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ABSTRACT

For the welding of many structural metallic materials, laser beam (LB) offers
many advantages over traditional welding processes. The advantages include a low
heat input, narrow bead width and heat affected zone (HAZ), low distortion, welding
in an exact and reproducible manner at high speed. However, the mechanical testing
methods of laser welded similar and dissimilar joints and the response of
conventional materials to this new process have not yet been fully established. Laser
welded joints are not yet commercially used in Turkey. The use of such joints are in
the experimental phase. The aims of this projzct are to gain more information on the
heterogeneity of the welded region by means of experimental procedures, following
the fracture mechanics methods, to help establish the mechanical and metallurgical
properties of laser welded joints from the fracture mechanics aspects and also help to
set-up a standard test procedure method for laser welded joints. It is strongly believed
by many researchers that laser welding which offers possibilities for automotization
and robotization for welding to be carried out in areas of difficult access in severe
operating conditions, among its many other advantages will be one of the most

widely accepted welding techniques worldwide in near future.

This study was undertaken to investigate {he microstructural evaluation occurring
during welding and to determine the mechanical properties and fracture behavior of
laser welded similar and dissimilar ferritic and austenitic steel joints. A complete
information on the tensile and fracture toughness properties of the fusion zone is
essential for pre-qualification and understanding of the joint performance in service
as well as for conducting the defect assessment procedure for such very narrow weld
joints. An experimental investigation on the mechanical properties of laser weld
joints were carried out to establish a testing procedure using flat microtensile

specimens for determination of the tensile properties of the weld metal and heat
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affected zone (HAZ) of the laser beam welds. These results are compared to those
obtained with standard transverse tensile and round tensile tests. To accomplish this,
three similar and two dissimilar butt-joints were produced by CO, laser, using 6 mm
thick steel plates. The mechanical properties of laser welded specimens have been
further examined by extensive microhardnc_;ss measurements and microstructural
evaluation has been carried out on the joints. The CTOD (Crack Tip Opening
Displacement) and CMOD (Crack Mouth Opening Displacement) tests were
performed at Room Temperature and -40 °C, to determine the fracture toughness of
similar and dissimilar LB welds and the variation of the fracture behavior with
temperature by using three point bend specimens. The effect of mechanical
heterogeneity (mis-matching) at the vicinity of the crack tip on the CTOD fracture

toughness values was also discussed.

This study is part of a joint project between Dokuz Eyliil University and GKSS
Research Center, Germany on the research on LB welds carried out at GKSS
Research Center. It is financially supported by TUBITAK, Turkey and International

Biireau Jiilich, Germany.



OZET

Birgok metalik malzemenin kaynaginda lazer 1simu (LB) klasik kaynak
yontemleriyle kargilagtirildiginda oldukga fazla avantajlara sahiptir. Bu avantajlar
arasinda diisiik 1s1 girdisi, dar kaynak dikisi ve 1sidan etkilenmis bolge (HAZ), sekil
bozuklugunun azhifr ve yiiksek hizda diizgiin kaynak sayilabilir. Buna ragmen,
benzer ve farkli metalik baglantilarin mekanik test yontemleri ve aligilmis
malzemelerin bu yeni kaynak islemine olan tepkileri henliz tam olarak
belirlenmemigtir. Lazer kaynakli baglantilar Tiirkiye’de heniiz ticari amagl olarak
kullanilmamaktadir. Bu tiir baglantilarin kullanim1 deney amagh yapilabilmektedir.
Bu projenin amaglan kirlma mekanigi yontemlerini izleyerek deneysel yollarla
kaynak bolgesinin heterojenitesi hakkinda bilgi edinmek, kirilma mekanigi agisindan
lazer kaynakli baglantilarin mekanik ve metalurjik 6zelliklerinin belirlenmesine
yardime: olmak ve ayrica lazer kaynakli baglantilar i¢in standard bir test ydntemi
gelistirilmesine katkida bulunmaktir. Birgok arastirmaci, erigilmesi gii¢ yerlerde ve
agir dis ortam kosullarinda kullanilabilen, otomatik ve robotize edilmis bir kaynak
yOntemi olan lazer kaynagimin yakin gelecekte en gok tercih edilen ve kabul edilmis
tekniklerden biri olacagma inanmaktadir.

Bu calismada lazer kaynag1 sirasinda meydana gelen mikroyap: ve benzer ve
farkli, ostenitik ve ferritik lazer kaynakli baglantilarin mekanik 6zellikleri ve kirilma
davramglar incelenmistir. Kaynak bolgesinin ¢ekme ve kirilma toklugu 6zelliklerinin
tam olarak belirlenmesi, kaynagin yeterliliginin ve baglant1 performansinin servis
¢aliyma durumunda tam olarak anlagilabilmesi ve bdylesine bir dar kaynak dikisine
sahip baglantilar i¢in hata belirleme prosediirlerinin uygulanabilmesi ag¢isindan son
derece 6nemlidir. Lazer kaynagi yapilmis baglantilarin kaynak ve 1sidan etkilenmig
bdlgelerinin mekanik o6zelliklerinin belirlenebilmesi amaciyla diiz mikrogekme



numuneleri kullamlarak ¢ekme deneyleri yapilmigtir. Elde edilen degerler standart
sekme ve yuvarlak ¢ekme numuneleri ile elde edilen degerlerle kargilagtirilmgtir.
Bunun i¢in 6 mm kalinlifinda gelik plakalardan ii¢ benzer ve iki farkli CO, lazer
kaynakli baglant: elde edilmistir. Mekanik 6zellikler ayrica mikroyap: incelemeleri
ve mikrosertlik Slglimleri ile de arastinlmigtir. Benzer ve farkli lazer kaynakli
baglantilarin kirilma tokluklarimin ve kirilma davramglarinin sicaklikla degisiminin
belirlenebilmesi igin oda sicakliginda ve -40 °C’de ii¢ noktali egilme numuneleri
kullanilarak Catlak Ucu A¢ilma (CTOD) ve (atlak Agz1 A¢ilma (CMOD) dlgiimleri
yapilmugtir. Catlak ucu bolgesindeki mekanik heterojenitenin (mis-match) CTOD
iizerindeki etkisi aragtirilmugtir.

Bu ¢alisma Dokuz Eyliil Universitesi ile Almanya, GKSS Arastirma Merkezi
arasinda Lazer Kaynagi konusunda yiriitilen ortak projenin bir boliimiinii
olusturmaktadir. Tiirkiye’den TUBITAK, Almanya’dan Jiilich Aragtirma Merkezi
tarafindan parasal olarak desteklenmektedir.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

Although laser beam (LB) welding is a new process for joining materials, it has
potential applications in various industries, such as aerospace, shipbuilding and
automotive, both in macro- and microstructural applications. This high power density
welding process has unique advantages of cost effectiveness, low distortion, high
welding speed, easy automation, deep penstration, narrow bead width and narrow
HAZ compared to the conventional fusion \;relding processes. Usually there is no
need for filler metals, there is low distortion and consequently very little post weld
straightening (Mazumder, 1993). Despite the high capital cost of laser weld
equipment, it is expected that laser welding will make a great impact on welding of
structural and high precision parts in various manufacturing and maintenance
industries. It is currently used in the welding of a variety of metals and alloys
including hot and cold rolled steels, high strength low alloy and stainless steels,
aluminum alloys, titanium alloys, refractory and high temperature alloys and
dissimilar materials, primarily in thin section areas. It is, however, foreseen that
within the next decade laser welding will break through into the industrial areas for
the welding of medium section steel sfructures. Especially in the area of
constructional steels the application of laser welding will have a tremendous impact
on the whole concept of fabrication. The very high accuracy to which the different
elements can be welded, will have a huge influence on the methods of assembly. The
process will further make it possible to introduce new design concepts, which up to
now have been impossible to follow due to the limitations connected with traditional

welding techniques. The reason for this is threefold. Firstly, there is an obvious need



for a new welding process due to the inherent limitations to the existing welding
processes with regard to quality speed, productivity and fitness for automation.
Secondly, robust high power lasers suitable for such thicknesses have now been
developed, and, thirdly, laser welding offers many advantages compared to arc
welding as mentioned before (Metzbower, 1988). However, structural significance of
the metallurgical and mechanical properties of LB welds combined with the unique
shape of the weld joint is still need to be established for structural components.
Determination of the metallurgical properties and fracture mechanics behavior of
laser welded similar and dissimilar materials is the subject of many research projects
carried out worldwide since laser welded joints are beginning to find wide acceptance

in industrial applications.

Laser welded joints like all other weld joints may contain defects in the form of
cracks in the narrow weld area or may develop from inhomogeneities during service.
The size and location of such cracks associated with characteristics of the local
microstructure and the level of mechanical strength mis-match between weld zone
and parent plate under certain service condition directly affects joint performance/life
time of a structure (Sun & Moisio, 1994). It is now known that the variation in
mechanical properties of different regions (strength mis-match) of a conventional
weld joint significantly influence the deformation characteristics of welds in service
(Kogak & Junghans 1994), (Cao & Evans, 1989). Laser beam welding produces a
very narrow weld bead and HAZ, which may be an advantage over conventional
processes if weld joint shows high hardness/strength (i.e. low toughness) due to the
occurrence of plastic deformation in the parent plate under external stresses
(Johnson, 1988). However, for pre-qualification or defect assessment purposes, the
determination of the mechanical properties of very narrow LB fusion zone cannot be
done by standard testing procedures. For instance, it is usually observed that
transverse tensile specimens fail in the softer base metal and fracture path deviation
towards the base metal occurs in Charpy-V and fracture mechanics based crack tip
opening displacement (CTOD) testing of C-Mn steel welds due to mechanical
property mis-match between the base metal and the weld zone (Yeni, Erim, Cam &



Kogak, 1996), (Cam, Riekehr & Kogak, 1997). Therefore, all these standardized test
results may provide information on the performance of whole joint under tensile,
impact and bending loading conditions, respectively. They may fail in providing
required intrinsic tensile and toughness properties of the fusion zone due to
interaction (unavoidable) between weld zone and parent plate under applied
deformation. For the CTOD toughness determination, the effects of specimen
geometry (e.g. weld width, crack size, notch position, etc.) and the degree of strength
mis-match between base metal and weld zone on toughness have to be taken into
account (Kogak & Schwalbe, 1994), (Kristensen & Borgreen, 1994), (K_og:ak, Es-
Souni, Chen & Schwalbe, 1989), (Kirk & Doods, 1992).

The high speed laser welding process may lead to drastic changes in the
microstructure with accompanying effects on the mechanical properties and hence on
the performance of the joint. The thermal cycles associated with laser beam welding
are generally much faster than those involved in the conventional arc welding
processes. It does, however, mean that the rather small weld zone will locally exhibit
a high hardness for C-Mn structural steels due to the formation of martensite and
other fast thermal cycle constituents. The mechanical properties of these welds such
as hardness, ductility and toughness are, iherefore, a matter of prime concern.
Furthermore, precise and easy evaluation of these properties for quality control is

critical for a wide scale application of this process (Metzbower, 1990).

In order to determine the metallurgical and mechanical properties/fracture
behavior of laser welded materials, three different base metals, namely two ferritic
St37 and St52 and one austenitic 1.4404 were chosen. They were laser welded in five
different combinations. Three of them are similar (St52-St52), (St37-St37), (1.4404-
1.4404) and the other two are dissimilar (St52-1.4404), (St37-1.4404). The joints

were produced by CO; laser without using filler wire.

Round tensile specimens and standard flat transverse tensile specimens were

extracted from the welded plates and tested at room temperature. In order to obtain



the local mechanical properties of the welde;i joints at the base metal (BM), weld
metal (WM) and heat affected zone (HAZ) regions, sets of flat microtensile
specimens (0.5 mm thick, 2 mm wide) were extracted and tensile tests were carried
out at room temperature. The obtained results were presented in diagrams and the
two tensile test results were compared with each other. The suitability of the flat
microtensile specimen testing procedure for laser welds in determining the tensile
property gradient existing in the fusion zones of the laser beam welded similar and
dissimilar steel joints is confirmed. The fracture surfaces of some selected specimens
were examined by scanning electron microscopy. In addition to the microhardness
measurements performed across the welded regions, microstructural examinations of
the joints were also carried out. Related g?.iagrams and micrographs have been

presented in the following chapters.

Single edge notch bend (SENB) specimens, machine notched in the weld zone
were fatigue pre-cracked in order to introduce a sharp crack. Crack Tip Opening
Displacement (CTOD) measurements using the GKSS developed 8s clip gauges
(GKSS-Displacement Gauge Systems for Application in Fracture Mechanics) and
Crack Mouth Opening Displacement (CMOD) measurements were conducted at two
different temperatures, namely at room temperature and -40 °C. Comparison of the
results with regards to joint type and test temperature have been given in the related
Tables and diagrams. At the final stage SEMB specimens were broken by further
fatigue cracking. In order to examine the fracture surfaces, broken specimens were

cut near the fracture surfaces.

Selected specimens from each weld group were photoelastically coated in order to
determine the deformation patterns when the specimen is subjected to tensile or
bending loading. Photographs demonstrating the deformation patterns are presented

in the related chapter.

The obtained results are discussed in terms of microstructure, hardness,

mechanical properties and fracture behavior., These results were used to clarify the



effect of mechanical heterogeneity (mis-match) properties and fracture behavior. It is
expected that this project will form one of the first steps in the determination of
metallurgical and mechanical properties of laser welded similar and dissimilar
materials, taking into account the extreme mechanical heterogeneity (in terms of
strength values) between the base metal and the weld region. It is believed that more
information will be obtained on this heterogeneity by means of experimental and
theoretical procedures. Further tests on laser welded similar and dissimilar various
materials will help to gain an understanding of the mechanical property/fracture

mechanics behavior and the microstructures of laser welded materials.
Specific objectives of this study include:

1) Preparing a literature review on laser. bgam welding and strength mis-match,
especially with emphasis on ferritic and austenitic steels.

2) Investigating microstructural evolution in CO, laser welded similar and dissimilar
ferritic and austenitic structural steels.

3) Illustrating shortcomings in determination of mechanical properties of joints by
standard transverse tensile testing.

4) Determining the mechanical properties (yield strength, tensile strength, percent
elongation, etc.) across the joints by using flat microtensile specimen technique.

5) Correlating microstructural/mechanical properties of weld regions of joints.

6) Determining the hardness profiles of the laser welded specimens.

7) Evaluating the effect of mechanical heterogeneity (mis-match) on deformation
behavior of joints.

8) Obtaining the crack tip opening displacement (CTOD) and crack mouth opening
displacement (CMOD) curves of thé base metal and the weld region at room
temperature and -40 °C by multispecimen method.

9) Evaluating the effect of temperature on the fracture toughness values.

10) Help establish a standard test procedure for the testing of laser welded similar

and dissimilar materials.



