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SYNOPSIS 

Laser welding, unlike conventional arc or gas kvelding, can be effectively utillsed to 

produce high quality, clean and tough welds in high carbon steels. Results of welding C 
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 . "Ignificantly 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 

M C02 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 'oinin,, process. For the it 

C02 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 flat, 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 improved 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 tou,, her weld. At a slower welding speed, and for higher pulse width and I- In 
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 svstem ýý as 

developed to implement the pre-heating or post-heating technique, simultaneously 

during the welding process. The weld quality for the dual beam geometry wa,, 

compared to that achieved with a normal weld (sIngle bearn system). The dual beam 

system was effective in controlling the cooling rate to achieve the desired weld 

characteristics. For instance: reducing the hardness profile, improving 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 effect 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 (00,300) for Nd: YAG laser welding 

were compared, as were effects of the pulse width and pulse repetition frequency (PRF) 

on the mechanical and microscopic properties of the weld. It was concluded that for the 
0 30 welding configuration, a slower cooling rate was achieved, leading to a less C- II brittle 

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

completely modified at the fusion zone. Additionally, a lower aspect ratio, higher 



ten. ýIle strength and greater weld volurne formation rate was obtained; this was due to 

the wider weld width produced with this geometry. Ultimately. a higher welding "peed 

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 C02 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 bearn C02 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-2 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. 

For the CO, ) laser, a 30' clamped geometry was designed and fabricated to perform 

welding. The flat 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 flat \velding geometry. 

An image processing system comprising a CCD camera acqui II 111 C, L- Z71 isition and processi C, 
board were fabricated and tested. This svstem offered real time capability to measure 



the fusion zone and surface irregularities. The image of the ý\elded specimens ýýcre Z: ) 
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 qua] ity. 

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 ONNE 
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 C02 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 in some cases caused catastrophic blower seizure, and they were 

an additional cost. Refinements were made to meet the stringent environmental 

requirements for installation Of C02 lasers on automotive assembly lines. 

Despite the physical limitations inherent in the design of the C02 laser a devoted 

following has been gained since the introduction of the first machines. The early slow- 

flow C02 lasers were large, complex machines. This was necessary to extract a useful 

amount of power from the resonator. The requirements for even higher powerC02 

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 in many industries. Nd: YAG lasers on the other hand, previously limited 

frorn 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 rnulti-kilowatt 

output range, and now 4 kW Nd: YAG lasers are commercially available. The Nd: YAG 

laser is 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 C02 laser is 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 systern 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 is 

smaller for the Nd: YAG laser than for theC02 device because of its shorter operating 

wavelength. 

Nd: YAG laser applications has included: transformation 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 is 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 xvith a low divergence and high beam quality is still problematic. 

Many efforts have been made overcome this disadvantage, for instance: the further 



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 I kW Nd: YAG laser beams were combined to increase the laser 

output power for material processing. The beams were transmitted throuOh 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 tile 

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, 17, 

yielding far less porosity in the weld joint interface. Crafer [ 1.1] made a detailed study 

with a2 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 in a vacuum environment. 
For typical welding conditions, it is essential to understand the physical aspects of 
keyhole formation. A comprehensive model for the formation and evolution of the laser 

welding keyhole was proposed by Sernak [1.2]. The dynamic behaviour of the keyhole 

is decisive in laser beam welding, it can stimulate weld pool oscillations, causing weld 

seam defects such as ripple formation, reported by Postacioglu [ 1.31. 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 is reached, this correlation disappears and the absorption reaches 95 % 

during the welding process. Fabbro et 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 Lenerated above 
the workplece surface of the weld, reported by Watson et al. [1.51. 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 C02 welding process. The formation of a 

plasma close to the workpiece surface exerts a considerable influence on the interaction 

process, it is 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 Z: ' 
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 wcld, and flexibility in 
design of the vehicles allowing a greater product range to satisfy incl-casing 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 [ 1.71 generated a model to investigate the heat transfer characteristic of the weld 

area, by using a one dimensional numerical calculation. Hayashi et at. [1.8] made a 

detailed study on the effect of induction pre-heating just bet'ore 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. [I A 01 

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 I- Z7ý 1 
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An experimental set-up was developed by Irving [1.11] to nionitor the temporal 

temperature distribution with an detector. Anon et al. [ 1. L] 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 deliVerV 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, is briefly 

discussed by Scott et al [1.14]. It is important to know the heating and cooling rate, 

which is essential for predicting the microstructure behavior, the grain size of the heat 

affected and fusion zones, distortion and mechanical properties. Toru et al. [1.15] 

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

Nd: YAG laser beams for welding. 

In the present study, the results of a detailed investigation of dual bcam 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 C02 laser welding of high carbon steels; this is discussed in Chaptei-s 3 

0 and 6, respectively. A slower cooling rate was achieved with a 30 incident beam, 

0 resulting in 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 of 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 et al. [ 1.17]. 

