1 mm) 4.5 150
U/DP USIBOR (1.8 mm) to DP (1.5 mm) 45 150
UTR USIBOR (1.8 mm) to TRIP-0 (1 mm) 4.5 150

Millimeter graduations to show magnification

TR-0/MS-70

Figure 5.4 Top views of laser welded sample combinations. Magnification level is indicated by the mm

U/TR

graduations shown in each micrograph.

TR-0/DP-70
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USIBOR

Figure 5.5 Optical micrographs at 50X magnification of the fusion zones for (a) TR-0/MS-70 [TRIP-0

welded to MS at 70 mm/sec and 2 kW power] (b) TR-0/DP-70 (¢) DP/MS-150 (d) U/MS combination
[USIBOR welded to MS at 150 mm/sec using 4.5 kW power] (e) U/TR, and, (f) U/DP.



71

MICROHARDNESS VALUES FOR TRIP, DP AND MS COMBINATIONS
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Figure 5.6 Microhardness values for the six combinations studied.
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5.3.2 Tensile tests
Tensile tests were carried out for the combinations studied. The sample dimensions had a nominal width of 6

mm and a gage length of 42 mm. The sample dimensions are shown in Figure 5.7. Each sample was measured

for width to normalize for errors. The USIBOR combinations were not austenitized before the tests.

ALL DIMENSIONS IN MM

10
S

30 42 30

/WELD LINE
[ |

105.4

Figure 5.7 Dimensions for the tensile test samples.

Figure 5.8 shows fractured samples from the tensile test. As can be seen, for TR-0/MS-70, DP/MS-150 and
U/MS combinations, the fracture occurred in the mild steel section (1.0 mm thick), while for U/TR, the thinner
(1.0 mm thick) TRIP780 material fractured. In the case of TR-0/DP-70 combination, TRIP portion, which is
relatively softer (compared to DP980) and thinner (1.0 mm compared to 1.5 mm for DP980), fractured. In the
case of U/DP combination, the fracture occurred in the softer USIBOR section. This is because, although
USIBOR material was 1.8 mm in thickness compared to a thickness of 1.5 mm for DP980, since USIBOR in
this test was not austenitized and quenched, it had lower tensile strength compared to DP980. None of the
fractures occurred in the weld regions. Since microhardness values in the weld regions are found to be
considerably higher than either of the sample materials welded [Figure 5.5 (a) - (f)], these results agree with

the results of the microhardness evaluations.
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MILD STEEL USIBOR

TRIP780

Figure 5.8 Fracture samples from the tensile tests for the six combinations studied. (a) TR/MS-70, (b)
TR/DP-70, (¢) DP/MS-150, (d) U/MS, (e) U/TR and (f) U/DP. A scale is included to indicate
magnification. The mild steel part in (a), (¢c) and (d) fractured, while TRIP780 fractured in (b) and (e).
In sample (f), the softer USIBOR sample fractured. Magnification is indicated by the steel scale laid next
to sample (f).

The engineering stress versus strain graphs for these combinations are shown in Figure 5.9. As can be seen, the
graphs for the three sample combinations involving mild steel (TR-0/MS-70, DP/MS-150 and U/MS) are very
close with virtually no difference seen between TR-0/MS-70 and DP/MS-150. U/TR, U/DP and TR-0/DP
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combinations exhibit considerably higher load carrying capacity and seem to absorb much larger amounts of
energy during the testing. Although fracture occurs in the TRIP portion for TR-0/DP-70 and U/TR
combinations, there is slight difference in the tensile strength of the joints; U/TR exhibits over 800 MPa while
TR-0/DP-70 fractures close to 800 MPa. This difference is attributed to sample variability.

TENSILE TEST RESULTS
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Figure 5.9 Tensile test results showing engineering stress versus strain for the six sample combinations
studied.

Since the tensile strengths of steels correspond to microhardness values, if different materials of the same
thicknesses are welded, it may be surmised that DP/MS-150, TR-0/MS-70 and U/MS joints would all fracture
in the mild steel region, U/DP and U/TR joints would fracture in the USIBOR region and TR-0/DP-70 joint
would fracture in the TRIP region. The tensile strengths as well as strains at fracture could be different due to

part to part variability as well as the plastic strains experienced by the joint.

5.4 Discussion

5.4.1 Microstructure and microhardness

Reference to Figure 5.5 [(a) — (f)] suggests that all the welds exhibit hour-glass shape, characteristic of keyhole

welding. There is no evidence of defects such as porosity, undercut, burn through and humping. However,
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there is a slight concavity at the bottom of the joint which is more marked for TR-0/MS-70 weld joint.
Minimizing concavity is critical to good formability and mechanical properties and is generally achieved by
precision shearing the blank edges to be welded, addition of filler wire and beam spinning during the welding

process.

In the fusion zone of Figure 5.5 [(a) — (f)], the microstructure was mostly martensitic with columnar dendrites
typically oriented at 30 to 45 degrees in the top to midway regions of most welds. Such columnar growth
emanating from base metal towards the center seems to be absent in the fusion zone of U/MS. The circular
dendrites found for this combination are attributed to considerable turbulent fluid motion with rapid
solidification taking place in this zone. The nature of the planar, cellular or dendritic growth depends upon
several conditions such as thermal and constitutional conditions that exist in the immediate vicinity of the
liquid-solid interface (David et. al; 2003). As can be seen, U/TR, which has the same thickness differential as
U/MS, has instead columnar dendrites as well as a different weld-pool shape. This indicates that a probabilistic
model needs to be included along with fluid-flow and heat transfer models to predict the dendritic growth in

the weldpool.

The microhardness values were all consistently high in the fusion zone with some values exceeding 500 on
Vickers scale. The higher microhardness values observed in the fusion zone of TR-0/DP-70 combination
compared to DP/MS-150 and TR-0/MS-70 combinations is attributed to the ease of the formation of hard
martensitic substructures in the TRIP/DP combination due to their high hardenability. The heat affected zone
(HAZ) of DP980 base metal consistently shows a tendency for softening in regions away from the fusion zone
closer to the base metal (HAZ is shown in yellow, while fusion zone is shown in red.) This has been reported
earlier in literature. For example, Xia et al (Xia et al., 2009) have studied softening of DP980 HAZ during
welding of DP980 to HSLA material. Similarly, Sharma and Molian (Sharma and Molian, 2009) have studied
welding of DP980 to mild steel and TRIP780 materials and have observed softening of the DP980 HAZ. One
more interesting observation is the high value of hardness in the HAZ of base metal boron steel close to the
fusion zone in U/MS [Figure 5.5 (d)] and U/DP [Figure 5.5 (f)] combinations, indicating that the boron alloyed

steel close to the HAZ experiences a very high rate of cooling.

5.4.2 Analysis of welding parameters for full penetration

The relationship between laser power and welding speed obtained for full penetration welds is shown in Table
5.3. Generally a relationship between welding speed and power for the same material combination will exhibit
a linear relationship as reported by Quentin et al. USIBOR required higher power partly due to the larger
section thickness. It is surprising to note in Figure 5.6 that different chemistry and thermal properties of AHSS

steels did not significantly affect the penetration. In deep penetration welding, when the laser beam is incident
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on the surface, a keyhole surrounded by molten metal is produced. A plasma forms above the keyhole
preventing laser energy absorption. The keyhole becomes stable by a balance of surface tension and vapor
pressure forces. The keyhole acts like a blackbody with energy absorption of about 90%. The chemistry of the
steel dictates evaporation of various elements and subsequent formation of plasma and its properties while
thermal properties of the steel should affect heat conduction and convection losses. It appears as though the
properties and stability of keyhole are more controlling parameters on penetration than thermal and plasma

characteristics.

In this work, a simple moving line source model based on a cylindrical channel surrounded by an elliptical
melt pool was used to predict the penetration (Schuocker, 1999). According to this model, the radius of

keyhole, r, is given by:
r=>@Ax/V)*exp[-(Tv*2n*t*K/AP)—-0.577] (5.1)

where k = thermal diffusivity, V = welding speed, Tv = vaporization temperature, t = penetration, K= thermal
conductivity, A = absorptivity, P = laser power and * represents multiplication. The constant 0.577 is obtained
from an asymptotic approximation of the Bessel's function in the original equation for the melting isotherms in
the cases of low welding speed welding (Schuocker, 1999). Since thermal properties of all grades of AHSS
steels are not readily available, the properties of DP980 at ambient conditions provided by ArcelorMittal are
used: k=11 x10-6 m2/sec, Tv = 3023 K and K= 42 W/m K. The radius of keyhole is assumed to be equal to
the focused beam radius, 3 x 10 m while absorptivity is taken as 0.9. Substituting these values in equation (1),

the P-V-t relation is given by:
V =0.27 * exp [-0.886 * (t/P)-0.577] (5.2)

where V = m/sec, t = mm and P = kW. Application of equation (2) in the present study yields weld speeds as
shown in Table 5.4. As can be seen, for lower power values and smaller thickness samples, the predicted weld
speeds of 97 and 87 mm/sec are higher than the 70 mm/sec speed used, resulting in a negative error of
somewhat large magnitude. This and the concavity at the bottom of the welds for TR-0/MS-70 samples (Figure
5.5) indicate that for TR-0/MS-70 combination, the speed can be slightly increased without compromising the
weld quality. For boron steels, the welding speed predicted by equation (2) at 4.5 kW are 110 and 115 mm/sec,
which are considerably smaller than the weld speed of 150 mm/sec used for boron steels. The disagreement in
this case is partially attributed to the fact that equation (1) is a solution to heat equation based on Bessel
function and is generally valid for low welding speeds (Schuoecker, 1999). An examination of Figure 5.5 (f)
indicates that the laser beam has not fully penetrated the U/DP combination, suggesting that slight lowering of



the speed could be beneficial in achieving a well defined weld zone in the bottom by completing the weld

penetration.
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Table 5.4 Weld speeds predicted by equation (5.2)

TR-0/MS-70 | TR-0/DP-70 | U/MS | U/TR | U/DP
Depth of penetration 1 1.25 14 | 1.4 | 165
considered, t, mm
Power used, kW 2 2 4.5 4.5 4.5
Weld speed, mm/sec 70 70 150 150 150
Calculated weld speed, V 97 87 115 115 110
mm/sec
Error -39% -25% 23% 23% 27%

5.4.3 Melting and energy transfer efficiencies

For laser welding, Fuerschbach (Fuerschbach, 1996) defines energy transfer efficiency as the ratio of heat
absorbed by the workpiece to the incident laser energy, while he defines melting efficiency as the ratio of the
heat necessary to just melt the fusion zone to the heat absorbed by the workpiece. Both melting efficiency and
energy transfer efficiency are indicators of how well laser energy is utilized for welding. Fuerschbach uses the
following expression for energy transfer efficiency in laser welding and used it for 304 Stainless Steel and

6061 Aluminum.

N = Po/Py (5.3)

where 1, = energy transfer efficiency, P, = power absorbed, P4 = power delivered or incident on the workpiece.