CHAPTER TWO
LITERATURE REVIEW

2.1 Laser Beam Welding
2.1.1 Definition and Development

The joining of any material with another has always been a necessity in
engineering applications. Welding or bonding of two materials always caused
changes or deterioration of the microstructural and mechanical properties of the
original materials at the joining region. Joining of two different materials (dissimilar
joints) leads a much more complicated situation where each material’s own
properties should be taken into account during the joining process and also later on

its joint quality determination and also later on, on its joint performance in service.

In addition to the conventional heat sources used in fusion welding processes,
namely gas flame and arc, electromagnetically accelerated particle beams such as
electron, ion and neutral beams and special type beams (i.e. laser and plasma beams)
with large outputs developed over the last 30 years are available which are named as

“power beam welding” procedures (Dilthey, Fuest, Huwer, & Jacobskétter, 1991).

The power beam welding processes are generally classified as those which are
capable of delivering an energy density of greater than ~10 kW/mm?® to the
workpiece, and which are thereby capable of deep ‘keyhole’ penetration. These
processes comprise electron beam, plasma arc and laser welding (Sandia National

Laboratories, 1996).

Electron beams which are easy to generate and offer relatively higher output

were the first high energy density beam to be commercially applied. Its most



important disadvantage is the requirement of a vacuum working chamber since its
propagation range in air is extremely short. However, it is possible to weld much

thicker plates by electron beam welding process (Schulze & Schubert, 1997).

The plasma arc technique is the only arc welding process which is capable of
achieving the energy density required for ‘keyhole’ penetration. In this technique, an
arc is formed between a tungsten electrode and the workpiece, but is constricted and
intensified by a copper nozzle surrounding the electrode and, giving a plasma arc of a
columnar form. The combination of a high welding current and plasma gas flow rates
results in deep penetration of the workpie;:e. The plasma arc technique is not only
capable of high penetration keyhole welding; it can also be used as a low penetration

weld surfacing technique procedures (Dilthey et al., 1991).

Laser Beam Welding (LBW) uses a moving high density (10° to 10" W/cm?)
coherent optical energy source called a laser as the source of heat. “Laser” is an
acronym for “light amplification by simulated emission of radiation”. The coherent
nature of laser beam allows it to be focused to a small spot, leading to high energy
densities. A laser beam is generated when photons traveling in a direction along the
longitudinal axis of the crystal are reflected and returned to the crystal by the end
mirrors where they continue to amplify the output through the phenomena of
stimulated emission. Since the front mirror is up to 60% light transitive a laser beam
is emitted. This beam of light is monochromatic, collimated and coherent. Because of
these three characteristics and resultant low divergence, the beam is capable of

traveling great distances with minimal energy loss.

Lasers have been promoted as potentially useful welding tools for a variety of
applications. Until the 1970’s, however, laser welding had been restricted to
relatively thin materials and low speeds because of the limited continuous power
available. By 1965, a variety of laser systems had been developed for making

microwelds in electronic circuit boards, inside vacuum tubes and in other specialized



applications where conventional technology was unable to provide reliable joining

(Mazumder, 1993).

Lasers may be classified according to their mode of operations either as
continuous wave (CW) or pulsed wave (PW) lasers. Early lasers capable of melting
and cutting materials were of the solid state type with a pulsed output whereas the
continuous lasers did not have sufficient power output for processing the materials.
However, the development of the high power continuous wave (CW) CO; gas lasers
(wave length of 10.6 um) and the pulsed Nd:YAG (neodymium doped Yttrium
Aluminum Garnet) lasers (wave length of 1.06 um) in the last two decades led to the
application of the laser beam as the more general heat source in areas, such as
cutting, welding, heat treating, soldering, brazing, cladding and hardfacing. Fig. 2.1
illustrates a laser beam welding operation (Energy Beam Labs Reference Center,

1997) and Fig. 2.2 presents the principles of laser beam welding (Scharfe, 1993).
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Fig. 2.1 Schematic illustration of a laser beam operation
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Fig. 2.2 Principles of laser beam welding
2.1.2 Properties

In the industrial processing of materials, lasers are used to cut, weld, drill, etch,
perforate and heat-treat a variety of substances. Laser is an ideal source for these
tasks because it delivers appropriate thermal energy in a tightly focused beam.
Flexible and easy manipulated, laser beam can be optimally shaped to direct intense
laser power, accurately and repeatedly, on aln.ost any target or work surface (Roland,

Lembeck, Jaudas & Lankenau, 1996).

Laser beam welding is a manufacturing process which has advantages such as
deep weld penetration, high speed, minimized heat input, rapid cooling and narrow
weld region. It requires little or no filler materials with very little distortion of the
joint. Metals that have inherent magnetic properties can be welded. It is highly suited
for automation by precisely positioning with optical elements that are located remote
from the fusion zone. It can be transmitted substantial distances through the
atmosphere without serious attenuation or optical degradation because of its coherent
nature, which provides the opportunity for m-.lti-station working. Laser focusing and
beam delivery optics are readily incorporated in computer programmed, multi-axes
motion systems. High volume production assemblies can be manipulated under the
programmed welding optics. Also, the laser emits a beam of light as its welding
energy, free of restraining cables, electrical connections and arc length limitations

(Leong & Hunter, 1996).
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Since laser welding is done at atmosphere, loading and unloading of production
quantities are often done fast and therefore, the requirement for complex tooling to fit
into a vacuum chamber (as in the electron beam process) is avoided. Laser beam
welding is flexible because the beam can be moved under digital control to seam
weld any shape. Difficult-to-reach areas can be accessed by reflection from mirrors
and fiber optics. Laser beam welding thus offers easily maneuverable , chemically
clean, high intensity, atmospheric welding process with narrow HAZ and subsequent
low distortion (Sekhar, Robinson & Reed, 1996).

Laser welding specifically offers the following advantages:

e Light is inertialess (hence, high processing speeds with very rapid stopping and
starting become possible).

o Focused laser light provides high energy density.

o Laser welding can be used at room atmosphere.

¢ Difficult-to-weld materials (for example titanium, quartz, etc.) can be joined.

e Workpieces do not need to be rigidly held.

o No electrode or filler materials are required.

¢ Narrow welds can be made.

o Precise welds (relative to position, diameter and penetration) can be obtained.

e Welds with little or no contamination can be produced.

o The heat affected zone (HAZ) adjacent to the weld is very narrow.

o Intricate shapes can be cut or welded at high speed using automatically controlled
light deflection techniques.

o Laser beam can also be time shared (Mazumder, 1993).

2.1.3 Comparison to Other Welding Procedures

Laser beam welding has been developed as a necessity. The reason for this is that
there is an obvious need for a new welding process in major industrial areas due to
the inherent limitations to the existing welding processes with regard to distortion,
quality, productivity, fitness for automation, health and safety. The two dimensional

heat distribution and consequently wide and shallow molten pool of arc welds means,
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that many properties as speed and heat input generally speaking cannot be improved
further due to the limitations caused by the physics of the processes. The distortion
observed in combination with arc welding is for the same reasons always
considerably, and this is a serious problem.in the later stages of assembly. Of equal
importance are the big difficulties met in the robotization of the processes. The
control of the individual weld-pass geometry is a key problem to automation and
robotization in arc welding. The number of ija/.dependent variables is extremely large
and the physical phenomena very complex. Because of these limits faced in
traditional welding laser beam welding has emerged as a new joining process. Laser
welding possesses most of the demanding properties like high speed, low distortion,
single pass welding in large thicknesses and easy automation and robotization. It also
has the advantage of being able to operate in any desired atmosphere (Mazumder,

1993).

Energy consumption and efficiency of laser beam welding compared to some
other welding processes are given in the following Table (Energy Beam Labs

Reference Center, 1997).

Table 2.1 Energy consumption and efficiency of LBW relative to other selected
welding processes

Intensity of | Joining
Welding Process energy efficiency
source (mm2/kJ)
(W/cmz) Fusion zone profile
Oxyacetylene 10°-10° 0.2-0.5 | Shallow for single pass
(OAW)
Arc welding 5x10°-10* 0.8-2 (a) | Shallow for single pass
2-3 (b)
4-10 (c)
Plasma arc (PAW) 10°-10° 5-10 Shallow at low energy end
Deep penetration at high energy end
Laser Beam 10°-10° 15-25 Shallow at low energy density range
Deep penetration at high energy
density range
Electron beam 10°-10° 20-30 [ Deep penetration

(a) Gas tungsten arc welding (GTAW) (b) Gas metal arc welding (GMAW) (c)
Submerged arc welding (SAW)
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This high power density process brings about some limitations, however. The
laser’s most significant limitation is weld penetration. Because weld joint penetration
is dependent on conducted heat, the thickness of the materials to be welded is not as
thick as those obtained by conventional techniques. Laser keyholing is limited to
about 20-40 mm thickness depending on the laser power and for these depths multi-
kilowatt lasers must be utilized. Also the precise part fit-up and alignment are much
more critical in laser welding than in ordinary arc welding. The typical focal spot

diameter for a laser beam ranges from 100 to 1000 um (Ion, Salminen & Sun, 1996).

In addition, procedures for laser welding have only been developed for a limited
number of specific applications. The data required in procedure development must be
established by experimental testing, a lengthy and expensive process hindered by the

complex interactions which occur between the numerous process variables.

Moreover, the laser beam process does give rise to special considerations with
regard to the mechanical/microstructural properties. The weld is very narrow,
wherefore the actual evaluation of the mechanical/materials properties implies a
number of challenges. The actual evaluation of the properties is problematic, as the
established techniques cannot be used wiliout modifications. Precise and easy

evaluation of mechanical/material properties for quality control is mandatory.

Finally, the capital cost for laser welding devices is almost 10 times more
expensive than comparable arc welding systems, though the operative costs are
comparable or lower. Therefore, laser welding’s significantly higher production
speeds can justify the higher capital cost when compared with arc welding processes
(Mazumder, 1993).

A comparison of laser beam welding to other welding processes with regards to
property, cost and operational aspects is given in the following Table (Johnson,
1988).



Table 2.2 Comparison of Welding Processes

13

Laser TIG Plasma Electron Beam
Power absorbed by |4 kW 2kW 4 kW SkW
the workpiece
Total power used |50 kW 3 kW 6 kW 6 kW
Typical traverse (16 mm/s 2 mm/s 5.7 mm/s 40 mm/s
speed
Alignment +0.5 mm +1.0 mm +1.0 mm +0.3 mm
accuracy required ‘
Energy input per  |250 J/mm 1000 J/mm 600 J/mm 125 J/mm
unit length
(absorbed by the
workpiece)
Capital costand  [$250,000 for S kW [$16,000 welding |$20,000 per $100,000 for 6
availability output, available in |set, immediate [welding set, kW machine, on
one year delivery in |delivery immediate short delivery
UK and USA. delivery
$750,000 for 15 kW
output, available on
one year delivery in
USA.
Possibility of all  |Yes but requires Serious Serious Yes but requires
positional welding |optics to manipulate [penetration penetration mechanics to
the beam characteristic characteristic move gun,
Optimum when changes with changes with optimum when
moving workpiece |attitude attitude moving
workpiece
Distortion: Axial [Minimal (small Significant ~1  [Significant~1  [Minimal (small
HAZ) mm on 5 mm mm on 5 mm HAZ)
shrinkage plate plate Minimal parallel
Minimal parallel Significant Significant sidedness
Angular sidedness V-shaped weld  [V-shaped weld
Surface profile Very fine flow lines |Underside Underside Produces ruffled
defects protrusion held [protrusion held |swarf on
in by surface in by surface backface
tension tension
Special Safety interlock to  [Normal light Normal light Vacuum
requirements for  [guard against screening screening chamber, local
process operation |misplaced beam vacuum,
reflections X-ray screening |
Process end
effects: Slight surface Smooth Slight surface  |Slight surface
Start|protrusion Smooth protrusion protrusion
. Smooth Slight surface  |Slight surface
Finish protrusion protrusion
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It is believed that research projects carried out worldwide on laser beam welding
will allow for a wider use of this process in industrial applications and in time a

significant percent of the limitations will be overcome.

2.1.4 Joint Fit-Up

Because laser welds are very narrow the fit-up of the workpieces is important if
autogenous welds are to be made. When welding sheet metal joints, both joint face
gaps and surface fit-up have to be considered. Gaps at the joint face present the
biggest problem since, if they are larger than the beam focused spot size the beam
will pass straight through the joint. The thicker the material the larger the gap that
can be welded, as there is more bulk material for bridging which results from the
metal slumping from the sides of the joint (Hall & Wallach, 1995). Fig. 2. 3 shows

some joint designs for laser beam welds on sheet metal (Shewell, 1977).

|
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Corner weld Kissing weld

Fig. 2.3 Joint designs for laser beam welds on sheet metal. Arrows show direction of

laser beam
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2.1.5 Keyhole Formation

The laser beam generating temperatures up to 25000 °C rapidly brings metal to be

joined to a boil around a hole filled with vapor, denoted as the “keyhole”.

The focal spot (thousandths of millimeters in diameters) is targeted on the weld
joint surface or by focal length selection above or below it. At the surface the
enormous concentration of light energy is converted to thermal energy. When the
laser beam interacts with the workpiece, it delivers its heat to the surface and further
penetration beneath the surface relies upon the thermal conduction. The metal under
the laser beam evaporates and a cavity or keyhole is formed through the workpiece.
By moving this keyhole along the joint between two pieces of metal, the molten
metal solidifies, resulting in a fusion zone or weld. The hole acts as a blackbody,
aiding the absorption of the laser beam as well as distributing the heat deep in the
material. The keyhole mechanism and keyhole penetration can de seen in the

schematic illustration in Fig. 2. 2.

2.1.6 Microstructure

Typical constructional steels produced on a modern steel work contain relatively
low amounts of carbon compensated by the necessary amounts of other elements
(primarily manganese) influencing strength and hardenability. The high cooling rates
required to produce martensite in modern low carbon steels are not usually obtained
in traditional arc welding and only seldom will martensite, therefore, be present in
significant amounts. This situation is dramatically changed in high power, high speed
laser welding of the same steels. The thermal cycle encountered here is sufficient fast
such that often martensite and other fast thermal cycle constituents form. Depending
on the actual thermal cycle, laser weld metal microstructures thus may contain
appreciable amounts of martensite and bainite and may even be fully martensitic.
Therefore, in laser beam welds, in contrast to arc welds, the weld metal dominates
the properties of the joint. With regard to the steel composition, the obtained
hardness values may be high, but at the same time there is a risk that ductility and
toughness may be low (Kristensen, 1996).
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2.1.7 Welding of Various Materials

All conventionally weldable materials can be laser welded. A range of dissimilar
metals can also be joined, which were not previously weldable using arc fusion
techniques. Examples of materials which are laser beam welded include:
¢ steel
¢ stainless steel
e aluminum
e titanium
o superalloys
e brass
® copper
e bi-metal
e spot welding

e differing thicknesses

Despite significant improvements in laser beam welding, there are still some
complications in welding of these materials to be overcome. Here, particular

emphasis will be given to steels since steel sp.cimens were used in the experiments.