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

because of the dependency of the material's emissivIty on the wavelength, ener-, -,. \, is *, *I 
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absorbed by the material more readily than for the CO-) laser and a lower enerp can be 

used for welding, allowing greater control of the heat input. Thi,,, iis particulark 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 quenchim.; 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 in the fusion and heat-affected zones. This results in poor component 
fatigue life. Such hardness discontinuities in 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 mo.. "'t appropriate laser 

parameters and techniques to achieve favorable mechanical propertics and good weld 

quality in high carbon steels, for theC02 and Nd: YAG laser welding. BothC02 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 is 

used in numerous industrial applications; for instance: welding of drive shafts, nose type 

rail members for crossing, bottom blade of grass cutting machine, gear plants and 

components. However, the high carbon steel material is difficult to weld and often 

cracks are produced in the weld region. This is 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 wcll with the carbon equivalent ( CE ). In the carbon equivalent formula, the 

hardening et't'cct of cach alloying element is compared with that of cat-bon. The relevant 
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alloy content (in mass 11c. ) is divided by a factor that gives the carbon equivalent of that 
element. According to Lancaster [I- 18], a formula that wa,, adoptcd and in , Iichtl% 

modified form, is 

CE =C+ 
Mn 

+ 
Cu + Ni 

+ 
cr + Mo +V 

6 15 5 

However, this formula is 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 is particularly susceptible to hydrogen induced cold cracking, moreover, when it is 

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

AC02 laser system with a dual-beam assembly was fabricated to achieve in-line heat- 

treatment and welding. The experiments investigated the weld quality of high carbon 

steel to quantify the effects of laser parameters, for instance: welding velocity, pulse 

width and pulse repetition frequency. 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 as,, ess the effect and 

interactions of a number of different lascr parameters and different weld geometries. 
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This included: pulse width. pulse repetition frequency (PRF), translation speed, and 

normal, pre-heating and post-heating beam delivery geometries. 

The weld quality and hardness characteristics were quantified after iniplementing, an 

angular welding technique; this ameliorated the poor characteri.. "tics associated with 

rapid cooling. Two different angles of incidence (0 30 ) for weldina were chosen and 
00 

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 5. 

The performance 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 bearn delivery system, as 

discussed in Chapter 6. 

An image 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 is 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 in 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 

The 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 I. 

Lasers have been applied for a range of processes such as cutting. welding', surface 
hardening, alloying and cladding of many materials. Moreover, laser v"elding is- 

advantageous over conventional techniques-, for instance, it is a fast proccss, produces 

low distortion and a high quality finish. Abdullah et al [2.1] and Steen et 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 in 

these particular studies. Further, a low heat input into the workpiece results in a small 

fusion zone and heat affected zone. Zerroukat et al. [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-affected zones. 

Greater understanding of the basic phenomena of laser welding and better control of the 

process is leading to improved weld quality. Glumann et al [2.41 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 in 

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: Ferranti's MFKP continuous wave I kW CO, ) device and Lumonic's pulsed, 

40OW 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 [Lm) with a maximum capacity of 400 watts 

mean power was used to weld gauge plates. In the present stud%. the Nd: Y, -\G laser 

system was used in-conjunction with the multi-flex beam deliver% system which waý' 

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 in 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 7017c 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 I 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 0 

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 a, this is important in 

reducing the rate of cooling, and in particular, this results in different weld mechanical 

properties, this is discussed in Chapter 5. 

2.3 C02Laser Welding Systems 

The present investigation used aIM, CW, CO, laser (Ferranti MFKP), operating at 

10.6 pm, to weld gauge plates. The translation velocity was changed from 7 to II 
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mm/s, using different welding geometries to studN the influence on the cooling process. 

discussed in Chapter 6. Figures 2.5 and 2.6, respecti%'ely, shmý a schematic of the 

clamped and unclamped geometries that were used for welding. A He shielding gas 

pressure of 0.25 bar was used with a nozzle diameter of 5 mm. Furthermore, a rnulti- 

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 work-piece to control the sample's phase 

transitions and to deliver specific weld characteristics. For the single beam system, in In 

the case of pre-heating, a number of initial 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 in the present cases. Whilst not precludin-g, it, this obviated the need to 

fabricate the dual-beam delivery system and is an ideal 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 I'abricated to achieve 

heat-treatment simultaneously during laser welding, this is 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 
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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 sofmare 

package such as Microsoft Excel. The trace between the peak-peak indicated the weld 

width, and a 3D scan provided the information on the surface irregularities and the \ýeld 

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% S 1,1.1 % Mn, 0.4% Cr, 0. 
-15 c7c V and 0.4% W. 

The mechanical properties of the sample are given in Table 2.1. A] I of the samples 

welded with Lumonic's MS830 Nd: YAG laser were machined prior to weldino, to 

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

I kW CO-) laser (Ferranti, MFKP). 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 weldimg, the sample's were 

sectioned, moulded, etched in nital (3% nitric acid and 9717C rnethanol), 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 mrn/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. 

2.6 System Used To Measure The Temperature Profiles 

To monitor the relative temperature of the welded material, ternporal 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 
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thermocouple wires (T I and T2) were arranged adjacent to each other at the beginning 

of the weld, see Chapter 3, and the other two thermocouple %\ ires J3 and T4) %ý ere 

arranged adjacent to each other at the end of the weld. The , Icynals from the Z-- 
thermocouples were amplified and fed 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 

(MN/MM2) 

340.9 

(Kg/mm 1) ) 

High Carbon 
Steel 

Ultimate Strength 

(MN/mm 2) 

568.2 

Figure 2.1 Nd: YAG single beam delivery system 
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Vickers Hardness 
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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 et 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 C02 lasers, offer advantages in being able to achieve greater weld depths for the same 

power, as discussed in Chapter 2- see Section 2.1. This is primarily due to their shorter 

wavelength and consequently greater focusability, by Olsen [3.3]. Yoshioka et al. [3.4] 

discussed, the effect of 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 is 

much greater at 1.06 gm than 10.6 ýLrn-, additionally, any plasma formed above the 

workpiece absorbs more energy at 10.6 ýLrn. 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 is 

critical during the welding process because any disturbance to the keyhole can lead to 

poor penetration and reduction in the weld strength. Honeycombe ct al. [3.8] found that 

poor mechanical welds often occur due to rapid quenching in the fusion zone viýi 

conduction to the surrounding material. This work investigates the mechanical 
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properties of Nd: YAG laser welded 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 ill, 

