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SYNOPSIS

Laser welding, unlike conventional arc or gas welding, can be effectively utilised to
produce high quality, clean and tough welds 1n high carbon steels. Results of welding
high carbon steel are presented. The weld characteristics related to the fast cooling rate
were critically evaluated and methods to reduce the rate of cooling were developed. The
grain size produced in the fusion and narrow heat affected zones significantly affected
the mechanical properties of the welded joint. Three lasers were used: Nd:YAG, CO»
and a high power laser diode (HPDL).

The investigations were carried out using a pulsed, 400 W. Nd:YAG laser, a CW, 1.2
kW, CO, laser and a CW, 1.4 kW high power diode laser. For the Nd:YAG laser. the
dual beam delivery system was achieved with a step index fibre to produce in-line
process heat-treatment during welding.  The spatial and temporal temperature
distribution was controlled in the weld region to generate the desired mechanical
properties, without losing the benefits of this low distortion joining process. For the
CO, laser system, a dual beam system was successfully designed, fabricated and the
performance of the multiple beam system was evaluated. The welding quality was

characterised by quantifying the effect of different laser parameters and welding

geometry, including tlat, angular, clamped and unclamped.

The welding performance of the Nd:YAG laser was dependent on the welding speed,
pulse width and pulse repetition frequency (PRF). The effect of varying the laser
parameters was quantified by measuring the hardness profiles, tensile strength, weld

width, weld penetration and the rate of weld volume formation. Furthermore,
microscopic examination was conducted at the welded joint. The quality of the welds
was 1mproved by increasing the pulse width and pulse repetition frequency (PRF).
achieving a deeper penetration, wider weld width and greater weld volume formation
rate and a tougher weld. At a slower welding speed, and for higher pulse width and

PRE. the hardness profiles were greatly reduced due to the greater spatial overlap of

laser beam on the workpiece.



To provide heat treatment to enhance the weld quality. a dual beam delivery system was
developed to implement the pre-heating or post-heating technique, simultaneously
during the welding process. The weld quality for the dual beam geometry was
compared to that achieved with a normal weld (single beam system). The dual beam
system was effective i1n controlling the cooling rate to achieve the desired weld
characteristics. For instance: reducing the hardness profile, 1mproving the
microstructure. achieving a wider weld bead, deeper weld penetration, a higher tensile

strength and, furthermore, cracking was eliminated.

To greatly reduce the time spent experimenting and therefore the cost, a multifactorial
designed experiment was done. This enabled the etfect of numerous laser parameters
and different weld geometries to be investigated simultaneously. The multifactorial
designed experiments can also show the effect of interactions between parameters: this
cannot be done using the one-at-a-time experimental method. The parameters
investigated included: pulse width, PRF, translation speed, and normal. pre-heating and
post-heating beam delivery geometries. The disadvantages of doing multifactorial
investigations are that the results generally only show a trend, although a trend can
highlight important laser parameters that need further investigation and optimisation. A
general linear model was used to find the laser parameters which had a significant effect
on the weld quality. This resulted in a faster, more efficient way to optimise the
welding process. The weld quality was quantified by measuring the aspect ratio, weld

volume formation rate and tensile strength, for the normal. pre-heated and post-heated

welds.

The results from two different angles of incidence (0,30 ) for Nd:YAG laser welding
were compared, as were etfects of the pulse width and pulse repetition frequency (PRF)
on the mechanical and microscopic properties of the weld. It was concluded that for the

30 welding contiguration, a slower cooling rate was achieved, leading to a less brittle

weld. The grain structure was typically fine and granular, and the structure was

completely modified at the fusion zone. Additionally, a lower aspect ratio, higher
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tensile strength and greater weld volume formation rate was obtained; this was due to
the wider weld width produced with this geometry. Ultimately. a higher welding speed

was achieved with the 30° clamping geometry.

Welds done with clamped and unclamped geometries and a CO- laser were compared.
The clamped geometry gave improved hardness characteristics and produced a refine
grain structure. Whereas, for the same operating conditions, the unclamped geometry

gave a deeper weld penetration and wider weld width.

For CO, laser welding, preliminary experiments were devised to investigate a scanning
beam technique for pre-heating or post-heating. This enabled control of the sample’s
phase transitions to deliver the specific desired weld characteristics, and showed
significant improvement in the mechanical properties of the weld. Further, the results
from this scanning technique were employed to develop a dual beam CO; laser system

to achieve in-line process tempering to ameliorate the poor weld characteristics

associated with single beam delivery systems.

A high power diode laser was used to weld the high carbon steel and the weld quality

was compared to the conventional CO, laser. Hardly any thermal effects were

generated, indicating that heat dissipation was too fast for the present level of power
density delivered by the diode laser. It is shown that lower hardness profiles, wider

weld bead, higher tensile strength and greater weld volume formation rate were

achieved with the CO», laser.

tor the CO, laser, a 30° clamped geometry was designed and fabricated to perform

welding. The tlat and 30° welding quality were assessed. The 30° weld configuration

offered a substantial improvement in hardness, and less brittle welds were produced

compared to the tlat welding geometry.

An 1mage processing system comprising a CCD camera acquisition and processing

board were tabricated and tested. This svstem offered real time capability to measure
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the fusion zone and surface irregularities. The 1mage of the welded specimens were
captured and the trace was correlated to the weld seam to analyse a bad or good quality

weld surface. This system was successfully used to monitor the weld quality.

In conclusion, future work and systems are proposed which offer higher efficiencies and

improvements in the design of dual beam delivery systems.
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CHAPTER ONE
INTRODUCTION TO LASER WELDING

1.1 Laser Systems Review

Since the introduction of laser technology to manufacturing, which began in earnest in
the mid 1960s, CO, and Nd:YAG lasers have been recognized for their separate
inherent processing capabilities. In the early 1970°s the push for greater cavity
efficiencies led to the development of the fast-axial-flow CO;laser. This cavity design
offered the advantage of a ten fold increase in the average output power per meter of
discharge over the slow-flow CO; laser and a reduction in package size of the unit. The
down side of the development was the requirement of high speed roots blowers to
recirculate the lasing gases. These blowers tended to ingest foreign material into the
laser resonator, which 1n some cases caused catastrophic blower seizure, and they were
an additional cost. Refinements were made to meet the stringent environmental

requirements for installation ot CO; lasers on automotive assembly lines.

Despite the physical limitations inherent in the design of the CO, laser a devoted
following has been gained since the introduction of the first machines. The early slow-
flow CO, lasers were large, complex machines. This was necessary to extract a useful
amount of power from the resonator. The requirements for even higher power CO;

lasers, necessary to increase cut speed and weld penetration for industrial applications

drove further development on the CO» laser.