Presently, the major factor limiting the widespread use of laser beam welding
process on steels is the certification/qualification of welded joints. The high cooling
rate typical of this process promotes the formation of hard and brittle microstructures
in a very narrow region within the weld region and HAZ of steels subjected to solid
state phase transformations. Since the hardness values reached in this region are
usually well above those specified in standards and codes, expensive and time
consuming qualification procedures are required for individual components.
Moreover, the evaluation of the mechanical properties in general is very difficult.
First of all the actual measurement of the. properties is difficult as established
techniques cannot always be applied without some sort of modification (Yeni et al.,

1996). Secondly, the acceptance criteria might have to be modified to accommodate
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the weldment characteristics. For example the ductility cannot be measured by the
standard tensile testing technique due to the narrow weld and the hard and high
strength weld core. Impact toughness of the weld metal is often impossible to
measure by the standard Charpy-V notch test due to fracture path deviation in to the
softer base metal (Kalla & Funk, 1993).

The weld formation and quality of LB steel weldments are usually associated with
three aspects: porosity, solidification cracking and high hardness in the HAZ and

fusion zone.

a) Pores are formed as a result of dissolved gases or gases arising from contaminated

surfaces, trapped process gases or evaporation of alloying elements.

Recent studies on different steel grades, thickness and welding speeds have
showed that generally the porosity level associated with slower welds is higher than
those connected with faster welding speeds. The evaluation of the weldment quality
revealed that whilst higher porosity levels, irrespective of parent plate type, do not
have a particularly detrimental effect on weld metal properties.

The high power density of the LBW process results in high processing speeds and
therefore in short heating and cooling times (i.e. high heating and cooling rates). At
increasing cooling rates the effect of 'élloying elements on the resulting
microstructure decreases as martensite becomes the dominating structure. The
maximum hardness of the martensite formed is determined by the amount of carbon

in solution.

Laser beam welds in steels presenting solid state phase transformations are
generally characterized by the presence of the hard and brittle structures in the fusion
zone and HAZ which might have a negative effect on the deformability and
toughness of the weldment.
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b) Solidification cracking is caused by segregation surrounding solidifying grains or

dendrites of restrained welds.

In the presence of a minimum level of tensile stress or restrain, cracking occurs. In
welding, the magnitude of these stresses is a function of joint geometry, particularly
depth of weld penetration. It could be said that the susceptibility to form
solidification flaws depends on: the geometry of the joint, the shrinkage involved in
solidification, the coarseness of the solidifying structure and the amount and species
of segregation. The narrow and deep geometry characteristic of laser welds results in

very low bead width to bead height ratios.

The occurrence of solidification cracking has been shown to be directly related to
external restraint. Recent studies have, however, revealed that small amounts of
solidification cracks are non-critical to strictures. Furthermore, it is possible to
control or avoid these flaws by a combination of steel composition and welding
parameter selection. Nevertheless, this may reduce the productivity of the laser

welding process.

¢) Almost all LB welded structural C-Mn steels exhibit weld metal region of higher
hardness and strength (possibly with lower toughness) compared to the base metal
(overmatching) due to the rapid solidification and single pass natures of the welding
process. The laser weld region with its high hardness and strength makes it almost
impossible to determine the fracture toughness properties (intrinsic) of the weld
region using conventional Charpy-V impact and Crack Tip Opening Displacement
(CTOD) toughness testing specimens due to the crack path deviation towards the
softer base metal (TWI Job Knowledge for Welders, 1997).

Various aspects of the similar and dissimilar joints of materials made by laser
welding or other conventional material joining technologies still require a vast
amount of research and development activities supported by the knowledge gained in

long years of work on conventional materials. It is obvious that a better
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understanding of the microstructure-mechanical properties relationship of laser
welded joints will feed-back the materials development activities both in

conventional and new materials.

2.1.8 Laser Beam Welding Applications

The laser beam welding is capable of joining a wide range of materials of interest
in many industrial applications since it often offers remarkable advantages over
conventional fusion welding processes. Thin sheet alloys for aerospace and
automotive applications with minimal component distortion and high reproducibility
of joint quality can be joined by laser beam welding. Body panels, transmission
components and chassis members are laser welded on automobile production lines.
Aerospace industry has used the unique properties of laser beam welding to
incorporate materials previously considered difficult to weld, such as high
temperature alloys, in their product designs, resulting in improved overall efficiency.
The shipbuilding industry has a particular interest in the use of laser welding for
joining large steel plates, provided certification by the classification societies is
forthcoming. Another interesting aspect of the laser is the localized heating which
makes it ideal for welding electronic components such as printed circuit boards,
where high average temperatures even in small volumes surrounding the weld region
is intolerable. More recent developments in laser beam welding include welding of
heavier section steels for fabrication and construction. The most revolutionary
application of laser beam welding is tailored blanks, which increase material
utilization and improve product performance while reducing manufacturing and
capital costs. Developments in process automation and on-line adaptive control will
allow a wider range of industries to take advantage of the productivity, quality,
flexibility and manufacturing opportunities provided by laser welding.

The application of laser welding will make an important impact on the whole
concept of fabrication. The high accuracy to which the different elements can be
welding, will have a high influence on the methods of assembly. The process will

further make it possible to introduce new design concepts, which up to now have
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been impossible to use due to the limitations connected with traditional welding
techniques. Despite the high capital cost and greater demands to edge preparation,
etc., it is obvious that laser welding in the coming years will break through in

medium and heavy section welding industry.
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2.2 Strength Mis-Match Effect in Welded Joints

Modern design and maintenance of engineering structures require quantitative and
accurate assessment of the performance of welded or bonded components.
Consequently, the assessment of the structural significance of strength mis-match,
evaluation of the appropriate fracture toughness parameters and defect assessment

procedures are attracting increasing interest.

A welded or bonded bi-material joint represents a common feature in many
structural components. It is virtually impossible to produce absolute defect free welds
and bi-material interfaces. Bi-material (dissimilar) joints often contain or develop
defects in the form of interface cracks in the discontinuity area of the dissimilar
compounds. The population and distribution of such defects associated with a joining
process or service condition directly affects joint performance/life time of a structure
by changing the strength and toughness properties. Mechanical properties of the mis-
matched bi-material joint constituents will also influence the joint performance by
changing the occurrence of a critical condition for unstable fracture. Mechanical
properties of the mis-matched bi-material jc;int constituents (material A, interface
structure or weld material and material B) will also influence the joint performance
by changing the occurrence of a critical condition for unstable fracture. Since the
weld metal and parent material are produced in totally different ways, often with
different chemical analysis, heat treatment and microstructure, it is relatively
common for them to have different mechanical properties. Differences in yield can
have important effects on the way in which the joint behaves and on fracture
toughness measurement and toughness requirements in service. The study of
complex stress/strain fields around such interface cracks and the application of
elastic-plastic fracture mechanics parameters (CTOD and J integral) under various
loading modes are of great interest for the strength and fracture toughness analysis of
mis-matched welded or bonded bi-material joints (Kogak & Schwalbe, 1994).

Fracture mechanics defect assessment procedures generally assume that any

discontinuities found during fabrication or after a component has entered its service
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life are located in material of uniform mechanical or microstructural properties. In
practice, however, the different regions of conventional welded or bi-material joints
exhibit significantly different mechanical properties. All fusion welding processes
produce a heat affected zone (HAZ) which results in material properties different
from those of base and weld deposit. Additionally, there are many structural
components containing dissimilar (bi-material) weld joints with a high degree of
strength mis-match and such joints are more susceptible regions for defects and/or
cracks. The failure behavior of a welded structure associated with a defect in the
weld zone will certainly be influenced by the differences of the strength levels of the

weld metal (oyw), heat affected zone and base metal (cyg):

is the mis-match factor, i.e. the ratio of weld metal yield strength to base material
yields strength; M<1 characterizes undermatching, M>1 refers to overmatching
(Kogak, Saarenheimo, Petrovski, Talja & Schwalbe, 1994).

The effect of weld strength mis-match in service applications depends on the type
of weld and its orientation relative to the applied stresses, and also on the dimensions
of any crack like defects present relative to the width of the weld and to the width
and thickness of the whole joint.

The subject of strength mis-matching effects on structural weldment’s fracture
characteristics and structural performance has recently received great attention world
wide. A number of defect assessment metaods have been developed which are
supposed to cover the assessment of the severity of crack-like defects in welded
joints. However, these methods are based on homogeneous materials and generally
assume that defects present are located in material of uniform
mechanical/microstructural properties and it is normal practice to use the tensile
properties of the material in which the defect is located. However, in reality, the

mechanical heterogeneity (differences in mechanical properties between the different
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zones of the weld joint) will influence the plastic zone development process at
defects and hence affect the relationship between crack driving force and applied

loading (Kogak & Denys, 1994).

Determination of the tensile properties (degree of mis-match) and fracture
toughness values of respective parts of the welds presents particular problems, due to
the heterogeneous mechanical/micostructural nature of the joints and the small width
of the HAZ as well as its microstructural complexity. Therefore, the use of existing
standard test procedures for the mechanical testing of metallic materials requires
some modifications on specimen preparation, testing and interpretation of the data
for structural weldments. For example, Fig. 2.4 shows various mis-match cases of
fatigue pre-cracked bend bars where either the weld metal or bi-material mis-match is

considered (Kogak et al, 1994) .
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Fig. 2.4 Some factors to be considered in fracture toughness testing of mis-matched

or bi-material bend specimen
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There are no strength mis-match effects in the linear elastic regime if elastic
modulus and Poisson’s ratio are the same for the weld and base metals. In the plastic
regime, strength mis-match influences the str;ining capacity, limit load analysis and
hence fracture characteristics of welds by altering the plasticity development pattern
(i.e., alteration of the proportion of remotely applied strain which reaches the crack
tip) in the welded specimen from that characteristic of a cracked plain specimen. This
redistribution of plasticity has significant influence on the wide plate and CTOD
testing and on the implications of these tests with respect to the structural assessment

of welds (Burdekin, Kogak, Schwalbe & Denys, 1993).

It is known that different parts of most welds exhibit significantly different tensile
strengths and therefore, nominally identical applied strain levels cause different
amounts of strain concentrations in the respeétive parts of the transverse weld joints,
depending on the weld metal strength, crack size and geometry. The weld metal is
usually being considered a potential site for defects or cracks to be present or develop
in welded structures. Strength mis-matching often occurs as an overmatching weld in
medium strength steel weldments. By doing this, a beneficial shielding effect on
the higher yield strength weld metal (defective region in most cases) on a defect
from imposed strains can be expected. When the weld metal yield strength is greater
than that of the base metal (overmatching) plastic straining is likely to occur in the
base metal (egy), while the weld metal remains in the elastic regime (eop) as shown

schematically in Fig. 2.5.

Overmatched-WM - BM

" Under-
matched-WM

Fig. 2.5 Schematic s-e curves of a transverse weld joint showing development of

different levels of strain on under or overmatched welds for a given stress
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Plastic straining can occur in the base metal while the weld metal remains
in the elastic regime. However, undermatched welds are sometimes used in
high strength, low-alloy steel in order to avoid cold cracks, to obtain superior
toughness due to lower strength, to increase the deposition rate and to reduce the
residual stress thus reducing the fabrication dbst by decreasing the required pre-heat.
Lower weld metal yield strength than the base metal (undermatching) will cause a
concentration of strain in the weld metal and local ductility of the undermatched weld
metal will be exhausted prior to the onset of gross section yielding (GSY). In this
case, the undermatched weld metal requires higher fracture toughness to prevent the
risk of unstable fracture (Kogak & Denys, 1994).

It is rational to require a defective weldment to sustain remotely applied (gross)
stresses of the base metal yield strength magnitude. Obviously, the requirement of
base metal yielding for safe structural performance implies that the overmatching
(vield strength of weld metal is higher than hie base metal) case is desirable because
yielding of the base metal (GSY) can be more easily obtained even for comparatively
longer defects and furthermore, it implies that strain at failure will be plastic.
However, the yield strength, weld width (2H) and strain hardening capacity of the
weld metal region as well as defect position/shape/size will affect the yielding
behavior of weldments. In particular, the interdependence of these variables should
be established in order to determine the toughness needed for mis-matched weld

materials for safety and economic considerations.

Various studies have addressed the fracture behavior of mis-matched weld joints
and the results show that strength mis-match van significantly affect deformation and
fracture behavior of the welded joints under bending and tension loading. Therefore,
strength mis-match has a strong influence on both applied load and material
;coughness parameters based on the fracture mechanics parameters (CTOD or J
integral) in bend and tension loaded specimens. The effect of the relative difference
(mis-matching) of the yield strengths of the base, weld metal and HAZ parts on

defect assessment procedures and on toughness values (CTOD and J) of the material
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displaying a defect must be determined. There is a great need to establish a
relationship between applied strain, toughness and defect size for mis-matched welds

(Petrovski & Kogak, 1994).

2.2.1 Mis-Match in Laser Welded Specimens

It is common practice to obtain weld metals which display higher strength
(overmatching) than the steels used in various engineering structures. By doing this, a
beneficial shielding effect of the higher yield strength weld metal (defective region in

most cases) on a defect from imposed strains can be expected.

Despite significant improvements in LB welding technologies over recent years, it
still remains impossible to characterize narrow LB welds in a unique fashion and to
produce quantifiable mechanical properties. General guidance on design aspects of
LB welded joints is currently lacking for potential users so that they are often
reluctant to opt for such a welding process despite the available technology to
fabricate the joint. Present standards do not take into account the features
characteristic of LB welds stemming from high energy density, high welding speed,
high solidification rate and the small volume of base material affected. Many LB
weld joints, therefore, fail according to the available standards, even though their
mechanical and microstructural properties are good. Thus, additional non-standard

tests, which consume time and money, are often requested by the industries.

There are no fracture mechanics based testing procedures available for power
beam weld joints despite the wide and inevitable use in modern engineering
structures. This discrepancy is due mainly to the lack of information on the
interaction between the base metal and fusior zone, which have different mechanical
properties. Substantial differences in strength properties (mis-matching) of the base
metal and narrow fusion zone of the LB welds inevitably occur due to the rapid
thermal cycle of the joining process. Considering the very narrow LB weld metal

size, the “shielding effect” of the higher yield strength weld seam of C-Mn steels
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(from externally applied strain) on a defect present within the weld seam could be a
very different magnitude than the shielding effect observed on conventional larger

sized weld joints.