Power absorbed can be determined using the relationship

P,=[(Ry * 12 * Hy)]/v (5.4)

where R, is Rykalin number (a dimensionless parameter), k; = thermal diffusivity at liquidus temperature and
H,, = enthalpy of melting. Since Rykalin number is not known, Fuerschbach first computes another

dimensionless parameter Christensen number (Ch) defined as:

Ch=[vV" *Al 7] (5.5)
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Where v = weld speed and A = area of weld. After Christensen number is computed, Rykalin number can be

found using the relationship:
Ch =R, *[{0.48 - 0.29 * exp(-R,/6.8)} * exp(-R,/59)] (5.6)
Once Rykalin and Christensen numbers are known, melting efficiency is computed as:
Mm=Cn/Ry (5.7)

Application of Fuerschbach's method [equations 3-7] to determine the energy transfer efficiencies and melting
efficiencies was carried out for several combinations. For this exercise, a value of k; = 6.3 mm2/sec for DP980
supplied by ArcelorMittal was used for all combinations. Since the enthalpy of melting for iron is about 272
J/gm and the percentages by weight of alloying elements in AHSS materials are low, a value of H,, = enthalpy
of melting = 274 J/gm, or 2.2 J/mm3 was used for the calculations. The results are presented in Table 5.5 and
indicate that the energy transfer efficiencies range from 14% to 19%, while melting efficiencies are in the 47%
- 48% range. It should be noted here that Fuerschbach used a value of 8.7 J/mm3 for stainless steel, which
when used in these calculations, result in energy transfer efficiencies in the 55% to 74% range, which is more
consistent with a value of 87% reported by Fuerschbach. The value of enthalpy of melting, however, seems to

have no impact on the melting efficiencies when using these equations.

Table 5.5 Melting and energy transfer efficiencies (Fuerschbach's method)
Characteristic TR-0/MS-70 TR-0/DP-70  DP/MS-70  DP/MS-150 U/MS U/TR  U/DP

Area of the weld,
2

0.89 1.03 0.90 0.95 0.91 0.97 1.23
mm
Weld speed
mm/sec 70 70 70 150 150 150 150
Christensen number,
Ch 109.9 126.5 111.4 537.4 5147 5482 6973
Rykalin number
R 230.6 264.7 233.7 1119.6 10724  1142.1 14525
Y
Melting efficiency
47.6% 47.8% 47.7% 48.0% 48.0% 48.0%  48.0%
nm = Cn/Ry
Power absorbed 288 330 292 652 624 665 846
Pa, Watts
Power delivered
2000 2000 2000 3700 4500 4500 4500
Pd, Watts
Energy transfer
efficiency 14% 17% 15% 18% 14% 15% 19%

nt = Pa/Pd
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Another method of evaluating 0, is based on thermal analysis presented by Quintino et al (Quintino et al.,
2007) which assumes that the weld area is rectangular in shape and uses the following expression for the

energy to melt the material in the fusion zone

where V is the velocity of weld (m/sec), b is the weld width (m), h is the weld depth (m), p is the density
(Kg/m®), C, is the specific heat (J/kg-K), AT is the temperature rise from ambient condition to the melt point,
and H is the melting latent heat (or enthalpy of melting). Since using the areas of the fusion zones will be more

accurate, we modified this equation as:
Pn=V+A:p«[Cp« (AT)+ H] (5.9

In equation (9), A = area of the weld (mm?). Since the constants C,, varies with temperature, an average value
of 0.67 J/Kg-K at 700 was used for C,, and values of 7850 Kg/m’® for p and 274.052 kJ/kg for H were used to
compute P,. Dividing P,, by power delivered indicates one way of indicating melting efficiencies. We call this
Nmi- On the other hand, since Fuerschbach defines melting efficiency as the amount of power required to melt
divided by the amount of power absorbed, we calculated the melting efficiency using P,, from equation (9) and
P, from Table 5.5 as calculated using equation (4). We called this 1. Both n,,; and n,,, along with other

calculations are shown in Table 5.6.

Table 5.6 Melting efficiencies using method of Quintino et al

Characteristic TR-0/MS-70 TR-0/DP-70 DP/MS-70 DP/MS-150 U/MS U/TR U/DP
Area of the weld, mm’ 0.89 1.03 0.90 0.95 0.91 0.97 1.23
Weld speed
sec 70 70 70 150 150 150 150
Power required to melt,
P 1021.7 1176.6 1036.0 2332.0 2233.6  2378.7  3025.7
Power delivered
2000 2000 2000 3700 4500 4500 4500
Pd, Watts
Melting efficiency
51.1% 58.8% 51.8% 63.0% 49.6% 52.9% 67.2%
T]ml = Pm/Pd
Power absorbed 1138 1306 1153 2577 2469 2629 3344
Pa, Watts
Melting efficiency
2 = Pr/P 89.8% 90.1% 89.9% 90.5% 90.5% 90.5% 90.5%

It can be seen that the values of n,,; from Table 5.6 are comparable to energy transfer efficiency 1, from Table

5.5. This suggests that power absorbed calculated using equation (4) gives results very similar to the power
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required to melt the material, calculated using equation (9). Values obtained for m,, using Fuerschbach's
definition of melting efficiency seem to be overly optimistic, since they are in the 80% to 90% range,
suggesting that the proper method to compute melting efficiency is by using the power absorbed or power

required to melt the material.

A third method of determining 1, used sometimes in literature is to describe it as the melt volume per unit of

laser energy input or mm’/kJ:

Efficiency, nm3 = (Weld cross-sectional area) « (Travel speed)/Power  (5.10)

Where weld cross-sectional area is in mm?, travel speed in mm/sec and power is in kW. 1,3 can be correlated

to M, (absolute value) as (Kim et al., 2008 ):

Mm = 1.1 «nm (5.11)

Melt efficiency for various combinations using this method are shown in Table 5.7, and seem to be
considerably lower than the values obtained for the first two methods. Since Quintino's method of calculating
the melt efficiency using the power required to melt the material is the most logical procedure, it can be

concluded that this method does not result in accurate values.

Table 5.7 Melting efficiencies using the third method

Characteristic TR-0/MS-70 TR-0/DP-70 DP/MS-70 DP/MS-150 U/MS U/TR  U/DP
Area o;tr:‘fwe'd‘ 0.89 1.03 0.90 0.95 091 0.97 1.23
E B 70 70 70 150 150 150 150
mm/sec
Power
KW 2 2 2 3.7 4.5 4.5 4.5
Melting efficiency
. 31.2% 35.9% 31.6% 38.4% 30.3% 32.2% 41.0%
nm3 = Area*Speed/Power
True melting efficiency
34.3% 39.5% 34.7% 42.3%  33.3% 35.5% 45.1%

nm=1.1*nms

5.5 Conclusions

Experimental work and analysis of laser welding of advanced high strength steels was performed. The

following conclusions can be drawn form the results and discussion.
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1. Yb:YAG laser produces excellent welds without any defects such as porosity, undercut, burn through
and humping.

2. Very high microhardness values were noted in some fusion zones.

3. Softening in the heat affected zone was observed in DP980.

4. Weld speeds calculated using a simple moving line source model based on a cylindrical channel
surrounded by an elliptical melt pool yielded very good results. The calculations and micrographs
suggest that the speeds used for the experiments should be slightly modified to be closer to the
calculated values of the speeds.

5. Melting efficiencies were calculated using two methods and seemed to be in the 50 to 70% range.
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CHAPTER 6. FORMABILITY OF LASER WELDED ADVANCED HIGH STRENGTH STEELS

A modified version of this work with additional authors will be published in a research journal

Rajashekhar S Sharma and Pal Molian

Abstract

Formability of TRIP780 welded to mild steel using a 1030 nm, 6 kW Yb:YAG disk laser, was studied using
Ohio State University (OSU) plane strain test method. Optical and scanning electron microscope studies of the
fusion and heat affected zones, including results of color tint etching using sodium metabisulphite, were also
presented. In addition, microhardness and tensile test data are also included. Microstructural analysis revealed
that the fusion zone mostly consisted of martensite. Formability test results indicate that the weld joints of
TRIP780 steels laser welded to mild steel are robust to fractures during plane strain tests, with the fracture
occurring in the mild steel region and running parallel to the weld zone. Fracture of the locking beads during
the tests prevented further testing of the joints of DP980 steels laser welded to mild steel and to TRIP780. The
high microhardness values obtained in the DP980/MS as well as DP980/TRIP780 joints suggest that the laser
welded zones in these combinations also would not fracture during OSU plane strain testing. It is concluded
that the locking beads for the OSU test procedure must be modified substantially to accommodate high
strength/low ductility materials such as DP980.