CO» lasers with average powers from several hundred watts to multi-kilowatts such as
50 kW, are utilized for on-line high speed cutting, welding and heat-treatment
applications 1n many industries. Nd:YAG lasers on the other hand, previously limited
from several watts to no more than four hundred watts, are utilized in automotive
industry for marking, electronics welding and drilling in off-line applications. They are
capable of delivering high peak irradiance per pulse and such as ideal for material

removal of highly reflective and refractive materials, for instance: cutting and welding



of aluminum and titanium. where little thermal structural disturbance to the adjacent

areas can be tolerated.

In recent years, several parallel development projects in the United States. Europe and
Japan have been undertaken to bring the average power of the Nd:YAG laser above the
four hundred watt level. With the improvements of optical coatings, glasses, cavities
and power supplies the Nd:YAG laser technology has moved into the multi-kilowatt
output range, and now 4 kW Nd:YAG lasers are commercially available. The Nd:YAG
laser 1s a solid state device which requires no moving parts to generate the beam and
occupies considerably less space of an equivalent power CO, laser. One advantage of
the high power Nd: YAG over CO3 laser 1s the ability to deliver the beam via fibre-optic.
This affords greater flexibility in the placement of the laser, and this allows the laser
head to be carried by most motion mechanisms closer to the workpiece, reducing the
beam path length and complexity of the beam delivery system for many industrial
applications. The fibre-optic delivery system also allows the user to multi-plex the
beam to multiple stations thereby increasing the “beam on” time at the workpiece.
Thus, this beam delivery approach compliments the installation of lasers on existing
automotive robot lines. The minimum focused beam spot size that can be achieved 1s
smaller for the Nd:YAG laser than tor the CO, device because of its shorter operating

wavelength.

Nd:YAG laser applications has included: transtformation hardening, surface remelting
and cladding on a range of industrially important materials. Operational benefits of
using the Nd:YAG laser are its ability to access remote areas, to process small pipes,
offers low distortion, high precision and the ability to improve mechanical properties of
surfaces. There 1s a strong demand to develop increasingly higher power Nd:YAG
lasers. This is especially true with optical fibre delivery system to process heavier and
thicker materials in automobile, aerospace and material industries. The output power
can be increased by scaling up the Nd:YAG rod size and optimising the resonator to
obtain a high power with a low divergence and high beam quality 1s stull problematic.

Many efforts have been made overcome this disadvantage. tor instance: the further
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development of the slab laser, tube laser and LD excited Nd:YAG laser. Another
method to increase the Nd: YAG laser output power is to combine the laser beams from
laser oscillators. Three 1 kW Nd:YAG laser beams were combined to increase the laser
output power for material processing. The beams were transmitted through optical
fibres and collimated by three collimator lenses and combined at the focal point by a
condensing lens to achieve a total power of 3 kW at the processing point. Due to the
fact that the Nd:YAG laser beam is easily transmitted an optical fibre, it is rather simple

to combine the beams at the workpiece to increase the processing power.

1.2 LASER BEAM INTERACTION MECHANISMS

In recent documented studies by the British Welding Institute, improved coupling
efficiencies were exhibited when using Nd:YAG laser in welding galvanized steel,
yielding far less porosity in the weld joint interface. Crafer [1.1] made a detailed study
with a 2 kW CW laser, this was seen to be an efficient device for producing high speed
butt welding, thus, the welding appears complementary to electron beam welding where
greater thickness can be handled at the expense of welding 1n a vacuum environment.
For typical welding conditions, it 1s essential to understand the physical aspects of
keyhole formation. A comprehensive model tfor the formation and evolution of the laser
welding keyhole was proposed by Sernak [1.2]. The dynamic behaviour of the keyhole
1s decisive 1n laser beam welding, 1t can stimulate weld pool oscillations, causing weld
seam defects such as ripple formation, reported by Postacioglu [1.3]. Fabbro et al. [1.4]
discussed a deep penetration welding process based on a model that estimated the
relative importance of Fresnel and Inverse Bremsstrahlung absorption mechanisms as a
function of welding conditions and the energy deposition along the keyhole. This was
analyzed with different experimental conditions. For higher laser irradiance, a keyhole
formation region 1s reached, this correlation disappears and the absorption reaches 95 %
during the welding process. Fabbro er al.[1.4] made a detailed investigation to
understand the precise role of laser induced plasmas; he concluded that this was not the
main mechanism of coupling the laser light inside the keyhole. The effect of plasma is

less important for the Nd:YAG laser because this wavelength is more penetrative.



Studies indicate that the high peak power. short pulse width produced by a high pulse
repetition frequency CO- laser would eliminate the plasma formation generated above
the workpiece surface of the weld, reported by Watson ¢t al.[1.5]. Willmott et al. [1.6]
has developed a system to detect the formation and failure of the plasma which
Influences the keyhole formation for the CO, welding process. The formation of a
plasma close to the workpiece surface exerts a considerable influence on the interaction

process, 1t 1s important to observe the condition of the plasma formation inorder to

determine the optimal regimes for the welding process.

1.3 STATE-OF-ART IN LASER WELDING

In the past five years a considerable amount of development work has gone on regarding
laser welding for automotive, shipbuilding and aircraft industries. There have been
many reasons for the drive to laser weld automobiles, including the reduction of
material in the weld flanges, improvement in the integrity of the weld, and flexibility 1n
design of the vehicles allowing a greater product range to satisfy increasing consumer
demand. Until recently, the introduction of the laser to the automotive welding line has

been inhibited by the limitations of the laser itself.

Grevey [1.7] generated a model to investigate the heat transter characteristic of the weld
area, by using a one dimensional numerical calculation. Hayashi er af. {1.8] made a
detailed study on the effect of induction pre-heating just before welding, and he
concluded that in the case of pipe welding, the welding speed increased with the pre-
heat temperature. Brenner et al. [1.9], demonstrated the technique of induction heating
used to support laser beam welding and showed enhanced quality of laser welding of
high carbon steel. Brenner used laser induction welding to weld car drive shafts and
gear plants, no cracks were observed. The rapid cooling rates associated with single
beam laser welding greatly influence the mechanical properties of the weld, these can be
reduced by introducing a minor pre-heat or post-heat treatments. Frewin et al. [1.10]
developed a three dimensional finite element model of heat flow during pulsed laser

welding to provide better understanding of the heat flow during pulsed laser welding.