Inevitable extensive plasticity development at the parent plate of the C-Mn steel
laser welds may minimize the structural significance of the lower toughness small
weld seam under some circumstances (i.e. depending on the temperature). If lower
toughness weld or HAZ regions of the C-Mn steel welds cannot control the failure
behavior of the standard laboratory specimen or component, no extra effort (i.e.
artificial LB weld configurations or specimen design to force the crack to remain
within the weld seam) should be made for the determination of fracture toughness of
LB welds. Global deformation and fracture behavior of the LB weld joints which
include inevitable participation of the neighboring base plate in the deformation
process should be respected and considered. Therefore, the defect assessment
procedures or standards developed for conventional weldments need to be modified
for laser beam weldments. The fracture assessment of such welds for structural
integrity requires detailed information on the overall fracture behavior. Presently, the
lack of any international standard for incorporating mechanical heterogeneity (mis-
match) in laser beam structural weldments ar.d related safety assessment procedures
urgently require the development of a technology applicable to civil, aerospace, oil
and gas power generation, automotive, chemical, process and shipbuilding industries
as well as being acceptable by designers and producers of structural materials
(Kogak, Dos Santos & Cam, 1997).

For the time being, development of flat microtensile specimens (which will be
discussed later in detail) which can be easily produced and tested in order to
determine the mechanical property variations across the welded joints have been
successfully utilized in laser beam welding, electron beam welding and diffusion

bonding applications.
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2.3 Austenitic and Ferritic Steels

Despite the development and influx of many new and advanced materials into the
engineering world over the past 10 years, the family of stainless steels has persisted
as preeminent in a wide variety of industrial systems that require exacting

performance.

2.3.1 Austenitic Stainless Steel

Austenitic stainless steels typically have a composition within the range 16-26%
chromium (Cr) and 8-22% nickel (Ni). A commonly used alloy for welded
fabrications is Type 304 which contains approximately 18% Cr and 10% Ni. These
alloys can be readily welded using any of the arc welding processes. As they are
nonhardenable on cooling, they exhibit good toughness and there is no need for pre-
or post-weld heat treatment (Job Knowledge for Welders, 1997).

Although austenitic stainless steel is readily welded, weld metal and HAZ
cracking can occur. Weld metal solidifica-ion cracking is more likely in fully
austenitic structures which are more crack sensitive than those containing a small
amount of ferrite. The beneficial effect of ferrite has been attributed largely to its
capacity to dissolve harmful impurities which would otherwise form low melting

point segregates and interdendritic cracks (Lippold,1992).

2.3.2 Ferritic Stainless Steel

Ferritic stainless steels have a Cr content typically within the range 11-28%.
Commonly used alloys include the 430 grade, having 16-18% Cr and 407 grade
having 10-12% Cr. As these alloys can be -onsidered to be predominantly single
phase and nonhardenable, they can be readily fusion welded. However, a coarse

grained HAZ will have poor toughness (Job Knowledge for Welders, 1997).
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The main problem when welding this type of stainless steel is its poor HAZ
toughness. Excessive grain coarsening can lead to cracking in highly restrained joints
and thick section material. In thicker material, it is necessary to employ a low heat
input to minimize the width of the grain coarsened zone and an austenitic filler to
produce a tougher weld metal. Although preheating will not reduce the grain size, it
will reduce the HAZ cooling rate, maintain the weld metal above the ductile-brittle
transition temperature and may reduce residual stresses. Preheat temperature should
be within the range 50-250 °C depending on material composition (Dilthey & Risch,
1995).

Austenitic-ferritic dissimilar steel joints are widely used in power generation
systems. For, example, in fossil fuel fired power plants, the primary boilers and heat
exchangers operate at low enough temperature and under suitable environmental
conditions, for economical ferritic steels to be chosen as construction materials.
However, the high operating temperatures of the superheater and reheater require the
use of more expensive austenitic stainless steels. Therefore, transition joints between
the two types of steels are necessary. Such joints are normally produced using
conventional welding processes. Investigations into the production of such types of
joints and their failure analyses have been made by many researchers, and various

measures have been used to improve the qual’:y of the joints (Sun & Moisio, 1994).
2.3.3 Laser Beam Welding of Austenitic-Ferritic Steel Joints

In recent years, power beam technology - electron beam and laser beam - has
developed significantly, and much attention has been paid to exploit its application in
welding. The chemical composition (particularly carbon content) of the structural
steels significantly influences the laser weldability of these materials. In modern
structural steels the carbon content is significantly reduced and the strength is
attained by alloying elements and/or thermal processing during rolling. These fine
grained steel grains are particularly suitable f-r low heat input laser welding process

to avoid the development of a coarse grained microstructure in the HAZ region.
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However, laser beam welding, particularly autogenous welding, with its low heat
input and high cooling rate (high welding sg.ed), may present some drawbacks for
producing austenitic-ferritic dissimilar steel joints through the formation of hard and
brittle microstructures (i.e. martensite) within the narrow weld and HAZ regions of
steels subjected to solid state phase transformations, which may result in a reduction
in service properties. Since the hardness values reached in these regions are usually
well above those specified in standards and codes, expensive and time consuming
qualification procedures are required for individual components. Laser beam welding
with filler metal is a relatively new technique introduced in order to widen the use of
lasers in welding. Filler metal welding can provide some advantages over autogenous
welding, in addition to retaining many of the features of laser beam welding, e. g.,
reducing the fit-up tolerance of laser bear: welding; modifying the weld metal
composition through the use of filler metal. Although laser beam welding of various
dissimilar metals has been reported in recent years, little data for laser welding of
austenitic-ferritic transition joints are available. As a new welding process for joining
this type of dissimilar steel weld, whether it can be useful depends on how to take
advantage of the process by selecting the correct processing parameters. Since laser
beam welding can be operated in an exact and reproducible manner, the principles of
selecting the optimum processing parameters becomes the most important knowledge
to be obtained. There are a variety of processing parameters in laser beam welding
such as: focusing conditions, shielding and plasma control conditions, also there are
ones which specifically affect the quality ~f dissimilar steel joints such as root

opening, beam alignment and heat input (Scrutton, 1995).
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2.4 GKSS Research Center

The experimental part and the literature review of this study were carried out at
GKSS Research Center. Therefore, a short introduction of this center is given in this

section.

GKSS, with a staff of approximately 800 employees at its sites in Geesthacht near
Hamburg and Teltow near Berlin, is one of the 16 national facilities belonging to the

Herman von Helmholtz Association of German Research Centers (HGF).

GKSS has the task of opening up and shaping new strategic areas of benefit to the

national economy, thereby establishing a basis for the key technologies of tomorrow.

About 85% of GKSS’s ca. DM 120 million annual research budget is provided by
the federal government (90%) and the state governments (10%). The contribution
from additional earnings generated via contract research and licensing of GKSS

patents for products and processes is increasing strongly.

An organizational structure based on a matrix system and project management
principles serves to promote the interlinking of activities with partners from other
research organizations, as well as private and public companies both nationally and
internationally. Applications oriented work is based on fundamental research with
clearly defined goals, supported by a sound scientific and technical infrastructure,
which includes a research reactor, extensive experimental and testing facilities,
mainframe computer and a research ship. Facilities for the production of membranes
and advanced high temperature materials on a pilot-plant scale are examples of the

bridges built to industrial applications.
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2.4.1 Institute of Materials Research

GKSS work concentrates primarily on metallic materials for use in the fields of
energy, technology and transport. The demands made on such materials are
increasing rapidly. They must combine the advantages of metallic, ceramic and
polymer materials while being easy to produce and process; and their behavior as
component parts must be reliably determinable and predictable. From this starting
point, the work done by GKSS moves into the spheres of the physics and mechanics
of materials, also examining related methods of manufacturing and processing. The

prime objectives of the work are:

e development of new high temperature lightweight materials (up to > 800 °C with
5 g/em?),
e explanation of mechanisms operating in the materials,

o comprehensive evaluation of the behavior of materials used in components.

Work in the field of materials development as such is therefore accompanied by
process research geared to developing methods of manufacture, quality assurance,
design of components and where necessary, even extending to pilot production. The
requirements for manufacture, design and quality are specified at this stage in
cooperation with the customers in the manufacturing, fabrication and utilization
sectors of industry. Subsequent development work is undertaken as contract research,

cooperative projects and basic research that is applications oriented.

Areas of expertise for contract research:
e Special, high strength, high temperature resistant alloys
¢ Fatigue behavior of components
o Formation of cracks in components
o International standards and test procedures

e Test procedures employing special test equipment

(Drrtrait RIZ7QAC 1004



CHAPTER THREE
MATERIALS AND EXPERIMENTAL

PROCEDURE

3.1 Materials and Experimental Procedure

In this study, austenitic stainless steel 1.4404 (X2 CrNiMo 18 10) and ferritic
steels (grades St37 and St52) were used as base metals. Three similar (St52-St52,
St37-St37 and 1.4404-1.4404) and two dissimilar (St52-1.4404 and St37-1.4404)
single pass full penetration autogenous laser beam welds were produced without
using filler wire at LAZ Nord, a laser cutting/welding firm in Hamburg using 15 kW
cross flow CO; laser. Welds for each material were prepared from 6 mm thick, 235
mm x 200 mm plates clamped in flat position, the joint faces of which had previously
been machined flat and cleaned using solvent. Similar and dissimilar welded joints

are schematically shown in Fig. 3.1.

I 235 mm I

St37 St37 S37 Aust Aust Aust Aust St52 St52  St52

a) b) c) d) e)
length=200 mm, thickness=6 mm

Fig. 3.1 Schematic illustration of: a) Similar St37-St37, b) Dissimilar St37-Aust,
¢) Similar Aust-Aust, d) Dissimilar St52-Aust, e) Similar St52-St52 joints
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Each weld was visually inspected to ensure that its fusion position and external
profile were satisfactory, and the presence of porosity and other weld defects such as
centerline cracking and lack of penetration were assessed by X-ray radiography.
Extensive microhardness measurements (using 100 g. load) were performed across
the welded regions at three different locations, namely at the weld root, mid-section
and top part of the joints. In addition, the HAZ regions of the ferritic steels were
extensively screened by conducting microt‘irdness measurements parallel to the

fusion line.

Standard round tensile specimens of the base metals were tested in order to
determine the base metal mechanical properties and mis-match ratios. Standard flat
transverse tensile specimens were extracted from the welded plates and tested at
room temperature, Fig. 3.2. Weld reinforcement was machined before testing.
Photoelastic specimens were prepared in order to see the deformation patterns when

the specimen is subjected to tensile loading.

Laser weld
<4—] {30 mm 20mm | —
e . N
57 mm '
220 mm

Fig. 3.2 Transverse tensile specimen

Sets of flat microtensile specimens were extracted by spark erosion cutting from
base metals, HAZ’s and weld metals of all the joints studied. Preparation of flat
microtensile specimens by spark erosion cuiiing technique is described in Section
3.2. All tensile tests were carried out at room temperature using a displacement rate
of 0.5 mm/min in a screw driven universal testing machine. The load and extension
data were continuously recorded by a data acquisition system during the tests. After

testing, the broken half of the specimens were mounted for microstructural
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verification of the specimen location. The fracture surfaces of selected specimens
were also examined by scanning electron microscopy. Microhardness measurements

on the non-deformed specimen heads were also carried out.

Single Edge Notch Bend (SENB) specimens which have a thickness of 6 mm
were prepared from the base metal, HAZ and weld regions in order to measure the
Crack Tip Opening Displacement (CTOD) and Crack Mouth Opening Displacement
(CMOD) values. SENB specimens, which were machine notched in the weld zone,
were further fatigue pre-cracked in osder to introduce a sharp crack
(a’W=12.5/25=0.5) from an initial of 9 mm crack length to 12.5 mm, as described in
Section 3.3. CTOD measurements obtained by three point bending tests, using the
GKSS developed 85 clip gauges were conducted on SENB specimens which allowed
us to make a direct measurement of the crack tip opening displacement for each
specimen, this technique is described in Section 3.4. Again photoelastic specimens

were prepared to obtain the deformation patterns occurring during loading.

Optical and scanning electron microscopy were conducted before and after testing
to determine the details of the fracture process at the weld region. For optical
metallography, specimens were mounted in bakelite and ground with silicon carbide
papers of 1200 and 2400 grades followed by polishing on a rotating wheel with 6, 3
and 1 micron diamond paste and a final polishing with OPS cloth. Ferritic steels were
etched with a solution comprising 2% nitric acid in alcohol for 10 seconds, while
austenitic steels were etched at 70 °C with V,A-etchant, which consists of 100 ml
distilled water, 100 ml HCI, 10 ml HNO; and 0.3 ml Vogels Sparbeize (etching

solution), for 5-10 seconds.

Stress-strain curves, hardness vs. distance from the weld center, crack tip opening
displacement-load, crack mouth opening displacement-load, CTOD vs. hardness and
other comparison diagrams and photographs of macrosections, micrographs and

fracture surfaces are prepared from the results of the tests conducted.
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3.2 Preparation of Flat Microtensile Specimens

“Flat microtensile specimen” testing procedure allows the determination of the
tensile property gradient existing in the LB fusion zone. The flat microtensile
specimen technique has originally been developed for property determination of HAZ
of conventional multi-pass weld joints. Successful applications of this technique for
thick section similar and dissimilar electron beam welds (Kogak & Junghans, 1994)
and for the bond strength determination of the diffusion bonded joints has been
carried out at GKSS Research Center.

The extraction of flat microtensile specimens in order to obtain the local

mechanical properties at the weld region, HAZ and base metal was carried out in two

stages:

i) extraction of a pre-shaped block with laser weld in the middle

i) cutting out specimens from etched pre-shaped block by spark erosion cutting
technique (using 0.1 mm diameter Cu-wire) parallel to the weld, as schematically
shown in Fig. 3.3.

Pre-shaped block

Laser weld area -

Al ”/
”
-
’/
,f

flat microtensile specimen
extracted by spark erosion
cutting technique

e e o e e ot
e o o v

Loading pins

Fig. 3.3 Cutting out flat microtensile specimens from etched pre-shaped block
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Comparison of a flat microtensile specimen’s dimensions to a paper clip is shown
in Fig. 3.4. Due to the small size of the microtensile specimens, loading was

introduced using four high strength round pins at the shoulders of the specimens, Fig

3.5 (Cam, Riekehr & Kogak, 1997).

Fig 3.4 Comparison of a flat microtensile specimen’s dimensions to a paper clip

Fig 3.5 Loading of the specimens using four high strength round pins at the shoulders
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3.3 Fatigue Pre-Cracking

The present fracture toughness testing procedures require fatigue pre-cracked
specimens with similar restrictions on the fatigue crack front shape, length and the
loading conditions (particularly with regard tu the level of maximum load and stress
ratio, R to be used). To meet such requirements in weldments, a special pre-cracking
procedure should be used to obtain uniform fatigue pre-crack growth across the weld
thickness for specimen blanks containing welding residual stresses. The through
thickness pattern of the welding residual stresses (transverse to the weld length)
changes from tensile (+) stresses near the surfaces to a compressive (-) ones as
balancing stress at about mid-thickness. These residual stress components act as
additive stresses to the applied stresses during the cyclic loading. Therefore, during
fatigue pre-cracking, compressive stresses (at mid-thickness region) normal to the
crack plane can counteract to the applied cyclic stresses and thereby decrease the

magnitude of effective stress intensity range, taus inhibiting crack growth there.