6.1 Introduction

There is considerable interest among automobile manufacturers to use tailor welded blanks (TWB) of
advanced high strength steels (AHSS). TWB refers to blanks of different materials, coatings or thicknesses first
welded and then processed using metal forming and other processes. Use of TWB's will result in weight and
cost savings, increased passenger safety and improved fuel economy. Laser welding is the most suitable
method to prepare TWB's, since they result in smaller fusion zones (FZ) and heat affected zones (HAZ) when
compared to traditional welding processes such as resistance mash seam welding. Due to the inherent high
rates of cooling, laser welding can also result in higher hardness values in FZ and HAZ, although in the case of
very high strength materials such as DP980 and Martensitic steels, the outer edges of the heat affected zone

will have lowered microhardness values [1, 2].

Several formability studies of laser welded regions are reported in literature, although not much work has been

carried out on the formability of laser welded AHSS steels. Xia et al [3] have studied formability of DP980
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steel welded to DP980 and high strength low alloy (HSLA) steel welded to HSLA, using Diode laser beam;
they used limiting dome height (LDH) tests. Nagasaka [4] has presented investigation of the effects of laser
welding conditions on mechanical properties and press formability, and concluded that lower weld speed and
energy input during laser welding results in better formability. Xia, et al [5] carried out similar LDH tests on
DP and HSLA steels and concluded that the failure pattern of DP parent metal was determined by its rolling
direction. Sreenivasan et al [6] used LDH tests to evaluate DP980 steel compared to formability of base metal.
In all these studies, regions of lowered hardness in the heat affected zones of DP980 seemed to have the largest
impact on the formability. Padmanabhan et al [7] studied the effect of anisotropy in the laser-welded blank and
blank rolling direction and concluded that appropriate combination of the blank sheets rolling direction
orientation can significantly improve the formability of the TWB in the deep-drawing of square cup. Hyrcza-
Michalska and Grosman [8] present research on laser welded blanks made of different steel grades and
different combinations of thicknesses using hydroforming as well as bulging tests. Ahmetoglu et al [9] carried
out deep drawing of welded blanks of aluminum killed draw quality (AKDQ) steel with weld line located at
different orientations; they concluded that by adjusting the blank holder pressure (BHP), the weld line
orientation can be controlled and thus it is possible to reduce the level of straining on the side of the blank that
has lower thickness or lower strength. Saunders and Wagoner [10] have used LDH tests with finite element
modeling using SHEET-3 software, and concluded that weld line motion during forming operations is critically
important to the development of strain patters and failure sites. They also observe that when samples are
stretched parallel to the weld, the limited weld ductility allows cracks to nucleate and propagate normal to the
weld line; and when the samples are stretched perpendicular to the weld, the stronger material constrains the
weaker one to fail near plane-strain tension with the crack in the weaker material running parallel to the crack.
Several research investigators [11, 12, 13] have studied the characteristics of weld line movements for deep
drawing in TWB's, while others [14, 15, 16, 17] have presented other aspects of forming of TWB's including
springback [14] and Forming Limit Diagram in TWB's including DP800 material [16].

In this paper, a study of the formability of TRIP steel butt-welded to mild steel using a 6 kW Yb:YAG laser is
reported. Results of attempts to conduct formability tests on DP steel welded to MS and to TRIP780 are also
presented. The objective is to confirm that fractures do not occur in the weld regions in the TWB's. For the
purpose of these experiments, the direction of the rolling during the manufacturing of steel was ignored. Since
the unilateral plane-strain OSU formability test (OSUFT) has been found to result in the lowest variability [17],
this method was chosen. Microhardness values as well as microstructural analysis using color tint etching [18,
19] and scanning electron microscope are also included, since the hardness and microstructures have a

significant impact on formability.

6.2 Experimental details
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Two grades of AHSS (TRIP780 and DP980) and mild steel (MS) were obtained in the form of 1 mm (MS,
TRIP) and1.5 mm (DP) sheets, and sheared to coupons of about 100mm x 200 mm size. TRIP780 had been
pre-coated with zinc coating by galvanizing process. Some TRIP steel coupons were pre-strained to 5%
(designated TR-5) and 10% (designated TR-10) in an Instron machine. The grades, compositions and
mechanical properties of these steels are listed in Table 6.1 (a) and (b). The coupons were milled on the edges
to keep the straightness within 10% of thickness to allow butt welding. The coupons were later mounted in a
fixture as shown in Figure 6.1 with the configuration set as a butt joint and welding was carried out. A
continuous wave Yb:YAG laser, manufactured by TRUMPF (TruDisk 6002) with a power capacity of 6 kW
and beam quality of 8 mm-mrad was used for welding. The laser beam was transmitted through optical fiber
and focused on the specimen surface by the lens with 200 mm focal length. The spot diameter at the focal point
was about 0.6 mm. The system comprises of the laser beam delivery system mounted on the robot's end-
effector and moving in 3D space, with the beam perpendicular to the workpieces for all combinations. The
samples were held stationary in the weld fixture as shown in Figure 6.1. Initially bead-on-plate experiments
were performed to obtain the appropriate laser parameters for butt welding. Two power levels (and speeds
suitable for full penetration as determined by bead-on-plate experiments) were used as shown in Table 6.2.
Argon gas at 30 I/min was used for shielding. The weld scheme is presented in Table 6.2, also shows samples
tested for tensile strength as well as samples prepared for formability tests.

Table 6.1 (a) Chemical composition (wt%) of DP980, TRIP780 and mild stel used.

Steel C Mn | Mo P S Si Cr Al B Ti Vv Nb Ni Cu N
DP980 |0.135|2.100(0.350| -- -- 10.050|0.150|0.450| 0.007 | -- - - - - -
TRIP780 |0.190(1.580| -- |0.013|0.025|1.600(0.070|0.036| -- |0.027| -- ]0.038|0.020|0.020
Mild Steel {0.043|0.270|0.002|{0.041|0.009{0.021|0.020|0.040| 0.000 (0.002{0.001| -- - - 10.007

Table 6.1 (b) Mechanical properties of DP980, TRIP780 and mild steel used.

Steel Yield strength Ultimate strength Elongation
(MPa) (MPa) (%)
DP980 CR 534 980 12.2
TRIP780 CR 471 792 18
Mild Steel 215 355 37.8

After welding, dog-bone shaped tensile test specimens were cut from transverse sections at the mid-length
position of the welds and the cut surfaces were prepared for metallographic inspection by polishing and etching
using a 3% nital solution to display weld shape and microstructure. The mounted samples were examined
under optical microscope. Microhardness was evaluated using a Vicker’s hardness tester at a load of 0.5 kN.
Tensile tests on the welded joints were carried out on an Instron Tester. Dimensions of the tensile samples are

shown in Figure 6.2.
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. Thickness . Thickness Weld power Weld speed
Sample ID Material 1 (mm) Material 2 (mm) (kW) (mmisec)
TR-0 (TRIP780 as received, cold .
TR-0/MS-70 rolled and galvanized using Gl 1.0 MS (Mild Steel, cold rolled, no 1.0 2.0 70
protection)
process)
& 0, "
TR-5/MS-70 TR-5 (TRIP780 S_A stretched, cold 10 MS (Mild Steel, gold rolled, no 10 20 70
rolled and galvanized) protection)
& L i
TR-10/MS-70 TR-5 (TRIP780 19A: stretched, cold 10 MS (Mild Steel, gold rolled, no 10 20 70
rolled and galvanized) protection)
TR-0 (TRIP780 as received, DP980
RAHEIPSAD cold rolled & galvanized) L cold rolled, no protection 18 20 C
DP/MS-70 DP980 . 10 MS (Mild Steel, (?old rolled, no 10 20 70
cold rolled, no protection protection)
TR-0/MS-150 TR-0 (TRIP780 as received, cold 15 MS (Mild Steel, gold rolled, no 10 37 150
rolled and galvanized) protection)
DP/MS-150 DP980 15 MS (Mild Steel, cold rolled, no 10 37 150

cold rolled, no protection

protection)

exhaust.

Figure 6.1 Laser welding being
carried out on samples
mounted as butt-joints in the
weld fixture. The photograph
shows the shield gas along with
smoke moving towards the

SHIELD GAS

ALL DIMENSIONS IN MM

4 - R1.5

/WELD LINE

30

105.4

Figure 6.2 Dimensions of tensile test sample.
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Formability tests were carried out using OSU formability test on an Instron Tester using special OSU fixtures
(Figure 6.3). To accomplish this, welded samples as well as samples of plane stainless steel grade 409 were
cut to size and milled to a uniform 192mm width. The test equipment was switched on for over an hour to
stabilize actuation before the tests were run. Initially, about 20 samples of stainless steel 409 were prepared and
run on the machine for conditioning of the punch and binder plates to minimize variability [17]. After this,
welded samples were positioned with the weld bead in the plane strain area, with the weld zone as shown in
Figure 6.3 (b), with loads applied in the transverse direction in relation to the weld line. Clamping loads typical
of 333.6 kN were applied for the locking beads. No lubrication was applied to the samples during the test. The

punch was advanced at 5 mm/sec. The dimensions for the OSU fixture are shown in Figure 6.4.

WELD ZONE POSITIONED
HERE, NORMAL TO THE
PLANE OF THE PHOTOGRAPH.

(@) (b) LOCK BEADS

Figure 6.3 OSU formability test fixture set-up: (a) Before the start of the test (b) At the conclusion of tests
when the samples are completely formed.

Figure 6.4 Major dimensions in the

3R
\j aum K OSU test fixt
est 1nxture.
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6.3 Results and discussion
6.3.1 Microstructure

Optical micrographs of three combinations, TR-0/MS-70, TR-0/DP-70 and DP/MS-150, after being treated
with 2% Nital are presented in Figure 6.5 (a) — (d). The weld zones in (a) — (c) show the typical hour-glass
shape with a slight tear-drop at the bottom. The dendritic structure in the micrographs seem nearly horizontal
in the bottom while at 15 to 45 degrees to the horizontal in the mid to upper regions. In a few areas of DP/MS
and TRIP/MS combinations, microstructures as shown in Figure 6.5 (d) were noted. Comparison of this with
the micrographs presented by Gallagher et al [1] suggests that these areas might be secondary widmanstatten

ferrite with relatively lower microhardness values.

wr gog

WIDMANST
COLONIES

500 pm

Figure 6.5 Weld zones for three combinations: (a) TR-0/MS-70, with TRIP780 shown on the left,
(b) TR-0/DP-70 with DP shown on the left, and (c) DP/MS-150 with MS shown on the left. All
micrographs are shown at 50X magnification. Colonies of Widmanstatten ferrite found in TR-
0/MS-150 combination are shown in (d), which is captured at 1000X magnification.