An experimental set-up was developed by Irving [1.11] to monitor the temporal
temperature distribution with an detector. Anon er al. [1.12] described that the welded
joint of high carbon steel can be improved using laser welding with a filler rod. With
conventional and single beam welding processes. it is often difficult to avoid crack of
fusion defect and brittle welds, particularly when welding high carbon steels. Using a
pre-heating or post-heating beam, the temperature profile of the material can be
controlled so that the grain structure can be completely modified. Whilst there have
been some attempts in the literature to establish the benefits of dual beam delivery or
mutli-scanning systems, there has been little detailed work done in this area. A multi-
pass laser welding technique was introduced by Arata [1.13] based on the optimized
parameters. The effect of two beams, in tandem on the welding process, i1s brietly
discussed by Scott er al [1.14]. It 1s important to know the heating and cooling rate,
which 1s essential for predicting the microstructure behavior, the grain size of the heat
affected and fusion zones, distortion and mechanical properties. Toru ef al. [1.15]

examined the preventive methods for the spatter loss, and in particular, with dual

Nd: Y AG laser beams for welding.

In the present study, the results of a detailed investigation of dual beam delivery systems
are presented, this shows the influence of: translation velocity, pulse width, pulse
repetition frequency (PRF) and different clamping geometries on the weld quality for
Nd:YAG and CO, laser welding of high carbon steels; this is discussed in Chapters 3
and 6, respectively. A slower cooling rate was achieved with a 30 incident beam,

resulting 1n a less brittle weld, and the benefits of welding at 30 is presented in Chapter

5. Thus, Glumann [1.16] concluded that the combination of beams set at angles ot 30°

resulted in a higher process stability according to the theoretical considerations.

Problems of implementing the measurement system on-line into a laser welding process

environment are discussed by Mettke ef al. [1.17].

An advantage ot Nd:YAG laser processing is its shorter wavelength; consequently.

because of the dependency of the material’s emissivity on the wavelength, energy is



absorbed by the material more readily than for the CO, laser and a lower enerey can be

used for welding, allowing greater control of the heat input. This is particularly useful

when working with thin materials.

1.4 SCOPE OF CURRENT WORK

Compared with arc and gas welding the energy input to a laser weld is extremely small.
such that the laser welding characteristics are dominated by rapid quenching of the
fusion region via conduction to the surrounding environment. This leads to significant
problems for laser welded joints, that may be subjected to cyclic loading due to high
hardness induced 1n the fusion and heat-affected zones. This results in poor component
fatigue life. Such hardness discontinuities 1n the fusion and heat affected zones are

dependent on the spatio-temporal temperature distribution during the welding process.

The scope of the present work can be defined as investigating the most appropriate laser
parameters and techniques to achieve favorable mechanical propertics and good weld
quality 1n high carbon steels, for the CO, and Nd:YAG laser welding. Both CO, and
Nd:YAG laser systems are specifically designed to offer enhanced laser welding
capabilities, as discussed in Chapter 2. The laser welding of high carbon steel parts 1s
used in numerous industrial applications; for instance: welding of drive shafts, nose type
rall members for crossing, bottom blade of grass cutting machine, gear plants and
components. However, the high carbon steel material 1s ditficult to weld and often
cracks are produced in the weld region. This 1s particularly true for high carbon steel .
To overcome the cracking problem, other work has been investigated, for instance: the
development of using induction heating and furnace preheating prior to welding.
Therefore, the high carbon steel selected in this study was chosen as an extremely

difficult case with the industrial applications and problems as discussed.

It was noted that hardness depends on the hardenability of the steel. on the cooling rate
and to the prior austenite grain size. The hardenability of a steel may generally
correlated well with the carbon equivalent ( CE ). In the carbon equivalent formula. the

hardening effect of cach alloying element is compared with that of carbon. The relevant
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alloy content (in mass %) is divided by a factor that gives the carbon equivalent of that

element. According to Lancaster [1.18], a formula that was adopted and in shightly

modified form, i1s

Mn Cu + N Cr+M '
CE = C + — +—li —1+-It O+V— (1)
6 15 S

However, this formula 1s applicable to plain carbon and carbon-manganese steels. but
not to low-alloy steels or low-alloy Cr-Mo types. The carbon equivalent formula can be
used to calculate the hardness of the heat affected zones using a hardness equivalent.
which takes account of the cooling rate, and also weldability, which determines the
maximum permissible cooling rate for avoiding hydrogen-induced weld cracking. A
steel consisting of a carbon content greater than 0.25 % resulted in a brittle structure,
and 1s particularly susceptible to hydrogen induced cold cracking, moreover, when it is

subjected to cyclic loading, there tends to be fatigue failure.

A CO; laser system with a dual-beam assembiy was fabricated to achieve in-line heat-
treatment and welding. The experiments investigated the weld quality of high carbon
steel to quantity the ettects ot laser parameters. for instance: welding velocity, pulse
width and pulse repetition trequency. The effect of these parameters were quantified by
examining the mechanical properties of the welds, for the CO> and Nd:YAG laser

welding.

A dual-beam delivery system was employed to investigate the effect of laser heat
treatment by pre-heating or post-heating the welded samples, for both CO, and Nd:YAG
lasers. Thus, the heat-treatment process consisted of heating the workpiece and
extending the cooling time. With a lower rate of cooling, the temperature gradient
decreases and improves the mechanical properties of the laser welded joints, as

discussed in Chapter 3.

In Chapter 4. a multi-factorial experiment was designed to assess the effect and

interactions of a number of different lascr parameters and different weld geometries.



This included: pulse width. pulse repetition frequency (PRF). translation speed. and
normal, pre-heating and post-heating beam delivery geometries.
I'he weld quality and hardness characteristics were quantified after implementing an

angular welding technique; this ameliorated the poor characteristics associated with
rapid cooling. Two different angles of incidence (0,30) for welding were chosen and

the pulse width and pulse repetition frequency (PRF) on the mechanical and

microscopic properties of the material were examined in detail, the results are discussed

in Chapter 3.

The pertormance of a multiple scanning beam CO, laser system was investigated, where
the normal, post-heating and pre-heating welding results were compared. It was found
that pre-heating or post-heating of the welded samples gave a significant improvement

in mechanical properties of the welded joints over single beam delivery system, as

discussed in Chapter 0.