Meeting the requirements in the CTOD testing of welds requires the use of
modified pre-cracking techniques such as High-R ratio, Reverse Bending and Local
Compression techniques. The modified version of the High R-ratio method as a
“Step Wise High R-ratio (SHR)” was proposed by Kogak et al. With the help of SHR
technique, improvements on the fatigue crack shape of the as welded CTOD
specimens can be achieved. This technique uses an allowable Fyax value and simply
consists of two R-ratio levels. The basic principles of this technique are
schematically shown in Figure 3.6 (Schwalbe & Kogak, 1992).

\

Step I(R=0.1)= The first step can be used to initiate and propagate the fatigue

crack to the length of about 1.0 mm. The initiation period of the fatigue crack from a
machined notch will be minimized by using the full range of the applied load. During

this step, a minimum or no crack growth will occur at mid-thickness of the specimen.
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Step II (R=0.7)= In this step, the R-ratio of the cyclic loading is simply increased
to 0.7 by keeping the same Fp,x as in the first step. The R-ratio should be used to see
the improving effect on the crack front shape and to propagate the fatigue crack to the
required length (Fig. 3.6). The use of R=0.7 from the beginning of pre-cracking will
increase the time of pre-cracking considerably. Therefore, it is recommended to use
R=0.1 only for the initiation stage of the fatigue crack at the machine notch tip in
order to minimize the total pre-cracking time. It should be noted that decrease of the
applied stress amplitude in Step II will obviously increase the time for completion of

fatigue pre-cracking.

Fmax=CONSTANT

l2""2 > Compressive Residual Stress
Fm, < Compressive Residual Stress

Fming |
0 "
Stepl Step2 Fmin N
R=0.1 R=0.7= =——
for Fmax
a=1.0-2.0 mm
Stepl

R=0.1 ——»~ IRREGULAR FATIGUE

CRACK FRONT
Step?
R=0.7 4—» REGULAR FATIGUE
CRACK FRONT

Fig. 3.6 Schematic diagram showing the Stepwise High R-Ratio fatigue pre-cracking
method

The increased level of mean load Fp=(Fmax+Fmin)/2, for a given Fy. will, in fact,

prevent a possible crack tip closure at the compressive residual stress region of the

specimen. The applied static load of F, should be high enough to keep the crack tip

open at about midthickness region of the specimen by balancing the compressive

stresses. Experience has shown that in most cases, using the R-ratio of 0.5 may not
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provide a high enough mean load to prevent the retardation of the crack growth at the
compressive residual stress region.

A fatigue pre-crack must be produced in the test specimen from the end of the
machined notch , Fig. 3.7, to give an initial crack length a, in the range
0.45<a,/W20.65 for SENB specimens (Schwalbe, Neale & Heerens, 1994).

Fatigue

pre-crack

Fig. 3.7 Fatigue pre-cracking in a SENB specimen

The yield force for a SENB specimen is given as

_4B(W -a)*

F
Y 38

Rpop 4N

where B is the thickness of the specimen (mm), W is the width (mm), a is the initial
crack length (mm) and S=4W is the span between the axes of the two bottom rollers
of the fatigue pre-cracking machine. The max;mum fatigue force must not exceed the
lower of 0.6F,. For example when R=0.1, the conditions below are taken for

austenite:

B=6 mm

W=25 mm

a=9 mm
S=4W=100 mm
R 102=308 MPa
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The following Table, to be used in fatigue pre-cracking tests is obtained.

Table 3.1 Values for austenitic SENB specimen used in fatigue pre-cracking

tests

Fy X  |[Fuax=X*F | Fuin | Fota

(kN) y
6.31 0.10 0.63 0.06 | 035
6.31 0.11 0.69 0.07 | 038
B=6 mm 6.31 0.15 0.95 0.09 | 0.52
6.31 0.20 1.26 0.13 | 0.69
W=25 mm 6.31 0.23 1.45 0.15 | 0.80
6.31 0.25 1.58 0.16 | 0.87
a=9 mm 6.31 0.30 1.89 0.19 | 1.04
6.31 0.35 2.21 0.22 | 1.21
R=0.1 6.31 0.40 2.52 025 | 1.39
6.31 0.45 2.84 0.28 | 1.56
R p02=308 MPa 6.31 0.50 3.16 032 | 1.74
6.31 0.55 3.47 0.35 | 1.91
6.31 0.60 3.79 0.38 | 2.08
6.31 0.65 4.10 0.41 | 2.26
6.31 0.70 4.42 044 | 243

It is obvious that this technique can easily be applied to any specimen geometry
and weld type on any standard testing machine without any extra operation and set-
up. This is an important simplification on valid specimen preparation for the fracture

mechanics testing of the weldments in any section size.



42

3.4 Fracture Mechanics Tests

The crack tip opening displacement (CTOD) is a measure of the stresses and
strains near the crack tip and can be used to characterize the material’s fracture
resistance and although the severity of applied strain in a cracked structural element
can be expressed in various ways (by remote, gauge length or local strains), the use
of local strain in defect assessment procedures could be more realistic in
characterizing the strain imposed on a structural element containing a weld since

failure of such elements/welds is a strain controlled event governed by local strain.

However, the present defect assessment methods which have been developed to
cover the assessment of the severity of crack-like defects in welded joints are based
on homogeneous materials and generally assume that defects present are located in
material of uniform mechanical/microstructural properties and it is normal practice to
use the tensile properties of materials in which the defect is located. In reality, the
mechanical heterogeneity will influence the plastic zone development process and
stress state at the crack tip and hence affect the relationship between crack driving
force and applied loading and thus the obtained standardized fracture toughness
parameters (CTOD or J). The problem of measuring a meaningful fracture toughness
value (in terms of standardized CTOD or J) of mis-matched laser weld specimens is
very hard to overcome due to the high strength mis-match within very small region at
the vicinity of the crack tip. It is not a simple task to distinguish the contributions
from both parent materials (lower strength) and narrow LB weld (highly
overmatched) at the vicinity of the crack tip to the remotely measured crack mouth
6pening displacement (CMOD) and load line displacement (Vi) usually used in
standardized CTOD and J estimates. The use of present standards for the testing of
welds and bi-material joints requires significant modifications on specimen

preparation, testing and evaluation of the CTOD (Kogak & Schwalbe, 1994).

In order to overcome these difficulties a local and direct measurement technique
(65 technique) has been developed at GKSS Research Center as a measure of the
CTOD for determining the fracture toughness and the crack growth resistance. It
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consists of measuring the relative displacement of two relative gauge points directly
at the crack tip using special displacement gauges. The resulting CTOD is called 85
because the gauge length over which the CTOD is determined amounts to 5 mm. The
advantage of this measurement concept is that the &s type CTOD can be easily
measured on any configuration with a surface breaking crack; no calibration
functions are required. A further appealing property of the &s technique is that since it
is measured locally as a displacement at the location of interest, it does not have to be
inferred from remotely measured quantities, like the J integral or the standardized
'CTOD. This is of particular importance when the specimen is mechanically
inhomogeneous, as is the case for highly strength mis-matched narrow laser welds
and in this case the 8s clip permits an easy measurement of the CTOD which can be
considered as a crack driving force. The CTOD values of the laser weld joints on the
SENB specimens have, therefore, been measured in terms of the CTOD (&s)
technique (Petrovski & Kogak, 1994).

ds, as a parameter characterizing the crack tip behavibr, specifically has the

following advantages:

M 3s is a quantity which is locally measured; the measurement is independent of the
global behavior of the specimen.
W 35 is directly measured as a displacement; no calibration function is needed.

M It is of particular interest for mis-match welds and for interface cracks.

For the application of the 85 clip technique the area around the expected fatigue
crack propagation path should be polished. After fatigue pre-cracking, Vickers
hardness indentations are placed +2.5 mm on either side of the crack tip normal to
the tip position, to give a gauge length of 5 mm. A s clip gauge with needle tips is
seated into the hardness indentations and attached to the specimen using a lever

mechanism. This is shown for a Compact tension (CT) specimen in Fig 3.8.
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Fig. 3.8 Instrumentation of a Compact Tension Specimen with 8s-clip and fixture

For SENB specimen testing, the centerline of the up

between the centerlines of the lower rollers, Fig 3.9. The specimen must be aligned in

the testing fixture so that the fatigue pre-crack is midway between the centerlines of

the lower rollers.
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The basic arrangement for the measurement of the CTOD by Js clip gauges is
shown in Fig. 3.10 for a SENB specimen. Two s clips can be used for front and back
faces of the specimen. CMOD measurement is accomplished by placing a clip, Fig.
3.11, at the mouth of the notch (GKSS Displacement Gauge Systems for
Applications in Fracture Mechanics, 1995). The test is terminated when the load
starts to decrease after reaching the maximum load or in the case of St52-St52 tests at
-40 °C after the pop-in. The CTOD value is measured at the maximum load or in the

case of -40 °C tests, it is measured either at the point of pop-in or maximum load.

CT0D-DELTA 5 CUP
[BACK)

REFERENCE BAR

Fig. 3.10 Instrumentation of fracture toughness specimen with 8s-clips for HAZ

testing
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Fig. 3.11 CMOD gauge mounting

Three point bending tests at -40 °C are conducted by placing a chamber around
the testing fixture and pumping nitrogen gas into this chamber, thus decreasing the

temperature inside the chamber to the desired test temperature.

Pop-in_Behavior: In Fig. 3.12, an example of a force-displacement test record

containing a pop-in for the St37-St37 tests &: -40 °C is shown. The pop-in step is
usually characterized by an abrupt force drop and a small increase in displacement.
The behavior is associated with the arrest of a rapidly moving crack during unstable
crack growth which often appears as a distinct brittle thumbnailed region on the
fracture surface of a specimen (Schwalbe, Neale & Heerens, 1994).

7000
6000 /,/ -~ -
.// -
8000 L
= 4000
g 3000 4
|
i
2000 i
1000
0
0.0 0.2 04 06 08 10 12 14
B&:mm

Fig. 3.12 Example of a pop-in behavior in -40 °C St37-St37 CTOD Measurement
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The 85 testing technique permits direct measurement of the CTOD, of which the
use is not limited and rather universal and it offers a unique capacity to assess the
fracture toughness of bi-material interfaces by not taking into account of any remote
plasticity. It can be applied to any type of testing pieces as well as for structural

components with surface breaking cracks.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Microstructure
4.1.1 Austenitic Steels

The avoidance of solidification cracking is the most important requirement in the
fusion welding of austenitic stainless steels. The deep and very narrow weld beads
and rapid solidification rates of laser welding process may lead to solidification
cracking although this steel can be crack-free welded by arc welding process. It has
been reported that differences exist between the solidification behavior and the
microstructure of austenitic welds experiencing the more moderate cooling rate
involved in conventional welding processes and the much faster cooling rates
characteristic of the high energy density welding processes like laser and electron

beam welding (Kogak & Junghans, 1994).

During solidification, low melting segregates are entrapped along cell boundaries
as spherical particles. Because of the lack of large-angle boundaries, these droplets
usually cannot form films and propagate cracks. For 100% primary austenite
solidification, however, rather flat, smooth crack paths exist along the grain
boundary. With the presence of low-melting segregated liquids and welding stresses,
cracks easily form and propagate as long as the liquid phase wets the boundary.
Solidification cracking results from the segregation of low melting liquids along the
grain boundaries during the last stages of golidification. If sufficient stresses are
generated before final solidification, the boundaries may separate and form cracks.
Primary austenite solidification becomes predominant with decreasing Cr/Ni ratio.
The fraction of austenitic solidification also increases with the weld speed, a result

which might be expected since a rapid cooling favors the formation of metastable
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austenite (Brooks, 1992). Welds that solidify as primary ferrite are much more
resistant to solidification cracking than welds that solidify as primary ferrite.

4.1.2 Ferritic Steels

Modern steels often contain relatively low amounts of carbon and only sufficient
amounts of other elements influencing the hardenability, primarily manganese. The
high cooling rates required to produce martensite in such steels are not usually
obtained in arc welding processes and only seldom will the brittle element martensite
be present in large amounts. This situation aay dramatically change in high speed
autogenous welding of the same steels. The thermal cycle is sufficiently fast that
martensite often forms in laser welding of structural C-Mn steels. Depending on the
actual thermal cycle, laser weld microstructures thus may contain appreciable
amounts of martensite and may even be fully martensitic. The formation of
martensite may result in a reduction in service properties, since martensite is a hard,
low ductility phase and should generally be avoided in structural applications
(Kristensen & Borgreen, 1994).

4.1.3 Dissimilar Joints

The microstructure of dissimilar weld metal can be fairly inhomogeneous.
Depending on the degree of dilution from each side, various mixtures of austenite,
ferrite and martensite phases could be found, ranging from a mainly austenitic to a
predominantly martensitic structure. Regions of the weld zone microstructure poor in
Cr and Ni are predominantly martensitic, while regions rich in the same elements can
exhibit a mainly austenitic-ferritic structure. The narrow HAZ formation on the
ferritic steel side can distinctly be observed contrary to the austenitic steel side of

dissimilar laser weld joints where there is no distinct HAZ.
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4.1.4 Microstructural Examinations of Similar Joints

Microstructural examinations of the joints investigated showed that the weld
regions of all the joints containing ferritic constituent contained bainite and
martensite, which is a hard and low ductility phase produced due to the high cooling
rate in LB welding. Ferritic similar joint St37-St37 displayed a weld metal structure
consisting of grain boundary ferrite, martensite and bainite, Fig. 4.1 and the other
ferritic similar joint, St52-St52 contained martensite and bainite, Fig. 4.2. Austenitic
similar weld, 1.4404-1.4404, exhibited an austenitic-dendritic (cellular) structure
with no evidence of martensitic formation as expected, Fig. 4.3. Solidification
cracking has not been observed in similar austenitic joints which might be due to a
very fine austenite cell size characteristic of p.:imary austenite solidification involved
in laser beam welding of this steel grade. Contrary to the austenitic steel weld joint
where no distinct HAZ is observed, A distinct HAZ development at the similar
ferritic joints was observed. The HAZ in these joints contained a refined

ferrite/pearlite structure and pearlite dissolution at the base metal sides.