Micrographs of TR/MS-70, TR/DP-70 and DP/MS-150 after treating the polished surfaces to 2% Nital
followed by 2% Sodium Metabisulphite (NaMBIiS) are shown in Figure 6.6. Since martensite is shown in dark
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brown color after NaMBiS treatment [18], it can be said that most of the fusion zones in all three cases and
parts of heat affected zones in DP980 and TRIP780 are martensitic. Presence of other microstructures cannot
be ruled out since NaMBIS etches bainite also to a dark color. Regions of white are also seen, and since
NaMBIS shows ferrite in white, the earlier observation about the presence of secondary Widmanstatten ferrite
seems to be correct. Some regions of TR/MS-70 and DP/TR-70 are shown with varying darkness, but this is
because of variation in the etching of the surfaces. In the case of Figure 6.6 (c) showing microstructure of
DP/MS-150, some zones look lighter in color because of variation in the etching process. Higher magnification
micrographs are presented in Figure 6.7 for the fusion zones, transition zones from FZ to HAZ, as well as from

transition zones HAZ to base metal for TR/MS-70, TR/DP-70 and DP/MS-150 combinations.

B00 am

Figure 6.6 Micrographs of three
combinations after Nital and NaMBiS
treatment: (a) TR-0/MS-70, (b) TR-
0/DP-70 AND (c) DP/MS-150
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Figure 6.7 Higher magnification
micrographs (all at 300X) with
NaMBIiS treatment in the weld
zones for the three combinations:
(a) HAZ TO fusion zone transition
for mild steel in TR-0/MS-70, (b)
HAZ to base metal in TRIP780 in
TR-0/MS-70 (c) Fusion zone in
TR-0/DP-70, (d) Fusion zone in
DP/MS-150, and, (e) Fusion zone
to HAZ in DP980 in DP/MS-150
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15ku X1, 588 LB e

Figure 6.8 Scanning electron
micrographs of (a) Mild steel base metal
to HAZ transition zone in TR-0/MS-70,
(b) TRIP780 HAZ to base metal
transition in TR-0/MS-70, (c) Fusion
zone in TR-0/DP-70, (d) Fusion zone in
DP/MS-150, (e¢) DP980 HAZ to fusion
zone in DP/MS-150.

Scanning electron micrographs of the fusion and transition zones for TR/MS-70, TR/DP-70 and DP/MS-150
are shown in Figure 6.8. All micrographs are taken at a 1500X magnification. Comparison of the SEM

micrographs in the fusion zones, to the results presented by Cortez et al [20], indicates presence of both upper
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and lower bainite although the microstructure seems to be mostly martensitic in nature. This agrees with the
earlier statement about the presence of bainite found with color tint etching. The recrystallized grains near the

HAZ for both TRIP780 and DP980 appear to be less refined compared to the base metal.

These findings about the microstructure in the fusion zone being mostly martensitic agrees with the findings of
Rizzi et al [21] who conducted experiments on laser welding of TRIP, DP and martensitic steels and found the
microstructure to be mostly martensitic. Since the fusion zone is rich in alloying elements, the carbon
equivalent in DP steel is calculated as 0.59 wt% and 0.47 wt% in TRIP780 using the carbon equivalency
calculator [22]. Together with the high rate of cooling of 2000°K/Sec [23], it can be expected that the

microstructure would be nearly all martensite.

6.3.2 Microhardness

Microhardness values for the fusion and heat affected zones for TRIP/MS, DP/MS and TRIP/DP combinations
were evaluated using microhardness tester. The results for TRIP/MS, TRIP/DP and DP/MS combinations have

been reported in the literature [2, 24] and are shown in Figure 6.9.

Microhardness values for DP980 are lower in the outer edges of the heat affected zone, while the
microhardness values of mild steel seem to be higher in the heat affected zones. However, the microhardness
values of DP980 and TRIP780 as well as the fusion zones for all combinations are higher than the
microhardness values for mild steel. This is an important observation since microhardness values are directly
correlated to strength and is a good predictor on where the fracture can occur both in tensile tests and in plane-

strain formability tests.

The wvariation of microhardness values in the fusion zone is attributed to the presence of secondary

widmanstatten ferrite and upper and lower bainite structures.

6.3.3 Tensile Tests

The results of tensile tests are also reported earlier [2, 24] and summarized in Fig. 6.10. All joints with mild
steel (TR/MS and DP/MS) fractured in the mild steel region while the TR/DP samples all fractured in the
TRIP780 region. For joints with mild steel, there is very little difference in the tensile test results. For example,
the graphs for DP/MS-150, TR-0/MS-70 and TR-10/MS-70 can be seen to be identical. There is, however,
considerable difference in the maximum strain values before fracture between the graphs for TR-0/DP-70 and

TR-10/DP-70 with TR-0/DP showing significantly higher values of strain. The maximum stress values for
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these two, however, seems to be nearly the same. This suggests that the energy absorbed, and therefore the

toughness, of TR-10/DP is considerably lower than that for TR-0/DP.

MICROHARDNESS VALUES FOR TRIP, DP AND MS COMBINATIONS
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YELLOW = HEAT AFFECTED ZONE, RED = FUSION ZONE, NO COLOR = BASE METAL

Figure 6.9 Microhardness values for three combinations, TR-0/MS-70, DP/MS-150 and TR-0/MS-150. The
microhardness values for TR-5/MS-150 and TR-10/MS-150 are similar to TR-0/MS-70 and are not shown.

STRESS Vs STRAIN GRAPHS

900 ] —@— TRIP-0/DP STRESS 1 * STRAIN 1
—{ll— TRIP-10/DP STRESS * STRAIN 1
800 T — @ - TRIP-10/MS STRESS * STRAIN 2
—- - TRIP-0/MS STRESS (2) * STRAIN 3
700 DP/MS STRESS * STRAIN 3
600
©
& 500
<
4004
.
300+
200
100 |
0 %

6.3.4 Formability Tests using OSUFT

Figure 6.10 Tensile test
results for TR-0/MS-
70, TR-0/DP-70 and
DP/MS-150 [Reference
24]
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Formability tests were run on multiple samples of TR-0/MS-70, TR-5/MS-70 and TR-0/MS-150 joints. Due to
shortage, only one sample of TR-10/MS-70 was run. All the samples fractured in the mild steel region with the
fracture running parallel to the weld. This agrees with the conclusion of Saunders and Wagoner [10] that when
plane strain tests are run perpendicular to the weld line, the stronger material constrains the weaker one and the

fracture occurs parallel to the weld line. Typical fracture exhibited by these sample combinations are shown in

Figure 6.11 (a).

When the first sample of DP/MS-70 using OSU procedure was tested, it was observed that the test stopped due
to fracture of DP material in the lock bead. A second sample resulted in the same condition. In order to
understand the issues, several DP base material samples were run, some by softening the radii around the lock
bead region by doubling up the samples. All but one of these samples fractured at the radius. One of the
samples fractured at the locking bead is shown in Figure 6.11 (b) and the sample that survived the test is shown
in Figure 6.11 (c). After these failures, simple bend tests were run on DP material and based on those, the lock
bead design was changed to a friendlier design as shown in Figure 6.12 (a) — (b), where (a) shows the design
before the major changes and (b) shows the design of the beads after the changes. However, even with these
changes, the fracture of DP980 in the lock beads could not be prevented and therefore further tests of TR/DP-
70, DP/MS-70 and DP/MS-150 were suspended.

Figure 6.11 Fractured samples from the OSU formability test: (a) A typical TR-0/MS-70 sample
with fracture above the weld line (b) Fracture of DP material in the lock bead before the test
could be concluded (c) A DP980 base material sample that went through the test without
fracture in the lock bead, indicating that reducing the stress in the lock bead would allow tests
to be successfully concluded.
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SCALE INDICATES 10 MMS
BETWEEN GRADUATIONS

Figure 6.12 Lock bead design (a) before modifications, and, (b) after
modifications. A scale is provided to indicate dimensions.

Since the microhardness values of the DP980 in the base material and in HAZ are higher than the base material
hardness in TRIP780 and MS in TR/DP and DP/MS combinations, it can be expected that fractures would
occur in the base metal region of TRIP780 in TR/DP combinations and MS region of DP/MS combinations.
Previous studies [25] have indicated that coatings such as galvanized zinc would result in considerable
dimensional variability as well as higher surface roughness on the top of the weld zones. For this reason, this
theory would be valid if there are no severe concavity issues or weld defects in the fusion zones, as these

would be detrimental to the strength of the joint.

The results of the formability tests for TR/MS joints are summarized in Table 6.3 and show the maximum load
and stroke experienced by the punch during the tests. Since only the two TR-0/MS joints have sample sizes of
more than 3, both average and standard deviation values are shown for them. Average values are shown for

TR-5/MS-70, while standard deviation values are not shown for TR-5/MS-70 as well as TR-10/MS-70.