An 1mage processing system was developed that offered real time capability to
determine the weld quality via measurement of the weld width, surface roughness and
heat affected zone; this i1s discussed fully in Chapter 7. The system comprised an
inexpensive CCD camera (625 x 380). acquisition and processing boards. The weld
was imaged onto the CCD with a 135 mm focal length lens mounted in bellows. Recent
development 1n laser welding can be improved by developing reliable sensors that
accurately record the weld characteristics and provide a feedback signal to control the

laser process parameters appropriately.
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CHAPTER TWO
CO, AND Nd:YAG LASER WELDING SYSTEMS

2.1 Introduction

I'he use of high power lasers in material processing applications has been a subject of
Interest for many researchers during the last two decades, as discussed in Chapter 1.
Lasers have been applied for a range of processes such as cutting. welding, surface
hardening, alloying and cladding of many materials. Moreover, laser welding is
advantageous over conventional techniques: for instance, it is a fast process. produces
low distortion and a high quality finish. Abdullah et al [2.1] and Steen er al [2.2]
observed that compared to arc or gas welding, the energy input to a laser weld is
extremely small; this results in an untempered martensitic structure in the samples due
to the rapid quenching rate of the surrounding material. A high carbon steel was used 1n
these particular studies. Further, a low heat input into the workpiece results in a small
fusion zone and heat affected zone. Zerroukat er «l. [2.3] theoretically modelled the
laser material interaction and studied the heat transfer mechanism by conduction to the
surrounding environment, this results in a melt zone that can be precisely controlled.
This can be a used to determine the grain structure of the fusion and heat-aftected zones.
Greater understanding ot the basic phenomena of laser welding and better control of the
process 1s leading to improved weld quality. Glumann et al [2.4] reported that the
cavities and blowholes could be suppressed when two lasers were used one after the
other in a practical welding process. Dausinger et al [2.5] observed an increase 1n
welding process stability when a dual beam technique or Nd:YAG laser (shorter
wavelength) was applied. In this work, the two lasers used to weld the high carbon
steels were: Ferrant1’s MFKP continuous wave 1 kW CO, device and Lumonic’s pulsed,
400W Nd:YAG laser. The effect of the laser parameters and weld geometry on the
sample’s mechanical properties in the welded region was investigated, for the CO-, and

Nd:YAG lasers. The laser systems are described below.



2.2 Nd:YAG Laser Welding System

A Lumonic’s MS830 Nd:YAG laser (1.06 um) with a maximum capacity of 400 watts
mean power was used to weld gauge plates. In the present studv. the Nd:YAG laser
system was used in-conjunction with the multi-flex beam delivery svstem which was
designed to be used in the Lumonic’s range of industrial Nd:YAG pulsed laser. This
system provided a means of sharing the energy of the beam simultaneously between four
different fibre optics to achieve in-line process tempering. In the present case. two
focusing heads were fitted onto an IBM Scara Robot. Schematics of the single and dual
beam delivery systems are shown 1n Figures 2.1 and 2.2. respectively. In the case of
pre-heating or post-heating the sample, the laser power was divided so that 70% was
coupled to the weld beam and 30% was directed to the heat-treatment process. The
weld beam diameter was 2 mm, and the beam diameter was 20 mm for the post-heating
or pre-heating process. This processing method was designed to slow down the rate of
cooling of the sample before or after welding with the main beam. The normal welding
process was achieved with 200 W of laser power. In all cases, an output power of 154
W was detected at the exit of optical fiber used for welding. The power loss was due to
the optical fiber delivery system and lenses. An argon or helium shielding gas was used
at a source pressure of 1 Bar as indicated on the pressure gauge. Two different angles of
incidence (0,30 ) of the weld beam were used for welding and compared as were effects
of the pulse width and pulse repetition frequency (PRF) on the mechanical and
microscopic properties of the materials. Figures 2.3 and 2.4 show two different type of
experimental set-ups that were used for this study, the flat and 30 welding geometries,
respectively. Focusing was done by adjusting the height of the gauge plate. The effects
of two different types of clamping geometries were compared as this 1s important in
reducing the rate of cooling, and in particular, this results in different weld mechanical

properties, this 1s discussed in Chapter 5.

2.3 CO, Laser Welding Systems

The present investigation used a 1 kW, CW, CO- laser (Ferranti MFKP), operating at

10.6 um, to weld gauge plates. The translation velocity was changed from 7 to 11



mm/s, using different welding geometries to study the influence on the cooling process.
discussed in Chapter 6. Figures 2.5 and 2.6, respectively, show a schematic of the
clamped and unclamped geometries that were used for welding. A He shielding cas
pressure of 0.25 bar was used with a nozzle diameter of 5 mm. Furthermore, a multi-
pass scanning technique was implemented to eliminate the rapid quenching rate and
ameliorate the poor weld characteristics. This initial investigation used a single beam
system for pre-heating and/or post-heating the workpiece to control the sample’s phasc
transitions and to deliver specific weld characteristics. For the single beam system, in
the case of pre-heating, a number of 1nitial passes of the beam were made to heat up the
sample; this was followed by an additional pass to weld the material. The post-weld
heat treatment was achieved by performing a number of passes after welding. The
amount of heating can be easily controlled by changing the number of passes; 10 passes
were selected 1n the present cases. Whilst not precluding it, this obviated the need to
fabricate the dual-beam delivery system and s an 1deal approach for indrustrial users to
achieve heat-treatment simultaneously during welding to improve the weld quality.
Figure 2.7 shows the final dual beam delivery system that was tabricated to achieve

heat-treatment simultaneously during laser welding, this 1s further discussed in Chapter

6.

2.4 System To Measure and Monitor Laser Weld Quality

An image processing system was developed that offered real time capability to
determine the weld quality via measurement of the weld width and surface roughness,
this is discussed in Chapter 7. Figure 2.8 shows the configuration of the monitoring
device used in this study, it comprised a CCD camera and a PC to drive an oscilloscope
to capture images within a particular time. Two sources of white light were inclined at
2° from the horizontal base, these illuminated the welded specimens placed onto the
translation stage. A digital LeCroy 9310 oscilloscope was used in this experiments.
The weld was imaged onto the CCD with a 135 mm focal length lens mounted in
bellows. After placing the specimens onto the translation stage, the oscilloscope was set

and both light sources illuminated the welded region. Every fifth line was recorded and



saved onto the hard-disk of the PC as a binary file. This limited the volume of data. In
all cases. the line scan traces and 3-D plots were generated by commercial softw are
package such as Microsoft Excel. The trace between the peak-peuk indicated the weld
width, and a 3D scan provided the information on the surface irregularities and the weld
appearance. This device was capable of providing useful information on the quality of

the weld seam.

2.5 Sample Preparation For Analysis of Weld Quality

In all cases, the high carbon steel gauge plates that were welded had a nominal
composition of 0.5 and 0.85 % C, 0.4% S1, 1.1% Mn, 0.4% Cr. 0.25% V and 0.4% W.
The mechanical properties ot the sample are given 1n Table 2.1. All of the samples
welded with Lumonic’s MS830 Nd:YAG laser were machined prior to welding to

dimensions of 75 x 50 x 0.88 mm. Gauge plate of 2 mm thickness was welded with the

| kW CO, laser (Ferranti, MEKP). The tolerance of the length and width of the samples

was * 0.1 mm. After machining, the samples were ground (Type J, B.A.60.P.V,
medium grain) to ensure smooth, flat surfaces. After welding. the sample’s were
sectioned, moulded, etched in nital (3% nitric acid and 97% methanol), photographed
and the microstructure was examined to quantify the weld quality. Furthermore, the
Vicker’s hardness profile of the weld was measured, transverse to the weld direction and
as a function of depth, using a Reichiert 1541555 Vicker’s hardness testing machine
with a diamond indenter of 70 gm load. An Instron tensile tester machine with a cross-
head speed 0.5 mm/s was used to measure the tensile strength along the weld joints.
The weld depth and bead width were measured using a Mitutoyo PJ-300 protile
projector. The welds were inspected using an optical microscope to study any weld

defects or cracks and the microstructure 1n the weld region.