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 C02 laser welded high carbon steels has been previously 

reported by Ng et 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 ýtm with a maximum 

mean power capacity of 400 watts. A fibre optic beam delivery systern was used which 

was robotically manipulated to produce a butt weld of the gau,, c plates, at constant 

power of 154 W, and a He shielding gas at the source pressure of 5x 104 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 I/c Si, 

1.1 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 is 

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 zis a function of depth, using a Reichiert 15415-55 Vicker's hardness 

-fl 



testing machine with a diamond indenter of 70 a load. The weld depth and bead width 

were measured using a Mitutoyo PJ-300 profile projector. The tensile tester was an 
Instron tensile machine. comprising a highly sensitive and accurate load weighing 1: 1 - 
system, with a 10 kN load applied to the welded specimens and cross-head speed of 5 

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 in 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 seen that the tensile 

strength increased with increasing pulse width ranging from 6 to 12 rns 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 2, for a corresponding pulse width from 6 to 12 ms. No full 

penetration weld was achieved in this case. When the translation vclocity was increased 

from 4 mm/s to 5 mm/s, the tensile strength increased from 79.72 to 97.34 MN/M2 .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 2. 

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 2, for a 

corresponding increase in the PRF from 6 to 8 Hz. This represents a decrease in the 

strength of 22.5 %. A full penetration weld was achieved with a PRF of 9 Hz and in 

this case the tensile strength was 34-14 MN/m 2. From Table 3.1. the ultimate tensile 

strength of the base material was 586.2 MN/m 2. The strength of the welded samples 

was considcrably lower than this value. indicating the difficulty of welding high carbon 
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steel. This work evaluated the performance of the normal laser beam delivery systern to 

provide a comparison of different beam delivery s\,, tems, Ng et 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, it is seen that the hardness transverse across the weld increased with the welding 

speed, and in 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 k,, /i-nm 2 -, this reduced by 

38.1 % to 1002 kg/mm 2 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 ins, the hardness at 

the centre of the weld reduced by 30.5 % from 1839 kg/MM2 to 1277 kg/mM2 
. 

The 

hardness across the weld was greatest for the lowest PRF. For a PRF of 6 Hz, the peak 

hardness was 1855 kg/mm 2, however, this was reduced by 10.8 1/c to 1655 k g/MM2 for a 

PRF 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 of HAZ was observed for a translation velocity of 

5 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 if 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, respectivcly. From Figure 3.7, it can be seen that the rate of chanLc of 
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hardness as a function of depth reduced with translation velocit%. Moreover, the larý: Cst 

variation was observed near the surface, where the hardness decreased from 1619 to 

1022 k g/MM2, for a decrease in the translation velocity from 5 mrnks to 3.5 mn-Us. At a 

depth of 0.5 rnm, there was little variation in 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/MM2 to 1367 k g/MM2 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/i-nm 2 to 962 kg/MM2 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 transformation temperature which 

resulted in 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 PRF (Figure 3.12). The maximum penetration was 

0.88 mm; this was achieved with a translation velocity of 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 

rnm for a corresponding increase in the pulse widths from 6 ms to 12 ms respectively. zn 
This represents an increase in the weld penetration of 45.7 %. As the PRF 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 bý! 60 'Ic over the range of PRF, investigated. 

3.1.3.4 Bead Width 

The weld width was measured as a function of translation velocity, pulse \ý'Idth 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 %%'idth of 1.25 nirn 

was achieved. Interestingly, the weld width reduced by only 8% to 1.15 mm, for an 

increase in the welding velocity from 3.5 to 5 mm/s. Increasing the pulse width (Figure 

3.14) from 6 to 12 ms resulted in an increase in the weld width of 21.7 c7c, from 1.06 to 

1.29 mm. With an increase in 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 %%'eld width of 13.9 17r. 

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 in 

Figures 3.16,3.17 and 3.18, respectively. From Figure 3.16, it is clearly observed that 

the rate of formation of the weld volume reduced with increasinc, translation velocity. Z7) 

For example, with a translation velocity of 3.5 mm/s, the largest rate of formation was 

4.07 MM3/S . For an increase of 43 % in the translation velocity (5 mm/s), the weld 

volume formation rate reduced by 11.3 17c to 3.61 mm3/s. The calculation of the weld 

volurne formation rate however, does not take account of 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 3A and this was increased by 77 17c to 

5.55 mrn 3/S for a pulse width of 12 ms. Moreover, for a PRF of 6 Hz, the weld 

formation rate was approximately 3.36 mrn 3A and this was increased by 86 % to 6.26 
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mm 3/S, for a PRF of 9 Hz. The overall power delivered to the workpiece remained 

constant, consequently, for the higher PRF the pulse energy would be le,,,,. 