The graphs of punch load versus punch displacement are shown for the above combinations in Figure 6.13. To
reduce the clutter, only the extreme values are shown for TR/MS-70 and TR/MS-150. The graph also includes
results of formability tests on DP/MS-70 before fracture in the lock bead region; since the lock bead area
fractures first, the data shown for DP/MS-70 should not be considered reliable. The TR/MS combinations seem
to be very close to each other with fairly small spread, although the two graphs of TR-5/MS-70 seem to vary
considerably from each other. Also, as can be seen, DP/MS-70 shows larger values of load as well as
displacement. This indicates that the DP material took most of the load during the test before fracturing in the

lock bead area.
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Table 6.3 Summary of formability test results

Maximum load, kKN Maximum stroke, mm
Joint Individual Standard Individual Standard
Average . Average .
values Deviation values Deviation
63.80 13.44
62.23 12.95
TR-0/MS-70 62.47 63.79 1.50 13.31 13.38 0.28
64.62 13.49
65.83 13.72
62.01 12.85
65.52 13.44
TR-0/MS-150 65.49 64.68 1.78 13.08 13.24 0.33
65.68 13.59
66.20 12.19
TR-5/MS-70 6124 63.72 N/A 1283 12.51 N/A
TR-10/MS-70 62.41 N/A N/A 12.95 N/A N/A
PUNCH LOAD Vs STROKE
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— +TR-0/MS-70 (2) ——TR-0/MS-70 (5) =— =TR-5/MS-70 (1) ——TR-5/MS-70 (2) ——TR-10/MS-70
——DP/MS-70 (1) = =DP/MS-70 (2) = =TR-0/MS-150 (1) ——TR-0/MS-150 (4)

Figure 6.13 Punch load versus stroke for the combinations tested. For TR-0/MS-70 and
TR-0/MS-150, only the extreme lines are shown.
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Finally, a 2-sample t-test was run to determine if there is a difference in the average values of maximum loads
supported by TR-0/MS-70 versus TR-0/MS-150. Since the weld region is small, and, since in both cases the
microhardness values are significantly higher than the hardness in the base mild steel region, there is no reason
why the two should be different. This theory proves correct, since the t-test suggests that the null hypothesis,
that, the mean values for the maximum loads supported by TR-0/MS-70 and TR-0/MS-150 combinations are
equal, cannot be rejected since the P-value is 0.464. The estimate for the difference between the mean values is
0.88 kN, and the 95% confidence interval for this difference is (-3.75, 1.98). Tests were run on Minitab® 15

and the results are shown in Table 6.4.

Table 6.4 Two-sample t-test for TR/MS-70 vs TR/MS-150

N Mean StDev SE Mean
TR/MS-70 5 63.79 1.5 0.67
TR/MS-150 4 64.68 1.78 0.89

Null hypothesis: i (TR/MS-70) - u (TR/MS-150) =0

Alt. hypothesis: p (TR/MS-70) - u (TR/MS-150) # 0

Estimate for difference: -0.88

95% CI for difference: (-3.75, 1.98)

T-test of difference = 0 (vs not =): T-Value =-0.79 P-Value = 0.464

6.4 Conclusions

Detailed microstructural characterization of tailor welded blanks of advanced high strength steels followed by
results of microhardness, tensile and plane-strain formability tests have been presented. OSU formability test
was used to conduct plane strain tests with the loads being perpendicular to the weld line. Color tint etching
method, as well as scanning electron microscopy, were used to characterize the microstructures. Following are

the conclusions that can be drawn:

1. The microstructure in the fusion zones and parts of heat affected zones for TR/MS, TR/DP and
DP/MS combinations seem to consist of primarily martensite. However, presence of other
microstructures such as lower and upper bainite and widmanstatten ferrite were also detected.

2. Microhardness values were in the 450-600 Hv range, further substantiating the presence of martensite

in both fusion and heat affected zones.
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No fractures occurred in the fusion or heat affected zones during the tensile and formability tests,
suggesting that the high microhardness values in these regions adequately compensated for concavity,
dimensional variability and surface roughness on the top of the weld.

The mild steel region in the TR/MS joints fractured during the formability tests with the fracture
running parallel to the weld line. This agrees with the conclusion arrived at by Saunders and Wagoner
[10] that the weaker material in TWB's will fracture with the fracture line being parallel to the weld
line, when loads are applied perpendicular to the weld line during plane strain formability tests.

OSU formability test fixture needs to be modified to prevent fracture of high strength, low ductility
materials such as DP980 in the lock bead region.

Weld speed and power does not affect the results obtained during formability tests.
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CHAPTER 7. GENERAL CONCLUSIONS AND FUTURE WORK

Application of laser welding to tailor-welded blanks consisting of advanced high strength steels has a bright

future in the automotive industry. Although use of AHSS materials and laser welding process is predominantly

used in Europe, automobile manufacturers in USA are beginning to realize their advantages and are moving

towards use them in higher abundance. This work indicates that AHSS materials can be joined among

themselves and to mild steel successfully resulting in high quality welds. Microstructural analyses,

microhardness tests, tensile and fatigue tests amply support this conclusion. While coatings such as aluminum

and zinc do affect factors such as concavity, surface finish and hardness, laser welding seems to overcome

these shortcomings in several cases. Some of the significant conclusions are:

1.

The fusion zones are generally free of defects such as cracks, porosity, voids and inclusions, and

exhibit microhardness values as high as 600 Hv. Some softening in high strength materials such as
DP980 materials are noted, and it can be expected that when DP980 is welded to DP980, fractures
would occur in these regions. However, when DP980 is joined to lower strength materials such as

TRIP780 and mild steel, the weaker substrate such as TRIP780 or mild steel would fracture.

There is evidence suggesting that the hardness of the fusion zone closer to the top of the surface is
higher than the hardness in the lower regions, since the rate of cooling in the upper regions would be

enhanced due to blowing of the shield gas.

Factors affecting the surface roughness and weld concavity are coatings and thickness differentials
between the samples being joined using laser welding. Thickness differential has been shown to result
in higher variability in weld concavity, which could become an important consideration in cases
where hardness (and therefore strength) of the joint is lower than that of the substrate materials being
joined. Thickness differential by itself may not contribute to higher surface roughness, but in
combinations with other coatings, it has been shown to result in higher surface roughness. Since
surface roughness has an impact on the fatigue strength of the joint, these factors need to be

considered carefully.

Weld speeds calculated using a simple moving line source model based on a cylindrical channel
surrounded by an elliptical melt pool provided very good results. Calculated melting efficiencies

seemed to be in the 50 to 70% range.

TRIP780 steels laser welded to mild steel were tested successfully using Ohio State University plane

strain formability test with fracture occurring in the mild steel region away from the weld. Since the
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microhardness values of the weld zone and heat-affected zones would be higher than that in mild

steel, the fracture ran parallel to the weld line; this agrees with the observations of other researchers.

Since this area is still relatively new, many recommendations for future work based on the research presented

in this work can be offered and are summarized below.

1. Effects of laser welding of other AHSS materials: Although considerable investigative research work
has been carried out in laser welding of AHSS materials, not all AHSS materials have been researched
for the effect of laser welding on tensile strength, fatigue and dynamic impact tests which will
simulate crash performance. With the arrival of new steels such as TWIP steels, even more research
needs to be carried out to further improve passenger safety, fuel economy and other factors for the

customers.

2. Predictive models for laser welding process: Although a significant amount of work has been carried
out in modeling heat transfer characteristics for laser welding [1, 2], there is considerable room for
improving the predictive models for size of the fusion zone, rate of cooling, and other important
considerations. Further, using better models, the hardness, dendritic structure, residual stresses,
microstructure and the strength of the joint can be predicted, which will prove to be highly useful in

industry.

3. Use of finite element analysis to prove the applications in automobiles for tensile strength,
formability, fatigue and crash events: Currently, FEA is a critical tool used extensively in automotive
industry. These tools need to be developed further for predicting performance when AHSS materials
are laser welded and used in automobiles either as laser welded blanks or as separate components

joined together.

4. Differential cooling when using USIBOR as part of TWB: When USIBOR is used as a tailor welded
blank joined to other materials like mild steel, DP980 and TRIP780, use of hot forming process will
negatively affect the properties of these other materials. A well designed differential cooling process
will keep USIBOR's properties of very high strength and the ductility, high elongation and other
properties of the other materials in tact. This will save considerable cost during processing while

delivering high performance.

5. Auto-correlation and cross-correlation values for the surface roughness can be determined for various
cases involving different coatings and material thicknesses. Using these values, the weld cross

sections can be simulated using fast fourier transforms (FFT) and Monte Carlo methods. These
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simulations can then be used to statistically determine if the samples can survive tensile and fatigue
tests when the hardness values in the weld region would be comparable or significantly lower than the

hardness of materials that are being joined.

Methods to prevent softening in HAZ, concavity and other issues: While welding certain very high
strength steels such as DP980, the hardness drops in the outer regions of the heat affected zones.
When joining DP980 to DP980, such hardness drops occur in both HAZ regions. Additionally, severe
weld concavity can reduce the strength of the joints also. These may not present a problem if the
product can be designed around the properties of such joints, but the product can be further enhanced

by coming up with new methods to prevent such problems.

An important and interesting finding reported in Appendix B is that TRIP steels exhibit higher tensile
strengths in the transverse direction when compared to rolling direction. The toughness of TRIP780,
DP980 and mild steels were all, however, higher in the rolling direction when compared to transverse
directions. More research needs to be carried out to reveal the underlying phenomena behind these

findings.
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APPENDIX A. EFFECTS OF SURFACE COATINGS AND THICKNESS DIFFERENTIALS OF
MATERIALS BEING JOINED ON SURFACE ROUGHNESS

A.1 Introduction

During the investigation of geometric variability (Chapter 4), it was surmised that two factors affect the
roughness and waviness of the top surface of the laser welds: (a) Presence or absence of coatings, and, (b)
Difference in thicknesses of materials being joined. The presence of coatings such as aluminum (USIBOR) or
zinc through galvanized iron process (TRIP780) would tend to increase both the roughness and waviness of the
top surface. This is because during the welding process, the coatings would melt and get blown by the shield
gas and get redeposited on the top of the weld. A larger difference in the thicknesses of materials being joined
might not have an effect on surface roughness and waviness values but a confirmation of this using a

systematic experimentation would be useful.

A full factorial design of experiments (DOE) was carried out to find out the effect of these two factors

(coatings and thickness differentials) on the surface roughness and waviness values.