2.6 System Used To Measure The Temperature Profiles

To monttor the relative temperature of the welded matenial, temporal temperature
measurements were taken throughout the experiments with four thermocouple wires

attached to the specimen’s surface, 2 mm away from the weld region. Two

14



thermocouple wires (T1 and T2) were arranged adjacent to each other at the beginning
of the weld, see Chapter 3, and the other two thermocouple wires (T3 and T4) were
arranged adjacent to each other at the end of the weld. The signals from the

thermocouples were amplified and ted into an ADC card, located in a PC. Software was

written in Turbo C language to collect the data.
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Table 2.1 Measurement mechanical properties of substrate material

Type of Steel Yield Strength Ultimate Strength Vickers Hardness
(MN/mm") (MN/mm?) (Kg/mm>)
Eigh Carbon
Steel 340.9 568.2 260
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CHAPTER THREE
Nd:YAG LASER WELDING OF HIGH CARBON STEELS

3.1 Characteristic of Nd:YAG laser welded high carbon steel

3.1.1 Introduction

Laser beam welding has been utilised to join a variety of metals and alloys. Weisman
[3.1] and Thyagarajan er al [3.2] reported that for diffusion limited welding the laser
power must not be too high otherwise too much material is evaporated and the removal
of excess material results, in general, in poor welds. Pulsed Nd:YAG lasers. compared
to CO, lasers, ofter advantages in being able to achieve greater weld depths for the same
power, as discussed 1n Chapter 2 - see Section 2.1. This 1s primarily due to their shorter
wavelength and consequently greater focusability, by Olsen [3.3]. Yoshioka ¢t al. [3.4]
discussed, the effect ot the pulse shape and relation between deviation of the welding
focal point and influence on energy absorption by the workpiece. Furthermore. the

absorption of optical energy of most metallic materials usually processed by lasers 1s
much greater at 1.06 um than 10.6 um: additionally. any plasma formed above the

workpiece absorbs more energy at 10.6 um. The formation of the plasma can be
controlled by pulsing the laser with pulse widths less than the plasma formation time.
The detrimental effect of the induced plasma can be reduced and controlled by using the
proper shielding gas, moreover, assist gases can improve the weld quality by reducing

porosity in the weld region and increasing energy input into the welding process.

When lasers are operated in pulsed mode there are some distinct advantages. For non-
diffusion limited processes, however, the keyhole can close rapidly. This can lead to
high cooling rates especially in the root of the weld; this was investigated by Steen [3.5]
and Schwartz [3.6]. Gu et al [3.7] discovered that the maintenance of the keyhole 15
critical during the welding process because any disturbance to the keyhole can lead to
poor penetration and reduction in the weld strength. Honeycombe ¢t al. {3.8] found that
poor mechanical welds often occur due to rapid quenching in the fusion zone via

conduction to the surrounding material. This work investicates the mechanical



properties of Nd:YAG laser welded joints of high carbon steel gauge plate. moreover.
the performance of a single laser beam. was assessed and compared to a dual beam
delivery system in Sections 3.3 and 3.4. In this present case, the process regime is
conduction welding. The weld quality was quantified by measuring: the depth of weld
penetration, weld width, hardness characteristics and tensile strength for different
translation velocities, pulse repetition frequencies (PRF) and pulse widths. The
mechanical properties of CO, laser welded high carbon steels has been previously

reported by Ng er al. [3.9], these are discussed in Chapter 6.

3.1.2 Welding and Analysis

The experimental set-up used for this study is shown in Figure 2.1 see Chapter 2. A
Lumonic’s MS830 Nd:YAG laser was used, operating at 1.06 um with a maximum
mean power capacity of 400 watts. A fibre optic beam delivery system was used which
was robotically manipulated to produce a butt weld of the gauge plates, at constant
power of 154 W, and a He shielding gas at the source pressure of 5 x 10* Pa indicated
on the pressure gauge. The effects of varying the welding velocity, pulse repetition
frequency and pulse width on the weld quality were investigated. The gauge plates
(0.88 mm) that were welded had a nominal composition of 0.85 wt % C. 0.4 wt % Si,
.1 wt % Mn, 0.4 wt % Cr, 0.25 wt % V and 0.4 wt % W. The mechanical properties of
the gauge plate are given in Chapter 2, see Table 2.1. After welding the sample’s were
sectioned, moulded, etched in nital (3% nitric acid and 97% methanol), photographed
and examined. The materials microhardness, depth of weld penetration and bead width
were measured to quantify the effect of varying the laser parameters. For all the

measurements, the graphs show an average value of three experiments. ‘The errors

observed for all the experiments was less than £ 1.2 %, each of the data points plotted in
the graph in this thesis is the average of 3 values. The error is not significant and 1s
hardly seen. Thus, the error bars are omitted in most of the cases for clarify. Figures
3.1 to 3.3 and 3.10 to 3.12, show example of the typical error that were observed in the
experiments. The Vicker’s hardness profile of the weld was measured, transverse to the

weld direction and as a function of depth, using a Reichiert 1541555 Vicker's hardness



testing machine with a diamond indenter of 70 g load. The weld depth and bead width
were measured using a Mitutoyo PJ-300 protile projector. The tensile tester was an
Instron tensile machine. comprising a highly sensitive and accurate load weighing
system, with a 10 kN load appled to the welded specimens and cross-head speed of 3

mm/s.

3.1.3 Weld Characteristics

3.1.3.1 Tensile Test

Tensile tests aimed at determining the mechanical properties of the laser welded plates
were significantly inferior to those of the parent plates. When tensile failure occurred in
the welded region, no deformation of the weld was evident, indicating that brittle
fracture, due to the sample’s high hardness., had been the likely cause of failure.
Figures 3.1, 3.2 and 3.3 show the maximum and minimum tensile strengths, that
resulted 1n failure at the welded region, as a function of the pulse width, translation
velocity and PRF respectively. From Figures 3.1 and 3.2, it can be scen that the tensile
strength increased with increasing pulse width ranging from 6 to 12 ms and translation

velocity from 3.5 to 5 mm/s. For a partial weld, the tensile strength increased from

49.09 to 95.16 MN/m", for a corresponding pulsc width from 6 to 12 ms. No full
penetration weld was achieved in this case. When the translation velocity was increased
from 4 mm/s to 5 mm/s, the tensile strength increased from 79.72 to 97.34 MN/m”. A

full penetration weld was achieved with a translation velocity of 3.5 mm/s and in this

case the tensile strength was 75.2 MN/m".