4.1.5 Microstructural Examinations of Dissimilar Joints

Ferritic-austenitic dissimilar joints, on the other hand, showed an inhomogeneous
weld metal microstructure, changing from the ferritic to the austenitic side, Figs. 4.4
and 4.5. A narrow HAZ on the ferritic ste.l sides was observed contrary to the
austenitic side where there is no distinct HAZ. This is typical of dissimilar laser steel
weldments. The HAZ on the ferritic steel side of the St37-austenitic joint, Fig. 4.4,
contains no martensite in contrast to that of the St52-austenitic joint, Fig. 4.5, which
exhibits a martensitic structure. The rest of the weld in the middle displayed an
inhomogeneous microstructure which contained ferritic-austenitic and bainitic and/or
martensitic phases in varying degrees due to an incomplete mixture of the molten
metals of both sides in the weld pool during solidification. Some austenitic-dendritic
(cellular) structure was also observed at the austenitic side. Moreover, some

solidification cracks were also observed in the weld zone of the dissimilar joints, Fig.
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4.6, which indicates that sufficient stress levels were developed in these weldments
separating the grain boundaries in the cellular structure (presenting rather flat smooth
crack paths) during solidification. It car also be assumed that low-melting
constituents have been segregated along these boundaries, which resulted in

solidification cracking during the last stages of solidification.

Microstructural observations and microhardness measurements on the gauge
length regions of the microtensile specimens were also carried out for microstructural
verification of the specimen location and to correlate the mechanical properties to
microstructure. It is essential to understand the relationship between microstructure
and mechanical properties with optimum strength and toughness of weld metals.
Therefore, the interaction of the different microstructural constituents is especially
important in terms of their effect on toughness. These microstructural observations

will be discussed in Chapter 4.3.
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4.2 Hardness

The welding process may lead to drastic changes in the microstructure with
accompanying effects on the properties of the joint. The thermal cycles associated
with laser welding are generally faster than those involved in the conventional
welding processes. This is a natural consequence of the low heat input and high
welding speed (rapid cooling rate). It does, * owever, mean that the weld zone will
locally exhibit a high hardness for C-Mn strlllctural steels. In order to determine the
hardness profiles, extensive microhardness measurements were conducted at three
locations (top, middle and root) as shown in Fig.4.7. Vickers method was utilized
which is suitable for narrow laser welds since the measurements can be performed at
a range of indentation forces. The set-up used for measuring the hardness profiles is
seen in Fig. 4.8. The microhardness results exhibit no difference between these three
locations for all the welded joints studied. It can, therefore, be concluded that no
significant gradient in mechanical properties of laser welds along plate thickness

direction is present.

L 2K 2K 2N 4

Fig. 4.7 Schematic illustration of the microhardness measurement procedure

Similar ferritic joints displayed a high hardness profile in the weld region while
austenitic weld showed no significant increase across the joint. Similar St37 and St52
joints exhibited hardness values of 270-350 HV (Fig. 4.9 ) and 405-450 HV (Fig.
4.10), respectively, whereas similar austenitic joints displayed hardness values of
about 210 HV in the weld region, Fig. 4.11. This is expected due to the lack of

bainite and/or martensite formations in the weld regions of austenitic joints.
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Dissimilar St37-austenitic joints displayed a hardness peak in the weld metal
which exhibited hardness values of about 380-400 HV, Fig. 4.12. On the other hand,
dissimilar St52-austenitic joints, Fig. 4.13, displayed a hardness peak of about 425
HV at the ferritic HAZ side slightly higher than that of the weld metal which
exhibited hardness values of about 400 HV, which is due to the presence of
martensite in the narrow HAZ region at the ferritic side as mentioned earlier. High
hardness values obtained in the weld regions of ferritic similar and dissimilar joints
are due to the presence of bainite and/or martensite in the microstructure. The
presence of high hardness peaks indicate strength overmatching nature of the weld

joints.

Extensive microhardness measurements were also conducted on the non-deformed
heads of the microtensile specimens after testing. St37 base metal in the case of
similar joint exhibited an average hardness value of 128 HV, whereas that of
dissimilar joint displayed a hardness of 147 HV. For St52 base metal the values for
‘similar and dissimilar joints are 175 HV and 190 HV, respectively. This might be due
to the difference in welding direction of these sheets with respect to the rolling
direction. Austenitic base metal showed an average of 175 HV. Microtensile
specimens extracted from the weld metals ~f similar ferritic and dissimilar joints
exhibited a significant increase in hardness, average hardness values being 347 HV
and 404 HV, respectively for St37 and 450 HV and 430 HV, respectively for St52
which is due to the formation of bainite and/or martensite whereas the weld metal of
austenitic similar joint did not exhibit a significant hardness peak, the average
hardness value being 207 HV. The HAZ of the St37 similar joint displayed hardness
values in the range of 138-165 HV, the average value being 152 HV. An abrupt
change is observed in the hardness values of the HAZ region of the St52 joint. In this
case, the range is between 190-22 HV for the similar joint. The HAZ’s at the ferritic
sides of the dissimilar joints showed hardness values in the range of 169-216 HV for
St37 and 200-235 HV for St52, which are higker than those of the dissimilar joints.
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4.3 Mechanical Properties

Evaluation of the mechanical properties is crucial but also very difficult. Firstly,
measurement of the actual properties is difficult since the established techniques
cannot always be applied without modification: Secondly, the acceptance criteria may
consequently have to be modified, which makes it difficult directly to build on the
decades of experience connected to this criteria. For example, in narrow laser welds
determination of mechanical properties is difficult due to the high strength mis-match

between the base metal and the weld region.

Standard round tensile specimens of the base metals were tested to find out the
mechanical properties and mis-match ratios (M) as given in Table 4.1. The stress-
strain curves of the round tensile specimens (4 mm diameter, 20 mm gauge length)
extracted from the base metals are given in Fig. 4.14. The yield strength mis-match
ratios between the two base plates of St37-austenitic and St52-austenitic dissimilar
joints, M=YSsi37/YSas and M=YS,,¢/YSsis2, were found to be 0.76 and 0.8,
respectively. Standard flat transverse tensile specimens were also tested to find out
the mechanical properties of the joints, Fig. 4.15. The similar and dissimilar joints
containing ferritic steels always failed in the lower strength (in terms of tensile
strength) ferritic base metal due to the very high hardness of the weld region. The
stress-strain curves obtained from flat transverse tensile specimens show some
differences compared to the round tensile specimens due to the presence of LB weld
region at the middle of the specimens, Figs. 4.14 and 4.15. The stress-strain curves of
the dissimilar joints lie between those of the similar joints of the constituent steels as
expected, Fig. 4.15. The stress-strain curves obtained from standard round and flat
microtensile specimens of the base metals are compared in Fig. 4.16. Although there
are slight differences in the curves due to complete different geometry of these two

specimen types, they are in good agreement.

The problem in tensile testing of whole mis-matched joints in the transverse

direction using either round or standard transverse tensile specimens, is verifying the
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soundness of the weld deposit because of the difference in strength and ductility
existing between the base and the weld metal. This strength mis-match will result in
a failure in the lower strength base metal (overmatching case) even though the weld
metal might contain defects. Although a fracture in the base metal can be considered
acceptable, a true cvaluation of weld metals is not possible under such circumstances.
A complete picture of the strength level and its variation within the weld volume

should be determined by using “all-weld-metal” and “all-HAZ” specimens.

Therefore, all-weld metal and all-HAZ fi:t micrutensile specimens were prepared
and tested to determine the local mechanical properties of the respective areas in the
weld region. Table 4.2 summarizes the mechanical properties of the ferritic base
metals (BM-F), austenitic base metals (BM-/\), weld metals (WM), HAZ’s of ferritic
steels (HAZ-F) and HAZ of austenitic steel (HAZ-A) on similar and dissimilar joints
determined using microtensile specimens. The weld metal regions of the joints
containing ferritic constituent exhibit high strength (overmatching) and low strain
values whereas austenitic similar joint shows similar strength (even-matching) and
strain levels in the weld metal, HAZ and base metal regions as microhardness values
indicated. The strength mis-match raiios beiween weld metal region and respective
base metals (lower strength base materin! in the case of dissimilar joints),
M=YSwm/YSgwm. are also given in Table 4.2. The highest mis-match (M=3.09) exists
between the weld metal and base metal of similar St37-St37 joint. The full stress-
strain curves of these specimens are < 'ven i Fig. 4.17. The individual values of the
yield strength (YS), tensile strength (TS) and fracture strain with respect to the
specimen location for all the joint: are presented in Fig. 4.18. The sampled
microstructure of each microtensile specimen was checked (after testing) by optical
metallography at the gauge length i :gion of the specimens. Figs. 4.19-4.23 are
presenting the representative microg: phs for all five weld joints. These results are

discussed below in detail.
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4.3.1 Ferritic Similar Joints

Figs. 4.17a and e illustrate the stress-stroin curves of the microtensile specimens
extracted from the similar ferritic joints and Figs. 4.18a and e show the variation in
the mechanical properties of these joints. As seen from these figures, the weld
metals, particularly in the case of St52, exhibit the highest strength levels and the
lowest strain values compared to the BM :ind HAZ regions. The HAZ regions of
these joints also cxhibited higher strength levels and lower strain values than the

respective base metals.

The microstructures of the weld metal. HAZ and base metal specimens of the
similar St37 joint are shown in Fig. 4.19. The base metal specimens’ microstructure
consists of coarse ferrite with some pearlite, Fig. 4.19a. The HAZ microtensile
specimen displaycd a similar microstructure of ferrite and pearlite containing finer
regions, Fig. 4.19b. indicating that the specimen was extracted from the base metal
side of the HAZ. The weld metal spec men, on the other hand, exhibited a
microstructure comprising grain boundary ferrite with bainite and possibly
martensite, Fig. 4.19¢c. The fracture surfaces of the all-HAZ (extracted from the
HAZ) and all-WN\! (extracted from the weld metal) microtensile specimens of similar
St37 joint exhibitcd a predominantly ductile failure, Fig. 4.24. The fracture surface of
the all-HAZ specimen displays an extensiv: dimple formation, Fig. 4.24a, whereas
that of the all-WNM specimen exhibits the formation of rather large and limited

number of voids and their coalescence, Fig. !.24b.

The microstructure of the weld metal, [AZ and base metal specimens of the
similar St52 joint are shown in Fig. 4.20. [he base metal specimen microstructure
consists of coarsc ferrite with elongated peurlite, Fig. 4.20a. The HAZ microtensile
specimen displaycd a finer microstructuc than the base metal with pearlite
dissolution, Fig. +.20b. the weld metal sjcimen, on the other hand, exhibited a
microstructure conprising martensite and bainite with some grain boundary ferrite,

Fig. 4.20c. Fracturc surfaces of the microtensile specimens extracted from the similar
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ferritic joint exhibited a predominantly ductile failure. Fig. 4.25 shows the fracture
surfaces of the all-HHA” and all-WM specimens. The fracture surface of the all-HAZ
specimen displays a mixed brittle+ductile fracture mode (regions with flat, brittle
fracture appearance corresponding to the pearlite dissolution bands shown in Fig.
4.20b), Fig. 4.25a, whereas that of the all-WM specimen exhibits a predominantly
brittle fracture mode, Fig. 4.25b.

4.3.2 Austenitic Simil:ir Joint

For austenitic similar joint, the weld metal and HAZ exhibit slightly lower strain
values with no significant alteration in the strength levels, Figs. 4.17¢ and 4.18c. The
microstructures of the base metal, HAZ and weld metal specimens of similar
austenitic joint are sliown in Fig. 4.21. The base metal and HAZ microtensile
specimens exhibited similar microstructures consisting of austenite grains with some
delta ferrite, pointing ut that there is no appreciable alteration in the microstructure
in the HAZ of austeni ¢ steel joints, Figs. 4.21a and b, respectively. The weld metal
specimen displayed a | omogeneous dendritic structure, Fig. 4.21c. Fracture surfaces
of the microtensile spccimens extracted from the similar austenitic joint also
exhibited a predomina tly ductile failure. Fig. 4.26 shows the fracture surfaces of the
all-HAZ and all-WM specimens. The fracture surface of the all-HAZ specimen
displays an extensive limple formation, Fig. 4.26a, whereas that of the all-WM
specimen exhibits the ‘ormation of limited and coarse voids and their coalescence,

Fig. 4.26b.

4.3.3 Dissimilar Joint

In dissimilar joints. the weld metals exhibit highest strength levels with limited
strain values as seen i Iigs. 4.17b and 4.18b and Figs. 4.17d and 4.18d. The reason
for this extremely low strain values exhibited by the weld metals is the presence of
harder microstructural -onstituents (bainite/martensite) as well as the solidification

cracks in these region: «s seen in Fig. 4.6. The HAZs at the ferritic sides (HAZ-F)
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also display relatively higher strength levels and lower strain values than the
respective ferritic base metals. The HAZs at the austenitic sides (HAZ-A), on the
other hand, do not exlibit a significant increase in strength, but some decrease in

strain value as compared to the austenitic base metal.

The microstructures of the weld metal, HAZ and base metal specimens of
dissimilar St37-austeni'ic joint are illustrated in Fig. 4.22. The ferritic base metal
specimens exhibited a nicrostructure comprising ferrite and some pearlite. However,
the microstructure is sicnificantly finer than that of the base metal of ferritic similar
joint, which is the reason for the different stress-strain curves obtained, Figs. 4.17a
and b. The difference 1 the strength of St37 base metals of similar and dissimilar

joints is also shown in Table 4.2. This difference is due to the different welding

directions with respect
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imilar joints also exhibited a predominantly ductile failure.
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is thought as a future work.
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It is seen that transve - tensile test specimens invariably fails in the base material
with good overall elo n due to the heavy overmatching. No plastic deformation
is occurring in the we 1e, which may give the impression that the ductility of the
weld is satisfying. Fu lore, fracture mechanics calculations and tests have shown

that a weld metal overm hing in strength protects the weld metal itself as well as its

surroundings from de ing cracks during transverse stress situations. This way of
deformation will, he . not always be achieved in service, as longitudinal
deformation of a wel occur in some situations. It is therefore, relevant to test
the weld in the lonuit ‘nal direction also. For longitudinal loading conditions,
plastic deformation v » controlled by the dominating amount of base material,
and the deformation crefore, become uniformly distributed along the weld. A
longitudinal bend tes' ... refore well-suited for measuring this ductility. In contrast,

a longitudinal tensile est will normally show more modest figures for the ductility, as
the maximum loading point is met at a rather low strain beyond which the
deformation is non-uniform. Alternatively a medium scale longitudinal tensile test
containing a larger : nount of base metal may be used to assess the weld metal
ductility up to the lii it of uniform deformation. For the bending test as well as for
the medium scale st conditions due to weld metal imperfections (for example

pores) must be disti uished from ductile cracks.

It is thought tha' carrying out longitudinal tensile and bending tests of laser

welded specimens wi uld be a suitable research subject in a future work.