3.1.3.6 Microstructure Study Of The NN"eld 

The 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 vleýv 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 \veld metal. Since the 

parent material is much cooler the weld solidifies inwards which rneans 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 et al. [3.111 reported that a general feature of laser welded high 

carbon steel is 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 is 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 is those 

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 is a reduced cooling rate, so that the grain size becomes finer and 

spherical in form. Here, the grain structure in the fusion zone ývas 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 affected zone and fusion zone, this 

was due to the different rates of cooling between these regions was first discovered by 

Goswami et al. [3.121. 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 
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velocity, puke length and PRF, the grain , tructure was completel% modified in the 
fusion zone. By appropriate selection of the laser parameter,,, the desired charactem, t 1c, 

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 PRE The weld quality was quantified by measuring the sample's tensile strength, 
hardness pofile, weld width, depth of penetration and frorn 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. For 

partial 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 17r with an increase in 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 k g/MM2 to 1277 k g/MM2 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/mM2 to 1655 kg/mm". 

Furthermore, the hardness transverse to the weld direction decreased from 1619 kg/mm 2 

to 1002 kg/mm 2 with a decrease of translation velocity from 5 to 3.5 mm/s. 

It 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 

greatly 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 PRE 

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

decreaslmz translation velocity. 



Because of the rapidly cooled high carbon steel, the main weld region consisted of a 

martensitics structure, rnoreover, crack formation was observed at the top of the fusion 

zone. A slower cooling rate was achieved with a higher pulse %ý idth, 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 wa. s coarser and less 

dense near the fusion zone with a higher welding velocity and a lower PRF. For an Z: ) 

increase in 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 of the welds was improved by increasing the PRF and pulse \vIdth. 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. 

Therefore, from the results obtained in the present study, it is apparent that a higher 

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

The rate of formation 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 82 %. 

When optimising the weld quality, there is 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 in determining the weld quality, so it is likely that the process speed will 

need to be maximised for the desired hardness properties. 

21) 



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 applicatiom, in 
industry, there is a need to understand in greater detail the interaction between the laser 

beam and the workplece, the possible disadvantages of the process and how they can be 

overcome. Kajanpa et al. [3.13] observed that laser welding does not produce any 

electromagnetic forces in the melt to facilitate mixing, and Mirnatsu et al. [3.14] 

suggested that with better knowledge of the energy absorption processes, it is possible to 

optimise the energy penetrating through the plasma layer that is generated above the 

workplece, when the laser beam interacts with metallic surfaces as reported by Pueyo- 

verwaerde et al. [3.15]. The Nd: YAG pulsed laser can be used to process a wide range 

of materials and offers a high degree of flexibility 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 et al [3.17] reported a major problem of processing high carbon steels or 

similar material is that any hardness discontinuities transverse across a weld that is 

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 et al. [3.18]. Such hardness 

profiles are often induced with a single-beam delivery system as discussed in Section 

3.1, and Ng et 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 [3.201 developed a model to predict the size and shape of 

the weld zone, he concluded that when dual beams are focused 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 
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steel gauge plate. Previous studies by Burdekin et al. [3.21] have included use of 

welding high carbon steel gauge plate without any heat treatment. Tei-npering 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 et 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 in the heat affected zone and fusion zone than that obtained bv 

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 therefore considerably improve the industrial range of applications for laser 

welding. It is most convenient to use dual or multiple beams where the advantages of 

laser processing and beam delivery system dominate over combination technologies 

where it is difficult to control the heat input as with, for example, induction heating. 

Okorokov et al. [3.25] realized that optimizing the annealing process is essential to 

produce better quality welds. 

Liu et al. [3.26] used a laser to preheat high-melting metals to increase the speed of 

machining. Improvements were observed in 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. 
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3.2.2 Welding and Analysis 

The welding was done with a Lumonic's N/IS830 Nd: YAG laser, operating at 1.06 Pill 

and with a maximum output power capacity of 400 watts. A dual-beam fibre optic 
beam delivery systern was used to achieve in-line process tempering with a constant 
total power of 285 watts. Here the laser power was divided so that 70c, ( 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 is 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 proccssing method \ý, as designed to slow 
down the rate of cooling of the sample after welding with the %vc1d 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 rnm and normal to the 

welding direction. In all cases, the focus of the lascr beam was brought down to the 

surface of the workplece, the laser beam tranverse speed was 5 rnm/sec, and a He 

shielding gas was used at a source pressure of 5x 104 Pa indicated on the pressure 

gauge. 

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

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

for all the experiments was less than ±I%, each of the data points plotted in the graph 

in this thesis is the average of 3 values. The error is not significant and is hardly seen. 

Thus, the error bars are omitted in most of the cases for clarify. 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 weldina. the 

workpicccs wcrc sectioned, moulded, polished, etched (2 17c nitah and photographed. 

To quantify the weld quality, the hardness profiles vverc measured, with a Reichiert 
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154155 Vicker's hardness testing machine. transverse along the \\eld direction and as a 
function of depth. A Instron tensile tester machine with a cross-head speed 

0-5 mm/s 

was used to measure the tensile strength along the weld 'oints. The weld depth and bead IjI 
width were measured using a Mitutoyo PJ-300 profile projector. The welds \\ere 

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 (TI 

and T2) were arranged adjacent to each other at the beginning of the weld, see Figure 

3.26, and the other two thermocouple wires J3 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 Joints. The hardness 

measurements for both the normal and post-heated welds were made across the weld 

and as a function of depth at the weld centre. The extent of the material affected by the 

different welding processes was determined by their hardness profiles, examination of 

the microstructure, tensile tests, and measurement of the weld width, weld depth and 

weld volume formation rate. Figures 3.27 and 3.28 show the percentage reduction in 

the peak hardness for the post-heated samples relative to the normal weld at different 

PRFs and pulse widths transverse across the weld region. The laser power was 200 W 

(pulse energy from 33 J to 22.2 J, and pulse repetition frequency (PRF) from 6 Hz to 9 

Hz respectively) for the normal welding. For the post-heating geometry, the laser power 

(285 W) was split in the ratio of 7: 3 (weld: post-heatin., a). 