The effect of PRF on tensile strength can be seen in Figure 3.3. Interestingly, for a
partial weld, the tensile strength decreased from 68.23 to 52.82 MN/m*. for a
corresponding increase in the PRF from 6 to 8 Hz. This represents a decrease 1n the
strength of 22.5 %. A tull penetration weld was achieved with a PRF of 9 Hz and 1n
this case the tensile strength was 34.14 MN/m-. From Table 3.1. the ultimate tensile
strength of the base material was 586.2 MN/m”. The strength of the welded samples

was considerably tower than this value. indicating the difficulty of welding high carbon



steel. This work evaluated the performance of the normal laser beam delivery svstem to

provide 4 comparison of different beam delivery systems. Ng ¢t al. [3.10].

3.1.3.2 Hardness Characteristics

The gauge plate was welded, sectioned transverse to the weld direction, moulded. and
etched in nital, photographed and examined. A diamond pyramid indenter with a load
of 70 g was used to measure the microhardness transverse across the weld, and as a
function of depth. Figures 3.4, 3.5 and 3.6 show, respectively. the measured
microhardness transverse across the weld for: translation velocities between 3.5 - 5
mm/s, pulse widths between 6 - 12 ms, and frequencies between 6 - 9 Hz. From Figure
3.4, 1t 1s seen that the hardness transverse across the weld increased with the welding
speed, and 1n all cases the peak hardness occurred at the centre of the weld. The peak
hardness reduced significantly for lower translation velocities. For example, for a
translation velocity of 5 mm/s, the peak hardness was 1619 kg/mm?; this reduced by
38.1 % to 1002 kg/mm~ for a translation velocity of 3.5 mm/s. Figures 3.5 and 3.6
show that the hardness at the HAZ region reduced with increasing pulse width and pulse
repetition frequency. By increasing the pulse width from 6 ms to |12 ms. the hardness at
the centre of the weld reduced by 30.5 % from 1839 kg/mm~ to 1277 keg/mm°. The
hardness across the weld was greatest for the lowest PRE. For a PRF of 6 Hz, the peak
hardness was 1855 kg/mm®*, however, this was reduced by 10.8 % to 1655 kg/mm? for a
PRFE of 9 Hz. The lowest peak hardness at the centre of the HAZ was observed for a
translation velocity of 3.5 mm/s, pulse width of 12 ms and PRF of 9 Hz. Whereas, the
maximum peak hardness at the centre ot HAZ was observed tor a translation velocity of
> mm/s, pulse width of 6 ms and PRF of 6 Hz. In all cases, the large hardness gradients
across the weld would lead to fracturing, especially 1f the gauge plate was subjected to

cyclic loading.

Figures 3.7, 3.8 and 3.9 show, the hardness profiles. at the centre of the weld and as a

function of depth for: different translation velocities, pulse widths and pulse repetition

frequencies, respectively. From Figure 3.7, it can be seen that the rate of change of



hardness as a function of depth reduced with translation velocity. Moreover, the largest
variation was observed near the surface, where the hardness decreased from 1619 to
1022 kg/mm~, for a decrease in the translation velocity from 5 mm/s to 3.5 mm/s. At a
depth of 0.5 mm, there was little variation 1n the hardness for the range of translation
velocities investigated. As the pulse width was increased, a reduction in the rate of
change of hardness as a function of depth was observed, see Figure 3.8. The largest
spatial hardness variation was observed near the surface. Here, the hardness decreased
from 1839 kg/mm” to 1367 kg/mm? for an increase in the pulse width from 6 ms to 12
ms. At a depth of 0.5 mm, there was less variation in the hardness over the range of
pulse lengths examined. Interestingly, as the PRF was increased (Figure 3.9) from 7 - 9
Hz, then at a depth of 0.4 mm there was practically no difference in the hardness. These
values, however, were considerably lower than those measured at 6 Hz. For example.
the largest variation occurred at the depth of 0.2 mm, here the hardness decreased from
1577 kg/mm?* to 962 kg/mm” for an increase in the PRF of 6 Hz to 9 Hz, and this
difference was much less above depths of 0.3 mm. In all cases, the hardness was
attributed to the high cooling rate depressing the transtormation temperature which

resulted 1n brittle welds.

3.1.3.3 Penetration

Figures 3.10, 3.11 and 3.12 show the weld depth as a function of translation velocity,
pulse width and PRF respectively. In each case the mean power was 200 W. The weld
depth increased with decreasing translation velocity (Figure 3.10), increasing pulse
width (Figure 3.11), and increasing PRFE (Kigure 3.12). The maximum penetration was
0.88 mm; this was achieved with a translation velocity ot 3.5 mm/s. The penetration
was reduced by 28 % with a translation velocity of 5 mm/s to a value of 0.63 mm. From
Figure 3.12, it can be seen that the weld penetration increased from 0.59 mm to 0.86
mm for a corresponding increase 1n the pulse widths from 6 ms to 12 ms respectively.
This represents an increase in the weld penetration of 45.7 %. As the PREF was

increased to 9 Hz, the weld penetration increased to 0.88 mm and a full penetration weld



was achieved. The minimum weld penetration (0.55 mm) was achieved with a PRF of 6

Hz. The weld penetration increased by 60 % over the range of PRFs investigated.

3.1.3.4 Bead Width

The weld width was measured as a function of translation velocity, pulse width and
PRF, and the results can be seen in Figure 3.13, 3.14 and 3.15. respectively. From
Figure 3.13. for a translation velocity of 3.5 mm/s, a maximum weld width of 1.25 mm
was achieved. Interestingly, the weld width reduced by only 8 % to 1.15 mm, for an
increase 1n the welding velocity from 3.5 to 5 mm/s. Increasing the pulse width (Figure
3.14) from 6 to 12 ms resulted 1n an increase in the weld width of 21.7 %, from 1.06 to

1.29 mm. With an increase 1n the PRF (Figure 3.15) from 6 to 9 Hz the weld width

increased from 1.22 to 1.39 mm, this represents an increase in the weld width of 13.9 %.

3.1.3.5 Rate Of Formation Of The Weld Volume

The rate of formation of the weld volume was found by multiplying the weld width.
weld depth and the translation velocity. The weld volumes were calculated as a
function of translation velocity, pulse width and PRF, and these results are shown 1n
Figures 3.16, 3.17 and 3.18, respectively. From Figure 3.16, 1t 1s clearly observed that
the rate of formation of the weld volume reduced with increasing translation velocity.
For example, with a translation velocity of 3.5 mm/s, the largest rate ot formation was
4.07 mm~/s. For an increase of 43 % in the translation velocity (5 mm/s), the weld
volume formation rate reduced by 11.3 % to 3.61 mm/s. The calculation of the weld

volume formation rate however, does not take account ot the shape of the weld, other

than weld depth and weld width.