4.3.4 Photoelastic I'ransverse Tensile Specimens

A number of standard transverse tensile specimens from each weld group were
photoelastically couied in order to observe the deformation patterns developing
during loading. Fi . 4.29 shows the deformation patterns of all the weld joints
studied. In the casc of St37 similar joint, Fig. 4.29a, the applied stress causes the
spread of yielding in the direction of about 45° to the tensile axis on both sides of the

weld on the base 1 tal side. As the value of stress is further increased, strains are



distributed at the [
occurs at the St37
mis-match (M=YS
region. For St52 si
weld region, as the
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In St37-austeni
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nondeformable. A«
over the ferritic an:
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ise metal and the middle part of the weld zone. Final fracture
»ase metal. This is a natural consequence since there is a great
M/ YSeM=3.09) between the St37 base metal and the weld
ilar joint, Fig. 4.29b, although the initial strains develop at the
oad is increased the strains are distributed in the base metal and
at the lower strength (M=2.5) ferritic base metal. In austenitic
29c, the deformation begins at the entire base metal surface and
sths of the weld metal and base metal are close (M=1.13), as the
es the deformation covers the whole specimen surface. Fracture

etal since its tensile stress is lower than that of the base metal.

> dissimilar joint, Fig. 4.29d, deformation begins at the ferritic
is stage, the weld region and austenitic base metal are
the applied load is increased, the deformation is distributed all
the austenitic base metal and final fracture occurs in the ferritic
he case of St52-austenitic dissimilar joint, Fig. 4.29, the initial
¢ austenitic base metal side since its yield strength (318 MPa) is
1e St52 (382 MPa). The weld region is initially nondeformable.
s plastic straining shifts tarough the ferritic base metal and final
is region, since the tensile strength of St52 (528 MPa) is lower
nitic steel (626 MPa).

al properties of the base metals

Base Material Yield Tensile Elongation Reduction
Strength Strength % in area
((MI'2) (MPa) %
St37 i 233 368 36 51.06
sts2 38 528 30 50.58
Austenite (1.4404 308 626 69 49.61

Mis-match Ratio:

.ased on the Strength Levels of Base Plates

M=YSs137/Y Sausi -

3/308=0.76
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Fig. 4.14 o—¢ curves of base metals determined by testing of standard round tensile

specimens
800 T T T T T T T T T
700 Aus-Aus B
F St52-5t52 ]
600 [ e 3
© L \ mer ]
o - er ! 4
= 80T 14 % +—St52-Aus 4
[/} I 3 9
7] p \ H B
s %__+— St37-Aus ! 3
@ g
o 300 4
& St37-5t37 i
200 } 5 b ¥ 3
LB weld |
100 f .
| ]
0’...|...1...1...1...|...|...L.L'

0 10 20 30 40 50 60 70
Eng. Strain, %

@
o

Fig. 4.15 o—¢ curves of LB weld joints determined by testing of transverse tensile

specimens
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Fig. 4.16 Comparison of the 6—¢ curves of base metals obtained by testing standard

round and flat microtensile specimens a) St37, b) St52, ¢) austenitic steels
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Fig. 4.18 Mechanical property variations across the joints: a) St37 similar,
b) St37-aust dissimilar, ¢) aust similar, d) St52-aust dissimilar, e) St52 similar joints



Fig. 4.19 Optical micrographs of the microtensile specimens of St37 similar joint

extracted from a) base metal, b) HAZ, ¢) weld metal
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Fig. 4.20 Optical micrographs of the microtensile specimens of St52 similar joint

extracted from a) base metal, b) HAZ, ¢) weld metal
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Fig. 4.21 Optical micrographs of the microtensile specimens of aust similar joint

extracted from a) base metal. ‘J) HAZ, c) weld metal
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Fig. 4.22 Optical micrographs of the microtensile specimens of St37-aust dissimilar

joint extracted from a) St37 base metal, b) St37 HAZ, ¢) weld metal
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Fig. 4.23 Optical micrographs of the microtensile specimens of St52-aust dissimilar

joint extracted from a) base metal, b) HAZ, ¢) weld metal
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Fig. 4.24 Fracture surfaces of the HAZ and WM of St37 similar joint a) fracture
surface of the HAZ showing extensive void formation, b) fracture surface of the WM

illustrating limited void formation
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Fig. 4.25 Fracture surfaces of the HAZ and WM of St52 similar joint a) fracture
surface of the HAZ showing a mixed brittle+ductile mode of fracture (regions with
flat, brittle fracture appearance indicated by arrows corresponding to pearlite
dissolution bands shown in Fig. 4.20b), b) fracture surface of the WM illustrating

predominantly brittle fracture mode
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Fig. 4.26 Fracture surfaces of the HAZ and WM of aust similar joint a) fracture
surface of the HAZ showing extensive void formation, b) fracture surface of the WM

illustrating limited void formation
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Fig. 4.27 Fracture surfaces of the WM of the dissimilar joint a) overview showing
the complete thickness of the microtensile specimen, b) higher magnification of a)

illustrating the existing solidification cracking (SC) in the weld metal
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Fig. 4.28 Hardness vs. Yield strength graphics of a) St37 similar, b) St52 similar, c)

austenitic similar, d) St37-aust dissimilar, e) St52-aust dissimilar joints
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Fig. 4.29 a) (to be continued)
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Fig. 4.29 b) (to be continued)
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Fig. 4.29 ¢) (to be continued)
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Fig. 4.29 d) (to be continued)
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Fig. 4.29 Photoelastically coated transverse tensile specimens showing deformation

patterns during loading: a) St37 similar, b) St52 similar, ¢) austenitic similar,

d) St37-aust dissimilar, e) St52-aust dissimilar joints
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4.4 Fracture Toughness Properties

Since the problem of measuring a meaningful fracture toughness value (in terms
of standardized CTOD or J) of mis-matched laser weld specimens is very hard to
overcome due to the high strength mis-match within very small region at the vicinity
of the crack tip, it is not a simple task to distinguish the contributions from both
parent materials (lower strength) and narrow LB weld (highly overmatched) at the
vicinity of the crack tip to the remotely measured crack mouth opening displacement
(CMOD) and load line displacement (V) usually used in standardized CTOD and J
estimates. Therefore, the local and direct measurement technique (85 technique),
developed at GKSS Research Center as a measure of the CTOD for determining the
fracture toughness and the crack growth resistance, consists of measuring the relative
displacement of two relative gauge points directly at the crack tip using special
displacement gauges. The resulting CTOD is called 85 because the gauge length over
which the CTOD is determined amounts to 5 mm. The CTOD values of the laser
weld joints on the SENB specimens have, therefore, been measured in terms of the

CTOD (8s) technique.

SENB specimens which were machine notched in the fusion zone are further
fatigue pre-cracked in order to introduce a sharp crack (a/W=0.5). Fracture
toughness measurements (CTOD and CMOD) on 6 mm thick and 25 mm wide
SENB specimens loaded under three point bending were carried out at room
temperature (RT) and -40 °C. Surface notch position and SENB specimen
configurations of the joints are given in Fig. 4.30. Photoelastic specimens were
prepared to examine the deformation patterns during loading at room temperature
tests. CTOD and CMOD values recorded with respect to the applied load are
converted into graphics. After the bend testing, SENB specimens were broken by
further fatigue cracking. In order to examine the fracture surfaces, broken specimens

were cut near the fracture surfaces.
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Fig. 4.30 Surface notch position and SENB specimen configurations of the dissimilar

joints

For each weld condition, deeply notched (a/W=0.5) three point bend specimens
were tested. CTOD and CMOD values of three point SENB specimens tested at
RT and -40 °C are given in Table 4.3. The CTOD values given represent the values
measured at the maximum load (denoted as 8,,) or the point of pop-in (denoted as ).
The CTOD values obtained from these tests are plotted in Fig. 4.31 for RT and Fig.
4.32 for -40 °C.

4.4.1Room Temperature Tests

All SENB specimens exhibited fully ductile fracture behavior at room temperature
tests. The average of the CTOD values for base metal St37 is 1.07, Fig. 4.31a, while
for austenitic base metal this value is 2.09, higher as expected since austenitic steel is
more ductile than St37 as seen from the stress-strain curves. The average CTOD
value for similar St37 is 1.98 and for austenitic similar joint it is 1.33. The increase in
CTOD value between St37 BM and similar jcint may be attributed to extensive crack
deviation from the weld zone into the softer BM (strength overmatching) observed in
these joints. The very high CTOD values for similar ferritic weld joint are obviously
not representing the intrinsic toughness properties of the weld zone which showed
very high hardness values and predominantly martensitic microstructure. In austenitic
similar joint, there is significant decrease in CTOD values compared to those of

austenitic BM. This may be due to the formation of an austenitic-dendritic (cellular)
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structure in the weld zone, which may cause a decrease in toughness. The decrease in
CTOD values of the welded joint can also be due to increased constraint in the
weldment. The average of the CTOD results of the dissimilar joint is 0.77 which is
lower than the two similar joints of its constituent base metals (the three test results
are 0.95, 0.99 and 0.36; in the last one there may be a weld defect since it shows a
great deviation from the other two results. If the last value is ignored the average
CTOD value increases to 0.97). This may be attributed to increased constraint
(strength mis-match ratio between the yield strength of the weld metal and that of the
lower strength ferritic base metal is 2.28) and microstructural effects in dissimilar
joint. Maximum load CTOD values (8,,) (as standardized CTOD procedure requires)
highly overestimates the toughness level of laser welds simply due to the effect of
soft (lower strength) base metals present at the intermediate vicinity of the crack tip
(laser weld width being approximately 2 mm) which relaxes the fatigue crack tip at
the middle of the laser weld. The applied deformation principally goes to the lower
strength base metal parts of the specimen and hence the critical fracture strain for a
possible brittle fracture at the crack tip cannot be reached for ferritic similar and

dissimilar welds.

The average CTOD value for base metal St52 is 0.81, Fig. 4.31b, while for similar
St52 joint this value is 1.26. The scatter in CTOD values of similar St52 joint is
relatively high. Some of these values are higher than those of BM specimens. A
decrease in CTOD values of similar joint in comparison to BM is expected due to a
predominantly martensitic formation in the weld zone. This controversy may be
explained in terms of extensive crack deviation from the weld zone into the softer
BM (strength overmatching) observed in these joints leading to higher CTOD values.
The average CTOD values for austenite BM and austenitic similar joint are 2.10 and
1.33, respectively. The average CTOD value of St52-autenitic dissimilar joint is 0.46
which is lower than the average CTOD values of the two similar joints. This may be
attributed to the increase of constraint (mis-match) due to the introduction of a higher

strength material (St52) into the system in terms of the similar austenitic joint and the
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inhomogeneous microstructure which contained ferritic-austenitic and bainitic and/or

martensitic phases in varying degrees in terms of the similar ferritic joint.

No pop-in behavior was observed in room temperature tests.

4.4.2 -40 °C Tests

Three point bend tests at -40 °C were conducted in order to determine the low
temperature behavior of the laser welded joints, hence see the effect of temperature
on the fracture behavior of the SENB specimens. Pop-in behavior was observed in
-40 °C tests. The pop-in step is usually characterized by an abrupt force drop and a
small increase in displacement. It is associated with the arrest of a rapidly moving

crack during crack growth.

As seen from Fig. 4.32a, the average CTOD value of the St37 BM is 1.29, which
is similar to the CTOD value at RT. The CTOD values correspond to the point of
pop-in. An example is given in Fig. 4.33. There is not a significant change in CTOD
values due to low temperature. The CTOD value for austenitic BM, measured at the
point of pop-in, is 1.49 which is lower than that at RT, indicating the decrease in
CTOD with decreasing test temperature. It is seen that the decrease in temperature
has apparently resulted in a decrease in toughness of austenitic BM. The average
CTOD values of the similar St37 and austenitic joints are 1.25 and 0.86, respectively.
The CTOD values correspond to the point of pop-in or the maximum load, whichever
is the greatest. The similar CTOD values obtained from similar St37 and St37 BM
specimens both at RT and -40 °C can be explained in terms of microstructure
developed in the weld zone of St37 laser welded joints which consists of bainite plus
grain boundary ferrite apparently having relatively high toughness within this
temperature range. The significant decrease at -40 °C in the similar austenitic joint is
due to the formation of an austenitic-dendritic (cellular) structure in the weld zone,
which may cause a decrease in toughness. The average CTOD result for the St37-

austenitic dissimilar joint is 1.08 which indicates that no reduction in CTOD values
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at -40 °C in comparison to RT was observed. The low CTOD value may be attributed

to increased constraint and the microstructura: effect in the dissimilar joint.

For St52 BM, the average CTOD value is 0.78, Fig. 4.32b, which is similar to the
CTOD value at RT. The effect of temperature is not apparent for BM St52. Pop-in
was observed in only one of the specimens, which took place at a much lower load
than the maximum load. However, as mentioned above the CTOD values of
austenitic BM measured at -40 °C are lower than those at RT, indicating the decrease
in CTOD with decreasing test temperature. The average CTOD values for similar
St52 and similar austenitic joints at -40 °C are 0.31 and 0.86, respectively. It is seen
that there is a significant decrease in CTOD values for St52 -40 °C results compared
to RT tests. An extreme pop-in behavior ovserved in these joints; an example is
given in Fig. 4.34. A significant reduction in toughness with decreasing temperature
is observed which is due to the low toughness of predominantly martensitic
microstructure formed in the weld zone. The decrease in the CTOD value of similar
austenitic joint with temperature is due to the formation of an austenitic-dendritic
(cellular) structure in the weld zone, as described above. The average CTOD value
for St52-austenitic dissimilar joint is 0.46. In one specimen, no pop-in was observed,
while in the other two specimens several pop-in steps were recorded, Fig. 4.35.
Dissimilar St52-austenitic joint exhibited lower CTOD values than similar austenitic
specimens at -40 °C. This may be attributed to the increase of constraint (mis-match)
due to the introduction of a higher strength inaterial (St52) into the system. On the
other hand, the dissimilar joint displayed higher CTOD values than similar St52 joint

specimens which is due to the decrease of constraint.

The effect of temperature on CTOD values is given in Fig. 4.36. It is seen that low
temperature has a deteriorating effect especially on similar St52 joints Fig. 4.36 b,
and to a lesser degree on BM austenitic, similar austenitic, and similar St37 joints,
Fig. 4.36a. No significant decrease in CTOD is observed with decreasing temperature
on dissimilar joints. Pop-in behavior is observed in almost all of the -40 °C results,

though it is most pronounced in similar St52 specimens.
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Fracture surface examinations of the SENB specimens after testing exhibited that
there is no distinct crack path deviation into the base metal in the austenitic similar
joints both at RT and -40 °C. The crack propagates along the weld region parallel to
the weld, Fig. 4.37a, illustrating that these snecimens do not contain strength mis-
match between laser weld zone and austenitic base metal as hardness results
indicated. In the similar ferritic joints, Fig. 4.37 b and c, at both temperatures, the
cracks always deviated into the softer base metal due to extensive plastic zone
development within the base metal. This was also the case in the dissimilar St37-
austenitic joints where the crack path deviated towards the lower strength ferritic
side, Fig. 4.37d. Whereas in the dissimilar St52-austenitic case, crack propagation
was towards the austenitic BM side, Fig. 4.37e. These situations were expected from
the hardness profiles of the joints. The crack path deviation into the soft base metal
during standard three point bend tests with the notch in the highly overmatched
narrow laser weld zone leads to an experimental difficulty in determination of
intrinsic fracture toughness properties of laser welds. The crack propagations in
similar and dissimilar LB joints under three point bending condition are

schematically shown in Fig. 4.38.