For the normal weld configuration, the hardness profile was attributed to the rapid 
cooling rate which produced poor mechanical joints due to the hardne,,,, discontinuities. 

The effect of PRF on the peak hardness reduction can be seen in Figure 3.27. 

Interestingly, increasing the PRF showed a lower percentage reduction in peak hardness 

relative to normal weld. There was a slight decrease in peak hardness from 6 Hz to 7 

Hz, and the percentage of hardness reduction decreased further above 7 Hz. For a PRF 

of 6 Hz, there was nearly 50.5 % reduction in peak hardness transverse across the weld, 

and the percentage of hardness reduction was greatly reduced to 18.8 1ý1'-, for a PRF of 9 

Hz. From Figure 3.28 shows the dependence of the percentage reduction in the peak 
hardness of the weld at different pulse widths, it is seen that the percentage reduction in 

the peak hardness was independent of the pulse width over the range of values 

investigated. The average percentage reduction in the peak hardricss of the weld was 
55.8 %. Post-heating of the workpiece was more effective in improving the weld 

hardness characteristics than the normal weld-, this is illustrated clearly by Figures 3.27 

and 3.28. Post-heating produced lower hardness profiles relative to the normal weld; 

and hence, with reduced non-uniformities in the hardness profiles, the likelihood of 

cracking, when subjected to cyclic loading, was reduced. 

The hardness profiles as a function of depth can be seen in Figures 3.29 and 3.30. 

Figure 3.29 shows the variation in the depth-hardness for different pulse widths, and 

Figure 3.30 shows this variation for different PRI's. With the normal weld geometry, 

the hardness decreased with depth into the sample. In general, for a given depth, the 

hardness reduced with increasing PRF and pulse width. Interestingly, the post-heating 

technique produced a uniform hardness transverse across the weld and along the weld 

depth. 

3.2.3.2 Tensile Test 

Tensile tests were performed, at a crosshead velocity of 0.5 mm/sec, to determine the 

mechanical properties of the welds done with both geometries. Figure 3.31 shows the 

-ength, which resulted in failure of the butt wAded joints, as a function of pulsc tensile sti . 11 
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width. For a post-heating weld. the tensile strength increased from 105.11 MN /MM2 to 
128.63 MN/mm 2 for a corresponding pulse width from 6 m.,, to 1-1 ms. No full 

penetration was achieved in this case. It can be seen that the tensilc strength was areater 
for the welds done with the post-heating geometry. For post-heating. the tensile strength 

increased with pulse width. Whereas for the normal welds no full penetration ýas 

achieved over the range of pulse widths investigated, the tensile was greatly 

M2, for an increase the pulse width from 6 rns to increased from 16.53 to 53.33 MN/m I 

8 ms. However above 8 ms, the tensile strength increased with pulse width. For a pulse 

width of 12 ms, the tensile strength was 128.83 MN/mm 2 for the post-heated weld and 
2 81.86 MN/m m for the normal weld. This represents an increase in the tensile strength 

of 57.3 % for the partial welds. In all cases, no penetration welds wcre achieved with 

both normal and post-heating geometries. From Table 2.1 the ultimate tensile strength 

of the base material was 586.2 MN/mm 2. The strength of ývclclecl samples was 

considerably lower than this value for both normal and post-heated wcId geometries. 

It is apparent from Figure 3.32 that the percentage difference in tensile strength for the 

post-heating and normal weld geometries, is clearly observed that the difference in 

tensile strength falls with increasing pulse width, for both single and dual beam systems. 

The greatest difference in tensile strength was observed at 6 nis. This drop in the 

percentage difference is due to the rise in the tensile strength for pulse widths above 6 

ms, as shown in Figure 3.31. 

The effect of PRF on the tensile strength can be seen in Figure 3.33. Interestingly, 

increasing the PRF reduced the tensile strength for the post-heated welds, but slightly 

increased the tensile strength for the normal welds. For the post-heated welds, the 

reduction of strength is due to the slight spatter loss on the top of the fusion zone, when 

the two beams overlapped each other. Toru et al [3.1 ] reported that a drastic increase in 

the power density would be harmful to the keyhole balance after the keyhole formation 

by a pulsed laser bearn under this condition. In all cases, both normal and post-heated 

welds, no full penetration was achieved with Lin increasing PRF from 6 to 8 Hz. When 



the PRF was increased from 6 to 8 Hz, the tensile stFength decreased from 1-)8.4 

MN/mm 2 to 109.2 MN/mm 2 and no full penetration was achie%ed, for the post heated 

weld. Whereas, for the normal weld, no full penetration was achieved for a 

corresponding increase in the PRF from 6 to 8 Hz but a full penetration weld was 

achieved with a PRF of 9 Hz, and in this case the tensile strength,, were 56.4 MN/mm- 

and 100.3 MN/mm 2, for the normal and post-heated welds, respectively. This difference 

in tensile strength was at a minimum for a PRIF of 9 Hz and here the difference was 43.8 

%, relative to the normal weld. The maximum difference in tensile strength was about 
65 %, this was observed at a PRF of 7 Hz. The strength of the \\,, elded samples was 

considerably lower compared to the ultimate tensile strength of the base material shown 

in Table 2.1, indicating the difficulty of welding high carbon steels. However, in all 

cases, the tensile strength was greatest for the post-heated welds, and the strength of the 

welded samples was significantly improved. 