Figures 3.17 and 3.18 show clearly that the weld formation rate increased with
increasing pulse width and pulse repetition frequency. For instance, for a pulse width of
6 ms the weld formation rate was about 3.13 mm/s and this was increased by 77 % to
5.55 mm’/s for a pulse width of 12 ms. Moreover, for a PRF of 6 Hz, the weld

formation rate was approximately 3.36 mm?*/s and this was increased by 86 % to 6.26



mm’/s, for a PRF of 9 Hz. The overall power delivered to the workpiece remained

constant, consequently, for the higher PRFE the pulse energy would be less.

3.1.3.6 Microstructure Study Of The Weld

T'he microstructure of the welded specimens was examined in the HAZ, the fusion zone
and the base metal. Figures 3.19 and 3.20 show, respectively. the top view of the
fusion zone for pulse width of 6 ms and 12 ms. From Figure 3.19. crack formation is
evident at the top of the fusion zone. The fact that the cracks usually occur through the
centreline of the weld is due to the solidification pattern of the weld metal. Since the
parent material 1S much cooler the weld solidifies inwards which means that the centre
of the weld is last to solidify and is thus much weaker at the temperature at which
cracking occurs. No cracking was observed when the pulse width was doubled to 12
ms, Figure 3.20. Wang er al. [3.11] reported that a general feature of laser welded high
carbon steel 1s the formation of a martensite structure in the fusion zone, due to the
rapid quenching rate, and finely dispersed carbides. As can be seen in Figures 3.21 and
3.22, martensitic structures appear in the fusion zone and this also consists essentially of
ferrite, which 1s heavily super-saturated with carbon. Moreover, this also gives rise to
cementite and pearlite formation, and the grain size at the fusion zone will be more
coarser, and will suffer from brittleness. When a hyper-eutectoid steel that i1s thosc
containing more than 0.83 wt % C-, its structure should consist of cementite in a matrix
of hard martensite. Figures 3.23 and 3.24 show, respectively, typical pictures of the
fusion zone for a higher PRF and lower translation velocity. With this combination of
laser parameters there 1s a reduced cooling rate, so that the grain size becomes finer and
spherical in form. Here, the grain structure in the fusion zone was transformed to a
more granular and refined grain. Figures 3.25a and 3.25b show. the distribution in the
grain size that was observed at the parent metal, heat atfected zone and fusion zone: this
was due to the different rates of cooling between these regions was first discovered by
Goswami et al. [3.12]. Additionally, the welded specimen exhibited a complex
transformation structure in sharply defined narrow bands comprising a heat affected

zone at the junction between the weld and base metal. By varying the translation



velocity. pulse length and PRF, the grain structure was completelv moditied in the

fusion zone. By appropriate selection of the laser parameters. the desired characteristics

of the welded material can be achieved.

3.1.4 Conclusions of normal Nd:YAG laser welding

A number of welds were fabricated for a range of translation velocities. pulse widths
and PREF. The weld quality was quantified by measuring the sample’s tensile strength.
hardness profile, weld width, depth of penetration and from examination of its
microstructure. The results have shown that the tensile strength greatly increased with
an increase in the pulse length and a reduction in the pulse repetition frequency. Fbor
parttal welds, the tensile strength increased by 48.4 % for an increase of pulse width

from 6 to 12 ms, and the tensile strength was reduced by 22.5 % with an increase 1n the

PRF from 6 Hz to 8 Hz.

The hardness profiles transverse across the weld region decreased with translation
velocity, and increased with pulse width and PRF. For instance, the peak hardness at
the weld centre was reduced from 1839 kg/mm” to 1277 kg/mm- for an increase in the
pulse width from 6 to 12 ms. By increasing the PRF from 6 Hz to 9 Hz, the peak
hardness at the weld centre was reduced from 1855 kg/mm~ to 1655 keg/mm".
Furthermore, the hardness transverse to the weld direction decreased from 1619 kg/mm2

to 1002 kg/mm* with a decrease of translation velocity from 5 to 3.5 mm/s.

[t is evident that the hardness profile will be dependent on the thermal distribution
around the fusion zone. Moreover. in the present case, the hardness profiles were
oreatly reduced due to greater spatial overlap of the beam on the workpiece at the slower
welding velocities, for higher pulse widths and higher pulse repetition rates. This
resulted in effectively reducing the rate of cooling of the fusion zone. The hardness as a
function of weld depth was greatly reduced with increasing pulse length and PRFE.

Interestingly, the rate of change of hardness as a function of depth reduced with

decreasing translation velocity.



Because of the rapidly cooled high carbon steel, the main weld region consisted of a
martensitics structure, moreover, crack formation was observed at the top ot the fusion
zone. A slower cooling rate was achieved with a higher pulse width, and no cracking
was observed. A general feature of all the specimens was that the main weld region
consisted of a cementite and carbides structures. The grain size wuas coarser and less
dense near the fusion zone with a higher welding velocity and a lower PRF. For an
increase 1n the PRF and a reduction in welding velocity. the structure was completely
modified at the fusion zone. The rate of cooling was slower, resulting in a less brittle

weld. The grain structure that appeared in the fusion zone was typically more refine and

granular.

The quality ot the welds was improved by increasing the PRF and pulse width. This

was quantified by measuring the penetration depth and bead width, both of which
decreased with increasing translation velocity. The deepest and widest weld was
achieved for a translation velocity of 3.5 mm/s, PRF of 9 Hz and pulse width of 12 ms.
Theretore, from the results obtained 1n the present study, 1t 1s apparent that a higher

strength weld can be achieved by increasing the pulse width and the translation velocity.

The rate of tormation of the weld volume increased with pulse width and PRE.
Interestingly, for a change of translation velocity from 3.5 to 5 mm/s, the weld
formation rate reduced by only 11.3 %. Moreover, for an increasc in the pulse width

(from 6 ms to 12 ms) and PRF (from 6 Hz to 9 Hz). the average weld volume formation

rate increased by about 382 %.

When optimising the weld quality. there 1s a trade off between the lower hardness
characteristics achieved with a lower translation velocity, the increased HAZ and
reduced process speed. In many practical application, the width of the HAZ may not be

a critical factor 1n determining the weld quality, so it 1s likely that the process speed will

need to be maximised for the desired hardness properties.