A.2 Materials and Methods

A 2-factor DOE was set-up with thickness differential (three levels) and coating (two levels: with and without)
as the two factors, and is shown in Table 1. The three levels of thickness differentials were 0.0 mm, 0.3 mm
and 0.8 mm. The combinations are designated RIC1 (Row 1, Column 1) through R2C3 (Row 2, Column 3).
Row 1 show sample combinations with coating while Row 2 show sample combinations without any coating.
Similarly, columns 1 through 3 show thickness differentials between materials being welded with values of 0,
0.3 and 0.8 mm respectively. USIBOR samples were 1.8 mm thick and had aluminum coating, TRIP780 was 1
mm thick and had zinc coating and DP980 (1.5 mm thick) and mild steel, MS (1 mm thick) had no coatings.
For R1C2 combination, USIBOR was ground on the bottom using a surface grinder with magnetic table to
achieve a 1.5 mm thick material;, however, this could not be ground further since doing so would move the
sample (and damage it) during the grinding operation. For this reason, TRIP780 material with zinc coating was
used for the R1C3 combination. For samples without coating (Row 2), 1.8 mm and 1 mm thick mild steel
samples as well as 1.5 mm thick DP980 material were used. Since one of the samples (1.5 mm thick USIBOR)
was ground on the bottom and another sample (TRIP780) had zinc coating instead of aluminum coating, these

can be considered as noise factors.

The edges on the sample combinations were prepared by using an EDM operation. After this, they were

mounted on the weld fixtures and were all welded using 3.8 kW power at 70 mm/sec speed. The top of the
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weld regions of weld samples were analyzed using the UBM roughness analyzer. 3 scans were recorded in the
middle of the welded region on the top of the weld in the direction of the weld. The scan lines were each 40

mm long and were spaced at 0.13 mm. The three scans for each combination were used as three replicates.

Response data was collected for surface roughness values (R,) and waviness (W¢) and analyzed.

Table A.1 Set-up of Design of Experiments

Thickness differential

0mm 0.3 mm 0.8 mm
% | 1.8 mm USIBOR welded | 1.8 mm USIBOR welded to [ 1.8 mm USIBOR welded to
"5 to 1.8 mm USIBOR 1.5 mm USIBOR 1.0 mm TRIP
g | © (R1C1) (R1C2) (R1C3)
S =
» £ | 1.8mmMSweldedto | 1.8 mm MSwelded to 1.5 | 1.8 mm MS welded to 1.0
3 1.8 mm MS mm DP980 mm MS
2 (R2C1) (R2€2) (R2C3)

A.3 Results and Discussion

2959 um T[]
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Figure A.1 Surface roughness profile for R1C1 combination (3 lines, each 40 mm long, spaced at
0.13 mm, measured on the top of the weld in the weld direction).

An example plot of surface roughness obtained for RIC1 combination is shown in Fig A.1. The three scans
shown are at 0.13 mm apart and are 40 mm long. Each of the horizontal line scans were analyzed for roughness
and waviness using DIN 4776 filter. The three scan values were considered as three replicates of the same

experiment and are summarized in Tables A.2. The main effects and interaction plots are shown in Figures A.2

(@) - (b).
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An examination of Figure A.2 indicates that both the roughness and waviness values of the surface on the top

of the welds will be significantly higher when samples with coatings are welded compared to when samples

without coating are welded. Also, with increasing thickness differentials, the roughness values have a tendency

decrease for samples with coatings while increasing for samples without coating. Interestingly, the waviness

values have a tendency to fall with increasing thickness differential. Also, the interaction plots suggest that

there is a strong interaction between the two factors, coating and thickness differential, for both roughness and

waviness.
Main Effects Plot for Roughness, Ra Interaction Plot for Roughness, Ra
Data Means Data Means
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Main Effects Plot for Waviness Wt Interaction Plot for Waviness Wt
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Figure A.2 Main effects and interactions plots for Roughness [(a) and (b)] and Waviness [(¢) and (d)]
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The data for both roughness and waviness were analyzed using Minitab® version 15 (Paul Mathews, "Design
of Experiments with Minitab", Quality Press, 2005). As mentioned earlier, the three line-scan values for each
combination shown in Table 1.3 were used as three replicates. This is because, if the average values shown
Table A.2 are used for analysis considering the number of replicates as 1, the degrees of freedom (DF) for error

would be zero, and the analysis of variance cannot be carried out.

Table A.2 DOE Results - Roughness and Waviness values

Replicate Coating . Thicknessz Roughness Waviness

(Yes/No) Difference (Ra) (Wy)
1 1 1 16.97 70.15
2 1 1 17.41 67.47
3 1 1 18.24 64.09
1 1 2 15.05 39.58
2 1 2 13.79 38.88
3 1 2 15.08 45.85
1 1 3 12.15 40.16
2 1 3 10.99 39.97
3 1 3 8.79 38.95
1 2 1 8.73 28.86
2 2 1 6.73 20.63
3 2 1 5.56 17.84
1 2 2 12.84 69.48
2 2 2 8.97 49.45
3 2 2 5.65 28.9
1 2 3 22.07 54.28
2 2 3 14.58 34.33
3 2 3 9.21 20.7

lCoating: Yes=1, No=2. >Thickness difference: Omm=1, 0.3mm=2, 0.8mm=3

Tables A.3 (a) and (b) show the results of the analysis of variance for roughness and waviness. The F-values
and the corresponding P-values indicate that, for a = 0.05, the null hypothesis that no effect is significant can
be rejected for the main effect of coating as well as the interaction effect between coating and thickness

differentials. However, such a null hypothesis cannot be rejected for the main effect of thickness differential,
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and for this reason, only the coating and the coating - thickness differential interaction are the only significant

factors for variance.

Table A.4 (a) and (b) show similar results for the t-tests carried out for means. Analysis of the waviness data in
Table 1.5 (a) indicates that coating and the interaction are both statistically significant and the null hypothesis
for these can be rejected at o = 0.05. For roughness values, the interaction for (1,2) is not statistically
significant, but the null hypothesis can be rejected for (1,1), indicating that there is some evidence that the

mean values for this interaction is significant but not overwhelming.

TABLE A.3 (a) Analysis of Variance for Roughness, Ra, using Adjusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P
Coating (Yes/No) 1 64.71 64.71 64.71 6.35 0.027
Thickness Difference (0, 0.3, 0.8) 2 3,52 352 176 0.17 0.843
Coating (Yes/No)*Thickness Diff (0, 0.3, 0.8) 2 179.2 179.2 89.6 88 0.004
Error 12 122.2 122.2 10.18

Total 17  369.7

$=3.19136 R-Sq=66.94% R-Sq(adj)=53.16%

TABLE A.3 (b) Analysis of Variance for Waviness Wt, using Adjusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P
Coating (Yes/No) 1 808.4 808.4 808.4 6.43 0.026
Thickness Difference (0, 0.3, 0.8) 2 198.7 198.7 99.3 0.79 0476
Coating (Yes/No)*Thickness Diff (0, 0.3, 0.8) 2 2309 2309 1155 9.19 0.004
Error 12 1508 1508 125.7

Total 17 4825

$=11.2112 R-Sq=68.74% R-Sq(adj)=55.71%

Table A.4 (a) Results of t-test for roughness data Table A.4 (b) Results of t-test for waviness data

Term Coef SE Coef T P Term Coef SE Coef T P
Constant 12.3783 0.7522 16.46 0 Constant 42.754 2.642 16.18 0
Coating (Yes/No) Coating (Yes/No)

1 1.8961 0.7522 2.52 0.027 1 6.702 2.642 2.54 0.026
Thickness difference Thickness difference

1 -0.105 1.064 -0.1 0.923 1 2.086 3.737 0.56 0.587

2 -0.482 1.064 -0.45  0.659 2 2.603 3.737 0.7 0.499

Coating (Yes/No*Thickness Difference)

1 1 3.371 1.064

1 2 0.847 1.064

3.17

0.8

0.008

0.441

Coating (Yes/No*Thickness Difference)

1 1 15.695 3.737

1 2 -10.622 3.737

4.2

-2.84

0.001

0.015
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The residual plots for roughness and waviness are shown in Figures A.3 and A.4 respectively. This includes
the normal probability plots, plots of residuals against fits and the histograms. Both normal probability plot and

residuals versus plot indicate that there are a few outliers, but the data looks normal without any unusual

readings.
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Figure A.3 Residual Plots for Roughness

Regression analysis was used to compute the coefficients in the equation:

Roughness or Waviness = o + ;.A + ,.B + B;.AB

(A.1)

Using the values of [.))X obtained from the regression analysis, the equations for roughness and waviness are

written as:
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Roughness R, =40.1 - 19.0*A - 11.0*B + 7.59*AB (A.2)
Waviness W, = 132 - 54.9*A - 34.5*B + 20.8*AB (A.3)
Residual Plots for WAVINESS
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Figure A.4 Residual Plots for Waviness

In the equations (1.2) and (1.3), the term A represents coating or no coating, B represents the thickness
differential and AB is the interaction term. It should be noted that the values of A and B are the coded values
shown under Table 1.3, whereas the coded values for the interaction term, AB, is obtained by multiplying the

coded values for A and B from the same table. These values along with the data, fitted and residual values are
shown in Table 1.6.
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Table A.5 Fits and residual values using regression procedure

Roughness Waviness

Co(aAt;ng Tthk(Il];:S diff Im?ilc;; on Data Fits Resids Data Fits Resids
1 1 1 16.97 17.54 -0.57 70.15 63.23 6.92
2 3 6 22.07 15.29 6.78 54.28 43.05 11.23
1 3 3 12.15 10.64 1.51 40.16 35.68 4.48
1 1 1 1741 17.54 -0.13 67.47 63.23 4.24
1 2 2 15.05 14.64 0.41 39.58 49.46 -9.88
2 2 4 12.34 9.15 3.69 69.48 36.05 33.43
2 1 2 8.73 7.01 1.72 28.86 29.06 -0.20
1 2 2 13.79 14.64 -0.85 38.88 49.46 -10.58
2 2 4 8.97 9.15 -0.18 49.45 36.05 13.40
2 3 6 14.58 15.29 -0.71 34.33 43.05 -8.72
1 3 3 10.99 10.64 0.35 39.97 35.68 429
2 1 2 6.73 7.01 -0.28 20.63 29.06 -8.43
2 1 2 5.56 7.01 -1.45 17.84 29.06 -11.22
1 3 3 8.79 10.64 -1.85 38.95 35.68 327
2 2 4 5.65 9.15 -3.50 28.90 36.05 -7.15
1 2 2 15.08 14.64 0.44 4585 49.46 -3.61
2 3 6 9.21 15.29 -6.08 20.70 43.05 -22.35
1 1 1 18.24 17.54 0.70 64.09 63.23 0.86

A.4 Conclusions

From the above results and discussion, the following conclusions can be drawn:

Presence or absence of coatings such as aluminum or zinc is a significant factor that affects both
roughness and waviness values.