Figure 3.34 shows that the percentage difference in tensile stren-th for the different 

beam geometries as a function of pulse repetition frequency was largest at a PRF of 7 

Hz. From Figure 3.33, it is clearly seen that above 7 Hz, the tensile strength for the 

post-heated weld fell rapidly, and slightly increased in strength for the normal weld. 

This leads to a reduction in the percentage difference in tensile strength for the different 

beam geometries with PRF above 7 Hz (Figure 3.34). From Figures 3.31 and 3.33, it 

can be seen that for the post-heating geometry, the weld strength was superior to the 

normal weld geometry for the range of parameters investigated. 

3.2.3.3 Aspect Ratio 

The aspect ratio for both the normal and post-heated laser welds was found by dividing 

the weld penetration by the weld width. The dependency of the aspect ratio on the PRF 

and pulse width is shown in Figures 3.35 and 3.36. Figure 3.35 shows that for the 

normal and post-heated weld, the aspect ratio increased with the PRE Compared to the 

normal weld process, the aspect ratios for the post-heated welds %"'Cre higher because of 

the deeper penetration. 
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It can be seen in Figure 3.36 that the aspect ratio generally increascd with the puke 
width for the normal welding process. This is due to the higher penetration that was 
achieved with the normal welding over the entire range investigited. Whereas, for the 

post-heated welds, the aspect ratio decreased with increasing pulse width. For an 

increase in pulse width above 8 ms, the aspect ratio remained con.. "tant for the post- 
heating geometry compared to the normal weld because of the wider bead width. 

3.2.3.4 Weld Beads 

In Figure 3.37, where the weld width is plotted as a function of the pulse width for both 

weld geometries, it is seen that the weld width increased with pulse width for both the 

normal and post-heated welds. In all cases, however, the weld width was greatest for 

the post-heated welds. From Figure 3.38, which shows the dependency of the weld 

width on the PRF, it is seen that the weld width slightly reduced with increasing 
frequency for the post-heated welds and increased for the normal weld geometry. 

3.2.3.5 Rate of Formation of The Weld Volume 

The rate of formation of the weld volume was taken as the product of the weld width, 

weld depth, and the translation velocity (5 mrn/s) for the normal and post-heated welds. 

The dependency of the weld volume formation rate on the pulse width for the normal 

and post-heated geometries can be seen in Figure 3.39. 

For the normal weld geometry, the weld volume increased with pulse width, whereas for 

the post-heated welds, the weld volurne was independent of the pulse width over the 

range of values investigated. For pulse widths below 10 ms, the weld volume formation 

rate was greatest for the dual-beam geometry. For the pulse widths above 10 ms, the 

weld volume was greatest for the normal weld geometry. For the normal weld geometry 

and pulse width of 6 ms the weld formation rate was 3.13 mm 3/S. this increased by 77 % 

to 5.55 MM3/S for a pulse width of 12 ms. The average volume forniation rate for the 

post-heated welds wýis 4.34 MM3 /, S. 



The calculated volume formation rates at different PRFs for the normal and post-heating 

welds are shown in Figure 3.40. The volume formation rate increased with PRF for the 

normal weld geometry, and stayed practically constant for the dual beam deliVei-V 

system. For a PRF of 6 Hz, the weld formation rate was 3.36 mrn 3/ for the normal weld 

geometry and this increased by 86 '/( to 6.26 mm 3/S for a PRF of 9 Hz. Foi- the post- 
heated geometry, the average weld formation rate was 5.46 mm- l Isec. 

3.2.3.6 Microstructure Study of The Welds 

The microstructure of the welded specimens was examined in the HAZ, the fusion zone 

and the base material. Figure 3.41 shows a typical normal laser weld that had not 

received any in-line post-heating. The crack formation is evident at the top of the fusion 

zone. The centre-line cracking in the weld region is dependent on the cooling pattern of 

the weld metal. Since the parent metal is much cooler, thus, the weld solidifies inward 

which means that the centre of the weld is last to solidify and is thus much weaker at the 

temperature at which cracking occurs. The cooling speed is much faster at the fusion 

zone rather than at the heat-affected zones of the welded samples. The austenite 

transforms to fine martensite rapidly and some retain to room temperature, thus, the 

microstructure of the weld region is mainly fine martensite, retained austenite and finely 

dispersed carbides. Indeed, the shift of the Ms temperature towards lower values with 

the increase of carbon content may induce the proportion of martclisite form in the weld 

region. Figure 3.42 shows the effect of post-heating the samples with the same laser 

parameters as the normal weld. Quite clearly, no cracking was observed, agrees with 

the experimental results reported by Byer et al. [3.24], see Section 3.2.1. Figures 3.41 

and 3.42 show a typical picture of the fusion zone for a normal and post-heated welds, 

for a pulse width of 6 ms and PRF of 10 Hz. Additionally, the post-heated weld 

specimen exhibited a complex transformation structure in different layers of banding 

comprising a heat-affected zone at the junction between the weld and parent metal, 

Figure 3.43. Also a normal weld interface between the weld and parent metal was 

shown in Figure 3.44. The fusion zone consisted of a martensitic structure because of 

the rapid cooling rate, thus, the grain structure was smaller in the l'usion zone and Z71 
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coarser near the heat affected zone, as shown in Figure 3.45. Gos\ýami et al. [3-281 

observed the effect due to the different rates of cooling between both of these 1-caion,. 
Figure 3.45 shows a typical picture of a fusion zone, for the normal weld, that had not 

received any post-heating, and the coarse grain consisted of finek, dispersed carbides 

and martensites were observed. Due to the weld thermal cycle, the structure was, 

completely modified at the fusion zone. Figure 3.46 shows the fusion zone for a typical 

post-heated weld. Here, the grain structure in the fusion zone was transformed to a fine 

and granular grain. With the dual beam system, the cooling rate was- rather slow and the 

temperature gradient decreases. Furthermore, the austenite mav transform to fine 

pearlite when the cooling speed is slow, and the quantity of martensite may decrease. In 

general, the post-heated weld geometry reduced the rate of cooling and also promoted 

the formation of fine grain boundary, this resulted in forming a favorable mechanical 

structure as similarly reported by Diehl et al. [3.29]. 