4.4.3 Solidification Cracking

Solidification cracking in the weld zone is caused by the inability of the liquid to
support the strain imposed by solidification shrinkage and thermal stresses. High heat
inputs, such as high currents and slow welding speeds are believed to contribute to
weld solidification cracking. Another factor contributing to solidification cracking is
the weld metal grain size. Because, weld metal grain sizes produced by power beam
welding processes are usually fine due to rapid cooling involved in these processes.

Low heat input power welding processes may thus reduce weld crack sensitivity.

The microstructures of austenitic stainless steel welds typically contain a variety
of complex austenite-ferrite structures. These structures are a result of both the

solidification behavior and subsequent solid state transformations which are
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controlled by both composition and weld cooling rates. Hence, austenitic stainless
steels are more susceptible to solidification cracking. However, solidification
cracking at room temperature tests has not been observed which might be due to a
very fine austenite cell size characteristic of primary austenite solidification of the

process of this steel grade.

It is interesting to note that the presence of small solidification cracks in the weld
zone of dissimilar joints, Fig. 4.39, did not show any detrimental effect on the
fracture toughness values at room temperature tests. This can be due to the fact that
extensive plastic deformation developed at the lower strength side of the specimen
(shielding effect of the overmatched weld zone). Also it is observed that
solidification cracks are not parallel to the crack propagation direction. They are
about 45° to the crack path. This could be the reason why there is no opening in the

solidification cracks at room temperature tests.

4.4.4 Photoelastic Specimens

One SENB specimen from each weld group was photoelastically coated in order
to obtain the deformation patterns occurring at three point bend specimens tested at

room temperature.

In St37 similar joint, initial deformation starts at the tip of the crack, Fig. 4.40a
and is distributed to ferritic BM at one side of the weld zone. As the load increases it
proceeds to BMs at both sides of the weld and it is seen that crack propagates into the
lower strength ferritic BM. A similar trend is observed for St52 similar joint, Fig.
4.40D, and for the austenitic similar joint, Fig. 4.40c. In St52 similar joint the crack
propagates into the ferritic BM, whereas in austenitic similar joint the crack
propagates along the borderline between the BM and the weld region, since the
degree of mis-match between the austenitic BM and weld region is the smallest

among the weld combinations.
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In St37-dissimilar joint, the deformation starts at the crack tip, similar to the other
cases, Fig. 4.40d. As the applied load is increased the strains are concentrated mostly
on the ferritic side, though, later on, they seem to be evenly distributed to both sides
of the weld region. It is observed that crack propagates towards the lower strength
ferritic BM. The case in St52-austenitic dissimilar joint is somewhat opposite
compared to St37-austenitic joint. Initial deformation occurs at the crack tip, Fig.
4.40e and it first proceeds to the ferritic BM side. As the load increases the
deformation is distributed to the austenitic BM side. When the crack tip area is
observed, it is seen that crack propagates in tne austenitic BM, parallel to the border

between the BM and the weld zone.

4.4.5 CMOD Results

Crack Mouth Opening Displacement (CMOD) values were also measured during
fracture mechanics tests. CMOD measurements (of standard fracture toughness
testing procedure) as made on a part of the crack faces must bear some relation to
crack tip displacement even in the bi-material and mis-matched cases, but it is
obvious that the nearer displacement measurements are made to the crack tip itself,
the more reliable they are likely to be. The CMOD values are included in order to
provide further information on the deformation characteristics of SENB specimens,
Fig. 4.41a-d; they are corresponding to the point of instability (pop-in) or maximum

load attained for each specimen.

A similarity to CTOD vs. temperature values is observed in CMOD vs.
Temperature tests, as can be deduced from Fig. 4.42. As seen in the figure, there is
no decrease in BM St37 values, Fig. 4.42a, with the decrease in temperature whereas
a small decrease is observed in BM austenitic and similar St37 and similar austenitic
joints. Similar to the CTOD results no reduction in -40 °C results in dissimilar St37-
austenitic joint was observed compared to RT tests which may be attributed to the

microstructural effect in the dissimilar joint.
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St52-austenitic joint CMOD vs. temperature results are also similar to CTOD vs.
temperature results, Fig. 4.42b. St52 BM results are similar at both temperatures. A
significant decrease is observed in St52 similar joint which is also the case in CTOD
results. An extreme pop-in behavior is observed in this joint as described earlier.
Room temperature and -40 °C CMOD results of the dissimilar St52-austenitic joint

are alike.
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Table 4.3 CTOD&CMOD Values of Three Point SENB Specimens at RT and -40 °C

Material | Test | Max. Load | Last Applied CTOD CMOD
Temp. (kN) Laod (kN) (mm) (mm)
St52 BM | RT 6.36 6.24 0.79 231
5.90 (6.13) |5.78 (6.01) 0.83 (0.81) 2.34 (2.33
St52 BM | -40°C | 7.29 7.20 0.75 2.34
112 7.06 0.91 329
6.86 (7.09) |6.76 (7.01) | 0.69(0.78) | 2.40(2.68)
St37 BM | RT 491 4.82 1.04 3.21
494 (4.93) |479 (481) |1.10(1.07) |3.12(3.17)
St37 BM | -40 °C | 6.31 6.16 0.95 3.11
5.90 5.61 1.55 491
6.02 (6.08) |578 (5.85) [i.38(1.29) |4.26(4.09
Aust BM | RT 6.68 6.61 2 2.03 537
6.30 6.20 1.95 5.96
6.90 (6.27) | 6.82 (6.54) 2.30(2.09) 6.90 (6.08)
Aust BM | -40 °C | 7.50 .29 1533 4.87
8.19/(7:85). ['8.124(/.71) 1.64 (1.49) 5.02 (4.95)
St52-St52 | RT 6.91 6.82 143 424
8.06 8.02 1.58 4.63
657 (7.18) | 6.11 (6.98) |0.77(1.26) |2.55(3.81)
St52-St52. |j-40°€ | 6:37 4.10 0.16 0.73
7.82 7.65 0.58 1.8
5.43 (6.54) |[5.24 (5.66) 0.20 (0.31) 0.81 (1.11
St37-St37 | RT 6.13 5.88 2.26 5.53
6.29 6.23 1.96 525
559 (6.00) | 552 (5.88) | 1.72(1.98) |4.66(5.15)
S37-St37 | -40°C |l6:94 6.65 1.04 3.52
6.49 6142 i 141 4.62
6.88 (6.77) | 6.86 (6.64) |130(1.25) |4.47(4.20)
Aust-Aust | RT 6.05 5.95 1.72 5.12
6.04 5.94 1.17 3.76
6.90 (6.33) |6.80 (6.23) 1.10 (1.33) 3.25 (4.04)
Aust-Aust | -40 °C | 7.28 6.90 1.06 3.64
7.06 7.00 0.65 2(53
6.48 (6.94) |6.39 (6.76) | 0.86(0.86) | 2.93(3.03)
Aust-St37 | RT 6.27 5.99 0.36 137
6.64 6.50 0.95 3.40
6.04 (6.32) |5.92 (6.14) 0.99 (0.77) 3.19 (2.65)
Aust-St37 | -40 °C | 7.44 7.41 1.30 4.79
7.14 6.97 0.87 329
769 (7.42) | 7.63 (7.34) | 1.07(1.08) [3.02(3.70
Aust-St52 | RT 6.50 6.35 0.47 177
6.26 5.83 0.39 127
542 (6.06) |523 (5.80) 0.51 (0.46) 1.62 (1.55)
Aust-St52 | -40 °C | 7.52 727 b 0.64 2.04
6.44 6.36 0.51 2.00
6.16 (6.71) | 6.00 (6.54) |0.23(0.46) |0.90(1.65)
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Fig. 4.36 Effect of temperature on CTOD values a) St37-aust joint b) St52-aust joint



Fig. 4.37 ¢) Crack path deviation and its higher magnification in St52 similar joint
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Fig. 4.37 d) Crack path deviation and its higher magnification in St37-Aust

dissimilar joint

Fig. 4.37 e) Crack path propagation in St52-Aust dissimilar joint

Fig. 4.37 Crack path propagations & deviations in a) Austenitic similar, b) St37

similar, ¢) St52 similar, d) St37-aust dissimilar, e) St52-aust dissimilar joints
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Fig. 4.42 Effect of temperature on CMOD values a) St37-aust joint b) St52-aust joint
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CHAPTER FIVE
SUGGESTION FOR FUTURE WORK

Since the subject of strength mis-match of laser welds is a relatively new research
area, this study comprises the initial steps in the understanding of strength mis-match
effect in laser welded joints. A few areas uncovered in this study which could be a

future work are;

e It was said that the existing correlation between hardness and strength of C-Mn
steel weldments which were originally developed for conventional fusion welds
may not be suitable for laser welds. A plot of the hardness vs. Yield strength (YS)
values of the base metal, heat affected zone and weld metal parts of the specimens
of the five weld combinations are presented in this study. But in order to determine
the exact correlation between hardness and strength values of laser welded steel

joints, further data is needed. This could be the subject of a future work.

o It is thought that carrying out longitudinal tensile and bending tests of laser welded
specimens could be a suitable research subject in a future work since in service
conditions longitudinal, as well as transverse deformation of a weld will occur in
some situations. Therefore, it is relevant to test the weld in the longitudinal
direction also. In longitudinal loading conditions, plastic deformation will be
controlled by the dominating amount of base material and therefore, the

deformation will be uniformly distributed along the weld.

o J integral calculations of the fracture toughness results at room temperature and -
40 °C tests are thought to be carried out using Ansys. The obtained results then,
will be evaluated together with the CTOD results.
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Various aspects of the similar and dissimilar joints of materials made by laser
welding or other conventional material joining technologies still require a vast amount
of R&D activities supported by the knowledge gained in long years of work
unconventional materials. It is obvious that a better understanding of the
microstructure-mechanical properties relationship of laser welded joints will feed-back

the materials development activities both in conventional and new materials.
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CHAPTER SIX
CONCLUSION

From the results of the literature review carried out on laser beam welding and
strength mis-match of similar and bi-material joints and the tensile and fracture
mechanics tests conducted at room temperature and -40 °C, the following conclusions

have been derived:

e Research carried out in laser welding has demonstrated that high quality welding
can be performed for many ferrous alloys, nickel alloys and titanium alloys. This
process has also been found effective for some iridium alloys and many dissimilar
metals which are very difficult to weld by alternative processes. Some partial
success has also been achieved for highly reflective materials such as aluminum
alloys. Since laser welding is a highly robotized joining process, it requires more
precise modeling and well defined characteristics compared to conventional
welding processes. However, limited data is available on the laser beam welding of
materials. The metallurgical aspects, mechanical properties and fracture behavior of
laser welds and the response of conventional materials to this new process are also
not yet fully established. Extensive research must be carried out in order to develop
welding process parameters for laser welding of structural materials and to

establish test standards for this type of welds.

o By their very nature, substantial differences in the microstructure and in strength
properties (mis-matching) of the base, weld metal and HAZ may often occur in
welded structures. Furthermore, the fracture behavior of a strength mis-matched
joint is controlled by the local microstructure. Therefore, contributions from the

base metal, weld metal and HAZ should be carefully analyzed in mis-matched joints
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and relative test standards must be developed for such joints in order to take into

consideration the effect of each region.

The microstructures of CO, laser welded constructional C-Mn steels containing a
ferritic constituent exhibit large proportions of bainite/martensite in the weld region
due to rapid cooling involved. For dissimilar joints, solidification cracks parallel to

the dendritic growth were observed within the weld zone.

Extreme hardness increase in the HAZ and weld regions of ferritic similar joints
and the HAZ-F and weld regions of ferritic-austenitic dissimilar joints were
observed while there is no significant hardness increase in the weld region of the

austenitic steel similar joints.

All the transverse tensile specimens failed at the lower strength base metal sides
due to the strength mis-match effect. Even the presence of some solidification
cracks in dissimilar joints did not change the fracture location due to the strength

overmatching of the weld region.

The all weld metal flat microtensile specimens of the similar ferritic joint displayed
significantly higher strength and lower strain values than the specimens extracted
from the base metal due to the presence of bainite/martensite in the weld zone. The
all HAZ specimens exhibited slightly higher strength values and lower strain values
than those of the base metal.

Flat microtensile specimens extracted from the base metal, HAZ and weld metal of
similar austenitic steel joint exhibited similar strength and strain values as expected

since no hardness peak was observed in these joints.

The all weld metal specimens of the dissimilar joint exhibited high strength and

extremely low strain values. The all HAZ specimens extracted from the HAZ at the
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ferritic side also displayed higher strength and lower strain values than the ferritic
base metal, while the specimens extracted from the HAZ at the austenitic side

exhibited similar strength and strain values to those of the austenitic base metal.

Successful application of the flat microtensile specimen technique to the laser
welded joints, which exhibit very narrow weld regions has been demonstrated. By
using this technique, it is possible to determine the local mechanical properties of

the joints which can be correlated to the respective microstructure and hardness.

All three point bend specimens failed in a fully ductile manner at room temperature
tests. Pop-ins have been observed in St52 joints at -40 °C. At both temperatures,
i.e. RT and -40 °C, extreme crack path deviation into the softer ferritic St37 base
metal in similar St37 and dissimilar St37-austenitic joint was observed. In similar
St52 joint, crack path deviation was also into the softer base metal. In dissimilar
St52-austenitic joints cracks propagated along the border between the weld region
and the austenitic base metal. For austenitic similar joints, the crack propagated

within the weld region.

There was no decrease in CTOD values in St52 and St37 base metals and St37-
austenitic and St52-austenitic dissimilar joints at -40 °C tests. Decrease in CTOD
values was observed in similar austenitic and ferritic joints and austenitic base
metal specimens. Especially, a significant decrease is observed St52 similar joints
compared to room temperature CTOD results. It is evident that St52 similar joint

becomes brittle in -40 °C.

The use of CTOD (8s) measurements for the (85)-clip on a 5 mm gauge length
perpendicular to the crack at its crack tip provides geometry independent CTOD-
load curves for mis-matched bi-material panels. Therefore, the totally measured
CTOD (8s) technique provides a unique methodology to measure fracture

toughness values of bi-material joints.
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