Thickness differential between materials being joined does not seem to be a significant factor but
since it has a strong interaction with the existence or non-existence of coating, it cannot be ruled out
as being ineffective.

Plot of data in Fig. 1.2 suggests that, for smaller thickness differentials, the influence of coatings
seem to be greater and it seems to diminish with increasing thickness differentials. In the same way,
when coatings are absent, smaller thickness differentials seem to produce lower surface roughness;
the roughness values seem to increase with increasing thickness differential. This is attributed to

variability in the weld regions when materials with larger thickness differentials are welded together.
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APENDIX B. Effect of rolling direction on tensile strength of joints

B.1 Introduction

The effect of rolling direction on the maximum tensile strengths of DP980, TRIP780 and mild steel as well as
DP/MS and DP/TR joints are investigated further in this section. The objective is to study the effect of rolling
direction on the tensile strengths of these materials, as well as on the welded joints comprising of these
materials, and statistically prove (or disprove) that rolling direction has a significance in the maximum tensile

strengths.

B.2 Materials and Methods

Large sheets of three materials, TRIP780 (1.0 mm thick with galvanized zinc coating), DP980 (1.5 mm, cold
rolled only) and mild steel (0.7 mm, galvanized zinc coating) were specially provided by Arcelor Mittal for this
project. The sheets had been marked with rolling direction. Samples were cut along and perpendicular to the
rolling direction from the sheets. The edges of the samples were machined using EDM process. The samples
were then mounted on weld fixture and welded at 3.8 kW and 70 mm/sec speed. To reduce the number of
combinations, the welding was carried out with rolling directions for both samples in the same direction as the
tensile test samples (with this direction being perpendicular to the weld line) or with the rolling directions for
both samples being transverse to the direction of the tensile test samples (with this direction being parallel to

the weld line). The weld scheme is shown in Table B.1 and Figure B.1.

The welded samples were then removed and tensile samples were cut using EDM process. Since the EDM
process results in lesser variability compared to waterjet process, this process can be expected to yield more

accurate results. Dimensions of the tensile samples are shown in Figure B.2.

The tensile samples were tested in an Instron tester. 6 samples for each joint were tested. Before the tests were
run, the widths of the samples were measured and recorded. At the end of the test, the maximum loads carried
by the joints were recorded. Confirmation tests were run on regular TRIP-780, DP980 and MS tensile samples

cut along the rolling and transverse directions.
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Table B.1 Weld scheme for evaluating effect of rolling direction

Designation Material 1 Material 2
DP980 (weld line perpendicular to roll Mild Steel (weld line perpendicular to
DP/MS-R direction; tensile load direction is the roll direction; tensile load direction is the
same as roll direction) same as roll direction)
DP980 (weld line same as rolling Mild Steel (weld line same as rolling
DP/MS-X direction; roll direction is transverse to direction; roll direction is transverse to
direction of tensile load direction) direction of tensile load direction)
DP980 (weld line perpendicular to roll TRIP780 (weld line perpendicular to roll
DP/TR-R direction; tensile load direction is the direction; tensile load direction is the
same as roll direction) same as roll direction)
DP980 (weld line perpendicular to roll TRIP780 (weld line perpendicular to roll
DP/TR-R direction; tensile load direction is the direction; tensile load direction is the

same as roll direction)

same as roll direction)

ROLL
DIR

ROLL
DIR

WELD (FOR
JOINTS)

TRIP780
OR MS

ROLL
DIR

WELD (FOR
JOINTS)
>
TRIP780
ROLL OR MS
DIR

(a)

(b)

Figure B.1 Roll directions for (a) DP/MS-R and DP/TR-R, (b) DP/MS-X and DP/TR-X.
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Figure B.2 Dimensions for tensile test samples. Note that the gage length for base materials remains at
50 mm.

B.3 Results and Discussion

B.3.1 Tensile test results for welded joints

All the DP/MS joints fractured in the mild steel region away from the weld and all the DP/TR samples
fractured in the TRIP780 region, also away from the weld, suggesting that the welds are excellent in quality.
Samples were measured carefully for widths and thickness values, but since the variability of thickness values
was negligible, the thickness was not taken into account. However, since there was some variability in the
widths of the tensile samples, the values of maximum tensile loads experienced by the joints were normalized
to 6.lmm width and are shown summarized in Table B.2. Since the values have been normalized, the

maximum tensile loads also represent the maximum tensile stress supported by the samples.

The results shown in Table B.2 were analyzed using Minitab® 15. The box plots and individual plots for the
rolling direction versus transverse direction for DP/MS and DP/TR are shown in Figure B.3. Both individual
value plot and box plot shown in Figure B.3 (a) and (b) indicate that DP/MS-R fractures at slightly higher
loads compared to DP/MS-X. However, it can be noticed that there is considerable overlap in the values as
shown in the individual value plots for DP/MS. On the other hand, Figure B.3 (c) and (d) indicate that DP/TR-
X fractures at higher loads compared to DP/TR-R. The individual value plots do not show any overlap between
roll direction versus cross direction and the boxplot clearly indicates that the steel is stronger in the transverse

direction. This contrast between the two is interesting since the cold working and hot working of steels reduce
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the ductility, impact and fatigue properties in the transverse direction (Steel castings handbook by Thomas

Stevens) and therefore it can be expected that both steels would be stronger in the transverse direction.

Table B.2 Maximum loads during tensile tests

DP/TR-R DP/TR-X
Maxload  Width Load (kN) Maxload  Width Load (kN)
(kN) (mm) normahz.ed for (kN) (mm) normahz.ed for
6.1 width 6.1 width
5.108 6.147 5.069 5.144 6.020 5.212
5.009 6.045 5.055 5.246 6.147 5.206
5.024 6.045 5.070 5.146 6.121 5.128
5.048 6.081 5.064 5.161 6.045 5.208
5.001 6.045 5.047 5.173 6.045 5.220
5.047 6.045 5.093 5.147 6.020 5.215
DP/MS-R DP/MS-X
Maxload  Width Load (kN) Maxload  Width Load (kN)
(kN) (mm) normahz.ed for (kN) (mm) normahz.ed for
6.1 width 6.1 width
1.385 6.020 1.403 1.388 6.121 1.383
1.389 6.020 1.407 1.386 6.121 1.381
1.385 6.020 1.403 1.387 6.121 1.382
1.392 6.020 1.410 1.385 6.071 1.392
1.385 6.096 1.386 1.386 6.096 1.387
1.392 6.096 1.393 1.390 6.121 1.385

Statistical t-tests were carried out to confirm or reject the null hypotheses that the maximum tensile loads for
DP/MS-R and DP/MS-X are the same, and, that the maximum tensile loads for DP/TR-R and DP/MS-X are the
same. Results of the t-tests are summarized in Table B.3. The P-value for DP/MS-R versus DP/MS-X is of the
order of 0.009, while the P-value is of the order of 0.000 for DP/TR-R versus DP/MS-X. This means that the
null hypothesis that the two means are equal can be rejected at a = 0.05 for both DP/MS-R versus DP/MS-X,
as well as DP/TR-R versus DP/TR-X combinations. As shown in Table B.3, the 95% confidence interval (CI)
for the difference in the mean values for DP/MS-R and DP/MS-X is around 0.015 suggesting that the mean
value for DP/MS-R is higher than the mean value for DP/MS-X. On the other hand, the difference in the mean
values for DP/TR-R versus DP/TR-X is -0.132, indicating that the mean for DP/TR-X is greater than that for
DP/TR-R.
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Figure B.3 (a) Individual value plots for DP/MS-R Vs DP/MS-X (b) Boxplots for DP/MS-R Vs DP/MS-X
(¢) Individual value plots for DP/TR-R Vs DP/TR-X (d) Boxplots for DP/TR-R Vs DP/TR-X

Table B.3 (a) Two-sample T for DP/MS-R vs DP/MS-X

Table B.3 (b) Two-sample T for DP/TR-R vs DP/TR-X

N Mean StDev SE Mean N Mean StDev SE MEAN
DP/MS-R 6 1.4006 0.00933 0.0038 DP/TR-R 6 5.0661 0.0159 0.0065
DP/MS-X 6 1.38508 0.0038 0.0016 DP/TR-X 6 5.1983 0.0347 0.014

T-test of difference = 0 (vs not =): T-Value = 3.77 P-Value = 0.009

95% CI for DP/MS-R, DP/MS-X

Difference = M (DP/MS-R) - pu (DP/MS-X)
Estimate for difference: 0.01552
95% CI for difference: (0.00545, 0.02559)

T-test of difference = 0 (vs not =): T-Value = -8.50 P-Value = 0.0(

95% CI for DP/TR-R, DP/TR-X

Difference = pu (DP/TR-R) - pu (DP/TR-X)
Estimate for difference: -0.1323

95% CI for difference: (-0.1691, -0.0955)
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B.3.2 Tensile test results for TRIP780, DP980 and mild steel materials

Since DP/TR and DP/MS combinations exhibited different results, confirmation tests were run on TRIP780,
DP980 and MS material samples in both the direction of the roll and in the transverse directions. The goal was
to reproduce the results obtained for the mild steel fracture in DP/MS joint and TRIP780 fracture in DP/TR
joint, and to understand if the materials by themselves exhibit a different degree of difference for the two

directions.