3.2.3.7 Temperature Profile 

A simple model was generated, discussed in Appendix A, to investigate the mechanism 

of heating and cooling rate of the welded sample. The relative temperature of the gauge 

plate during the weld process was monitored. Figures 3.47 and 3.48 show the 

temperature profiles that were measured for the normal weld configuration for pulse 

widths of 6 ms and 12 ms, respectively, with a total laser power of 200 W. 

Measurements were taken near the beginning (TI and T2) and end J3 and T4) of the 

weld with four thermocouples attached to the surface of the specimen. These 

temperature values were normalised. As the beam made its closest approach to the 

thermocouples, the temperature quickly rose at the positions of TI and T2, the 

temperature peaked and then decayed as the beam passed. As the beam approached the 

positions of T3 and T4, the temperature rose to a greater value for T3 and T4 because 

the integrated input energy was greater near the end of the weld. The weld was 

completed after 13 seconds. With a pulse width of 12 ms a wider weld width and higher 

temperature profile was observed. Figure 3.49 shows the measured temperature 

variation for the post-heated weld with a pulse width of 12 ms. Here the profiles ývcre 
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more complex, and a secondary rise in temperature was observed. this can be attributed 

to the post-heating beam. From these temperature profiles, it is apparent that %%ith the 

post-heating technique the temperature dropped at a slower rate than with the normal 

weld geometry. The post-heating technique produced a non-uniform and wider 

temperature profile than the normal weld geometry, and this led to a slower ratc of 

cooling. The spatial hardness discontinuities are dependent on the temperature 

distribution during the welding process. Moreover, different bearn delivery systems and 

laser process parameters will lead to different rates of heat transfer characteristics, grain 

size and ultimately to different weld characteristics. 

3.2.4 Conclusions of Nd: YAG laser welding with in-line post-heated process 

The laser weld quality of high carbon steels was investigated for two different beam 

geometries and a range of laser parameters. The beam geometries comprised a single- 

beam and dual-beam delivery system. The weld quality was quantified by: measuring 

the sample's hardness profile transverse to the weld direction and as a function of depth, 

examination of the microstructure, measurement of the tensile strength, weld width, 

aspect ratio and weld volume formation rate. 

The hardness profiles were measured transverse to the weld direction, the hardness 

decreased with increasing PRF and pulse width for both weld geometries, however, the 

hardness gradients were less for the post-heated welds. The greatcst peak hardness was 

reduced by nearly 50.5 % for a PRF of 6 Hz for a post-heated weld, and a lower 

reduction in the peak hardness was achieved by increasing the PRF to 9 Hz. It is evident 

that the hardness profile will be dependent on the thermal distribution around the fusion 

zone. Moreover, in the present case, the peak hardness reduction was achieved with a 

dual-beam system, this is due to greater spatial overlap of the beam on the workpiece 

with the post-heating beam. This resulted in effectively reducing the rate of cooling of 

the fusion zone, resulting in a less brittle weld, and it is clearly illustrated that the 

secondary rise in temperature attributed to the post-heating beam. However, post- 

heatin- the sample was effective in improving the weld hardness profiles across the 
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weld region, and this greatly reduced the likelihood of cracking ý\ hen subjected to c\ Clic 
loading. The hardness as a function of weld depth was greatly reduced with increasing 
pulse width and PRF, for both normal and post-heated weld geometries. The hardnes.. I., 
did not differ significantly as a function of depth for the post-heated geomctrý for a 

given pulse width or PRF. For a given depth, however. the hardness reduced with PRF 

and pulse width. For the normal weld geometry, the hardness reduced with depth into 
the sample, and for a given depth the hardness reduced with increasing PRF and pulse 

width. 

The tensile strength was greatest for the annealing, geometry and increased with pulse 

width. For a pulse width of 12 ms, a partial weld was achieved for both systems but the 

tensile strength was over 57 % greater for the dual-beam delivery system. The 

maximum difference in strength was 84 %, for a pulse width of 6 ins, and the difference 

in tensile strength decreased with an increase in pulse width to 12 ms. The tensile 

strength reduced with increasing PRF for the dual-beam delivery system, but slightly 
increased for the normal weld. Thus, the strength of welded samples showed 

considerable improvement for post-heated weld treatment. In general, the welded joints 

are weakened more by the weld discontinuities. It could therefore be expected that the 

rapid cooling rate affects the mechanical properties of the resultant joint either by 

causing a loss of tensile strength, and an increase in hardness between both fusion and 
heat affected zones. The strength of the welded samples was considerably lower than 

the parent metal for both normal and post-heated weld geometries, most of the plastic 

strain occurs in the weld. Thus, the strength of the welded samples show considerable 

improvement for the post-heated weld treatment. 