M t)



3.2 Characterization of tempering process of laser welded high carbon steel
produced by dual beam delivery system

3.2.1. Introduction

To extend even further the wide spread use of laser material processing applications in
industry, there is a need to understand 1n greater detail the interaction between the laser
beam and the workpiece, the possible disadvantages of the process and how they can be
overcome. Kajanpa ef al. [3.13] observed that laser welding does not produce any
electromagnetic forces in the melt to facilitate mixing., and Mimatsu er al. [3.14]
suggested that with better knowledge of the energy absorption processes. it 1s possible to
optimise the energy penetrating through the plasma layer that is generated above the
workpiece, when the laser beam interacts with metallic surfaces as reported by Pueyo-
verwaerde ef al. [3.15]. The Nd:YAG pulsed laser can be used to process a wide range
of materials and offers a high degree of tlexibility and control over the welding process,
moreover, Milewski et al. [3.16] discovered that the pulsed laser beam welding reduces
the heat input and allows control of the grain orientation. For example, tempering or
post-heating of the workpiece can be achieved easily with fibre optic beam delivery

systems and allows control over the microstructure of the sample.

Abdullah er «l [3.17] reported a major problem of processing high carbon steels or
similar material 1s that any hardness discontinuities transverse across a weld that 1s
subject to cyclic loading will lead to a poor component fatigue life. More significantly,
the carbon content makes it essential to apply a post-weld heat cycle to avoid cracking at
the fusion zone during cooling was observed by Pan e¢r al. [3.18]. Such hardness
profiles are often induced with a single-beam delivery system as discussed 1n Section
3.1, and Ng ¢t al. [3.19]. The spatial hardness discontinuities in the fusion and heat
affected zones are dependent on the spatial-temporal temperature distribution during the
welding process. Scott et al [3.20] developed a model to predict the size and shape of
the weld zone, he concluded that when dual beams are tfocused onto the material and
completely overlapped, the depth of penetration increases. Consequently, a dual-beam

technique was employed to investigate the effect of laser heat treatment on high carbon



steel gauge plate. Previous studies by Burdekin er «al.[3.21] have included use of
welding high carbon steel gauge plate without any heat treatment. Tempering is usually
used to reduce hardness of the welded joints, and this leads to an improvement in the
tensile strength was reported by Ng et al. [3.22]. Thus the heat treatment process
consisted of heating the material and extending the cooling time. Wang er al. [3.23]
suggested that with lower rates of cooling, the temperature gradient decreases and the
formation of martensite may decrease. This results in a more refined and granular
microstructure found 1n the heat affected zone and fusion zone than that obtained by
using a single-beam delivery system. Byer et al. [3.24] described the combination of an
induction laser weld technique, this resulted in crack free laser weld, tempering steels
would theretore considerably improve the industrial range of applications for laser
welding. It 1s most convenient to use dual or multiple beams where the advantages of
laser processing and beam delivery system dominate over combination technologies
where 1t 1s difficult to control the heat input as with, for example, induction heating.
Okorokov et al. [3.25] realized that optimizing the annealing process 1s essential to

produce better quality welds.

Liu er al. [3.26] used a laser to preheat high-melting metals to increase the speed of
machining. Improvements were observed 1n the surface finish, the cutting forces were
reduced and the tool life was increased. Theoretical investigations into the effects of
pre-heating and post-heating of laser welds have been done by Liu et al. [3.27]. The
dual-beam delivery system reduced the rate of cooling. The post-heating weld treatment
was more effective in reducing the rate of cooling, and the pre-heat treatment was more
effective in reducing the temperature gradient in the transverse direction, see Section
3.3. In this work, the results of a detailed experimental investigation comparing the
weld quality for normal laser welding as discussed in Section 3.1 (single-beam delivery
system) are given, and those welded with a post-heated treatment (dual-beam delivery
system). The results were quantified by measuring the aspect ratio, weld widths.

hardness characteristics and tensile strengths, in the same manner as previously

described in Section 3.1.3.



3.2.2 Welding and Analysis

TI'he welding was done with a Lumonic™s MS830 Nd:YAG laser, operating at 1.06 um
and with a4 maximum output power capacity of 400 watts. A dual-beam fibre optic
beam delivery system was used to achieve in-line process tempering with a constant
total power of 285 watts. Here the laser power was divided so that 70¢¢ was coupled to
the weld beam and 30 % was directed into post-heating. The amount of losses taken
into account for all the optical lens and fiber optic beam delivery system resulted in a
constant power of 154 W and 72 W used to produce the butt weld and post-heating of
gauge plates, respectively. A schematic of the dual-beam delivery system 1s shown in
Figure 2.2 - see Chapter 2. For a dual beam delivery system, a weld was produced by
the weld beam focused to about 2 mm diameter, and this was followed by the post-
heating beam diameter of about 20 mm. This processing method was designed to slow
down the rate of cooling of the sample after welding with the weld beam. For the
normal weld geometry, 145 W of laser power was used to produce a weld with a single
beam delivery system. The focused beam spot size was about 2 mm and normal to the
welding direction. In all cases, the focus ot the laser beam was brought down to the
surface of the workpiece, the laser beam tranverse speed was 5 mm/sec, and a He

shielding gas was used at a source pressure of 5 X 10* Pa indicated on the pressure

gauge.

High carbon steel gauge plate, with a nominal composition as described 1n Section 2.5.

The mechanical properties of the sample are gtven in Table 2.1. The errors observed

for all the experiments was less than £ | %, each of the data points plotted in the graph
in this thesis i1s the average of 3 values. The error 1s not significant and 1s hardly seen.
Thus, the error bars are omitted in most of the cases for clarity. All of the samples were

machined to the dimension of 75 X 50 X 0.88 mm. The tolerance of the length and

width of the samples was £ 0.1 mm. After machining, the samples were ground (Type
J, B.A.60.P.V. medium grain) to ensure smooth. flat surfaces. After welding. the
workpicces were sectioned, moulded, polished. etched (2 % nital) and photographed.

To quantify the weld quality, the hardness profiles were measured, with a Reichiert



154155 Vicker’s hardness testing machine. transverse along the weld direction and as a
function of depth. A Instron tensile tester machine with a cross-head speed 0.5 mmy/s
was used to measure the tensile strength along the weld joints. The weld depth and bead
width were measured using a Mitutoyo PJ-300 profile projector. The welds were
Inspected using an optical microscope to study any weld defects or cracks and the
microstructure in the weld region. The parameters that were used in this experiment for
the normal welding and the two beam weld geometry are listed in Table 3.1. To
monitor the relative temperature of the welded material. temperature measurements
were taken throughout the experiments with four thermocouple wires attached to the
specimen’s surface, 2 mm away from the weld region. Two thermocouple wires (T
and T2) were arranged adjacent to each other at the beginning of the weld, see Figure
3.26, and the other two thermocouple wires (T3 and T4) were arranged adjacent to each

other at the end of the weld. The signals from the thermocouples were amplified and

fed into an ADC card, located in a PC. Software was written in Turbo C language to

collect the data.

3.2.3 Weld Characteristics
3.2.3.1 Hardness Characteristics

All Vicker’s hardness tests were performed across the heat affected zone, fusion zone
and base metal to determine the strength across the weld join