6 samples each of TRIP780 and MS were tested with the tensile samples oriented in the rolling direction and
transverse direction. Only 3 samples of DP980 were tested for the two directions. TRIP780 samples oriented in
the rolling direction were designated TR-R while those oriented in the transverse direction were designated
TR-X; similarly, DP980 and mild steel samples were designated as DP-R, DP-X and MS-R, MS-X. All the
samples were nearly identical in the sample widths and had a value of 6.1 mm. For this reason, the need for

normalizing the data did not arise.
The maximum loads supported by the samples are all shown in Table B.4. The data suggests that TR-X values

are higher than TR-R values, while MS-X values are lower than MS-R values. A clear observation cannot be

made for DP980 samples.

Table B.4 Maximum loads during tensile tests

TR-R TR-X DP-R DP-X MS-R MS-X
5.037 5.265 9.758 9.714 1.457 1.416
5.025 5.265 9.711 9.711 1.456 1.415
5.048 5.291 9.586 9.732 1.455 1.417
5.064 5.280 1.469 1.418
5.063 5.274 1.456 1.419
5.061 5.271 1.459 1.414

The individual data plots and box plots of these values are shown in Figure B.4. The contrast in the differences
for rolling directions versus transverse directions for TRIP780 and MS seem sharper when compared to what
can be noted from Figure B.3. Figures B.4. (c) and (d) suggest that there may not be a difference between

rolling and transverse directions for DP980 material.
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Results of two-sample t-tests are shown in Table B.5. The data shows that hypothesis that the means of TR-R
and TR-X are the same can be rejected. The T-values are sharply higher when compared to the values obtained
for DP/TR-R versus DP/TR-X and shown in Table B.3. Similarly, the null hypothesis (means are the same) can
be rejected for MS-R and MS-X, and at higher T-values when compared to DP/MS-R and DP/MS-X T-values
in Table B.3. The P-value for DP-R versus DP-X seems to be high and thus the null hypothesis that the means

maximum loads for rolling versus transverse directions for DP980 material cannot be rejected.
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Figure B.4 (a), (b) Individual value plots and boxplots for TR-R versus TR-X
(¢), (d) Individual value plots and boxplots for DP-R versus DP-X
(e), (f) Individual value plots and boxplots for MS-R versus MS-X
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Two-sample T for TR-R vs TR-X

N Mean StDev SE Mean
TR-R 6 5.0497 0.0160 0.0065
TR-X 6 5.27433 0.00995 0.0041
Difference = mu (TR-R) - mu (TR-X)
Estimate for difference: -0.22467
95% CI for difference: (-0.24242,-0.20691)
T-Test of difference = 0 (vs not =):

T-Value = -29.18 P-Value =0.000

Two-sample T for DP-R vs DP-X
N Mean StDev SE Mean

DP-R 3 9.6850 0.0889 0.051
DP-X 3 9.7190 0.0114 0.0066
Difference = mu (DP-R) - mu (DP-X)
Estimate for difference: -0.0340
95% CI for difference: (-0.2566, 0.1886)
T-Test of difference = 0 (vs not =):

T-Value = -0.66 P-Value=0.579

Two-sample T for MS-R vs MS-X

N Mean StDev SE Mean
MS-R 6 1.45867 0.00524 0.0021
MS-X 6 1.41650 0.00187 0.00076
Difference = mu (MS-R) - mu (MS-X)
Estimate for difference: 0.04217
95% CI for difference: (0.03661,0.04773)
T-Test of difference = 0 (vs not =):

T-Value = 18.56 P-Value = 0.000

Typical engineering stress versus strain graphs for rolling direction versus transverse direction for the three

materials are shown in Figure B.5 (a) — (c). As can be seen, in the case of TRIP780, the maximum stress is

larger in the transverse direction, while in the case of MS, the maximum stress is slightly higher in the

direction of rolling. Interestingly, the maximum strain before fracture is higher in the rolling direction when

compared to transverse direction for all three materials.
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The area under the stress-strain graph up to the yield point represents the resilience of the material while the
remaining area under the curve represents the toughness of the material. For the three materials, for the rolling
and transverse directions, the areas under the curves from the yield point to the fracture point were computed
and are presented in Table B.6. The data suggests that the toughness of all materials is greater in the rolling
direction, but the value of toughness in the rolling direction is significantly greater than in transverse direction

for DP980 material. These values agree well with what can be noted from Fig. B.S5.

Table B.6 Comparison of toughness in rolling versus transverse directions
(MPa)

% better in rolling
Area under curve ) .
(Toughness) Difference direction over transverse
Oughness direction

TR-R 185.86

12.98 7.5%
TR-X 172.88
MS-R 120.29

9.17 8.3%
MS-X 111.12
DP-R 134.52

30.01 28.7%
DP-X 104.50

B.4 Conclusions

1. The results indicate that statistically there is a difference in the maximum loads (or maximum tensile
strengths) in the rolling versus transverse direction for TRIP780 and mild steel materials; however,
there is no difference in the maximum tensile strength of DP980 in the two directions.

2. DP980 seems to have significantly higher toughness in the rolling direction when compared to
transverse direction.

3. These differences, in turn, affect the performance of the joints, although the significance of the
differences get reduced due to other factors such as reduced gage length and the presence of fusion

and heat affected zones as well as the presence of other materials.
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APPENDIX C. DIODE-PUMPED Yb:YAG DISK LASER

The disk laser (A=1030 nm) used in this work is a brilliant combination of solid-state (disk) and semiconductor
(diode) lasers. The diode laser provides high pumping efficiency while the disk laser generates high beam
quality. The key benefits of disk laser compared to the traditional rod type are enhanced electrical efficiency
and beam quality. The higher beam quality allows higher energy densities, which in many applications
translate directly into faster processing speeds and/or higher precision for welding and cutting applications,
albeit at a higher initial system cost. For example, cutting 1-mm mild steel with the 1-kW disk laser was
accomplished at nearly twice the speed achieved by a conventional 1-kW Nd:YAG. The advantages of good

beam quality are summarized in Table C.1.

Table C.1 Comparison of disk laser to rod laser

Disk laser
. Rod laser
(good beam quality)
Characteristic Effect Comments Effect Comments
Spot size High speed
p. . Small J p Large High heat input

(with given focal length) welding
Focal length Farther from Higher mirror/lens/cover

. Long Short . .
(with given focal length) smoke/spatter slide maintenance
Depth of focus Large process Harder to find and maintain

. . Large . Small
(with given focal length) window focus

TRUMPF has developed a disk pumping arrangement featuring a parabolic mirror system, a prism coupling
unit, homogenizer, a beam collimator, and diode pumping to produce a device that can be scaled to multi-
kilowatt levels at high efficiency and vastly improved beam quality. The specific disk laser used is continuous
wave type with 6 kW of power and a beam quality of 8 mm-mrad (TruDisk 6002) and is manufactured by
TRUMPEF. By comparison, a traditional lamp-pumped Nd:YAG would deliver 4 kW to the workpiece with
beam quality of 25 mmemrad. Unlike rod types, the disk has no thermal lensing, resulting in absence of optical
distortion and keeping constant beam quality over the entire power range. Conventional Nd:YAG rod
dissipates heat through its cylindrical surface, which is perpendicular to the axis of the laser beam, creating
thermal gradients and subsequently thermal lensing. In contrast, the disk dissipates the heat parallel to the axis
of the laser beam, resulting in uniform temperature over the disk surface and hence no thermal lensing. Large
working distances and narrow focusing optics can thus be realized. Because the disk laser is not sensitive to
back reflection, these lasers allow longer fiber lengths for beam delivery and thereby remote welding. In

addition, highly reflecting materials such as copper can be processed.
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Yb:YAG is the most widely used material for thin-disk lasers because of its long radiative lifetime (~950 ps),
its high thermal conductivity (~6 W/m K for typical doping concentrations) and its good mechanical
properties. The highest output power demonstrated so far from a single disk is 5.3 kW. The most powerful
commercial unit on the market is currently the Trumpf model TruDisk 8002, which puts four disks in a single

resonator to generate 8 kW with an M2 beam quality of 24.

Figure C.1 For efficient absorption, the pump light is reflected through the thin disk multiple times.

Figure C.1 shows a thin-disk design that employs gain media (10% ytterbium content YAG) with a thickness
less than 0.2 mm thick and a diameter between 10 and 20 mm, depending on the desired power level. The disks
are antireflection-coated for the pumping and lasing wavelengths at the front side and coated for high-
reflectivity at both wavelengths on the back. The crystal is mounted on a heat sink and cooled from behind, so
that the thermal gradient is nearly perfectly orthogonal to the surface. Thus, thermal lensing is minimal. But
because only a small amount of pump light is absorbed by the thin, face-pumped disk, the pump light must be
bounced back and forth through the disk numerous times. In practice, a parabolic mirror and deflecting prisms
guide as many as 32 passes through the disk. A simple laser resonator can be formed between the highly
reflecting back surface of the disk and an output-coupling mirror, or a more sophisticated resonator can employ

additional optics to enhance spatial overlap between the pump light and the intracavity mode.

On the welding front, disk laser technology offers several benefits:

1. It allows precision welding of smaller welds with less heat input.

2. In aluminum welding, the system reaches threshold intensity with lower power.

3. The ability to use longer-focal-length optics, particularly scanning optics, which can provide precision
beam motion at extremely high speeds, especially in remote welding of complex parts without moving

them mechanically.
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Figure C.3 Absorption energy spectrum of different materials

4. The use of more compact welding optics can be beneficial when welding must take place in confined

or difficult-to-reach spaces.

5. Ttis superior to the recently developed fiber laser as the operating costs are lower (Figure C.2).

6. It has improved energy absorption compared to the traditional Nd:YAG and CO?2 lasers (Figure C.3).
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