For post-heated welds, the aspect ratio decreased with increasing pulse width from 6 to 

12 ms because of the increase in the bead width. This is due to the weld width increase 

with pulse width, and wider weld bead produced for the post-heated welds. 
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The rate of formation of the %keld volume was independent on the pulse width for the 

post-heated welds but increased with pulse width for the nornial weld geometry. 
Interestingly, for pulse widths above about 10 m. s. the weld volume formation rate waý' 

greatest for the normal weld geometry. The formation rate increased by about 77 ý'c 

from 3.13 to 5.55 mm 3/S for the normal beam geometry when the pulse width was 
doubled from 6 to 12 ms. Whereas the average weld volume formation rate for the post- 
heated welds was 4.34 mrn. 3/S 

. 
The formation rate was approximately constant for the 

dual-beam delivery system for different PRF, but for the normal weld geometry the 
formation rate increased. 

For the post-heated welds, martensitic structures were observed in the fusion zone and a 

complex grain transformation was observed in the heat affected zone. For an increased 

pulse width, the structure was completely modified at the fusion zone. These effects 

were consistent with the observed physical parameters of the weld quality. For the post- 
heated welds, the microhardness decreased gradually due to the reduction of martensite, 

and the cooling rate was greatly reduced which lead the grain structure in the fusion 

zone to transform to a fine and granular grain. The change of microstructure is 

responsible for the variation of microhardness transverse to the weld region and along 

the weld depth. 

The temperature profiles measured for the different beam geometries can be used to 

explain the observed characteristics of the laser welded specimens. The rate of cooling, 

for example, was slower for the dual-beam delivery system. This leads to reduced 

hardness profiles and an increased tensile strength. Moreover, increasing the pulse 

width reduced the rate of cooling and increased the tensile strength. 

The effects of the laser parameters and two different beam geometries on the laser weld 

quality have been investigated. The weld characteristics were consistent with the 

temperature history of the samples. 
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3.3 Nd: YAG laser welded high carbon steel *N, ith in-line pre-heated process 

3.3.1 Introduction 

Heat treatment of materials with lasers. especially during welding process has gained 
importance in recent years. Advantages of laser welding over convcntional welding such 

as tungsten inert gas and arc welding, include: faster process speed, lower distortion and 

precise welding was reported by Zheng et al. [3.30]. To increase the depth of a rnelt 

zone it is necessary to understand the interaction between the laser beam and the 

workpiece. During laser welding, a cavity or keyhole is created that enhances the 

energy transfer from the laser beam to the material. The keyhole i" surrounded by 

molten metal and as the laser beam moves relative to the workplece the molten pool 

solidifies and the weld is formed. The speed of formation and maintenance of the 

keyhole is essential to maintain the weld quality. A model was developed by Kroos et 

al. [3.3 1] to control the penetration depth in a welding process; this depends on the laser 

beam intensity and the material's properties. For a high laser intensity, a plasma may be 

generated that shields the workpiece, therefore reducing the energy coupled into the 

material. Poueyo et al [3.32] and Behler et al [3.33] studied the dependency of the 

quality of the weld on the laser beam parameters, and they concluded that the plasma 

which is strongly influenced by the use of assist gases. 

Abdullah et al. [3.34] made an experimental study to lpvestigate the high cooling rate 

occurs in the fusion region via conduction to the surrounding material during laser 

welding; this allows untempered martensitic structures to form in the fusion zone was 

reported by Metzbower et al. [3.35]. Major et al. [3.36] suggested that we must quantify 

the weld quality dependence on the laser variable process parameters, material 

properties and environmental conditions. Thus, to eliminate poor weld characteristics, a 

pre-heating technique can be used to control the sample's phase transition properties 

and the high rate of cooling. Moon [3.37] concluded that, to lower the hardness of the 

welds, preheat or post-heat treatment can be done by a simple additional pass over the 

weld followina the first pass. I- 
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and economical wa\ of heat treating Thus, this is a very a welded sample 

compared to conventional process. Brenner et al. [3.38] La\, e a brief explanation of a 

novel technique on the first industrial application of laser InductIon welding, for 

instance: laser induction welding of a car drive shaft, the production of tailor blank- for 

light weight structures and gear components as well as motor accessories. Most of the 

beneficial effects of heat-treatment can be attributed to specific solidification structures. 

The analysis contained herein compare the weld quality for normal laser welding and 

those welded with a pre-heat treatment. The results are quantified by measuring the 

weld depth, weld width, hardness characteristics and tensile strength. 

3.3.2 Welding and Analysis 

A Lurrionic's MS830 Nd: YAG laser (1.06 ýtm), with a maximum output power capacity 

of 400 watts was used to weld 0.88 mm thick high carbon steel gauge plate. In the 

present case, the dual beam fibre optic delivery system was used to achieve in-line 

process heat treatment with a constant power of 285 watts as, discussed in previous 

Section 2.2 -see Figure 2.2. In the case of pre-heating, the laser power was divided so 

that 70% was coupled to the weld beam and 30cl, - was directed into pre-heating. The 

weld beam diameter was 2 mm and the pre-heating beam diameter was 20 mm. 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 re-heating of gauge plates, respectively. This processing method was designed to 

heat the material before welding with the main beam. High carbon steel gauge plate, 

with the same nominal composition as discussed in Section 3.2.2 was used. After 

welding, the workpieces were sectioned, moulded, polished, etched (2% nital) and 

photographed. In all cases, the errors observed for all the experiments was less than + 

1.3 %, each of the data points plotted in the graph in this thesis is the average of 3 

values. The error is not significant and is hardly seen. Thus, the error bars are omitted 

in most of the cases for clarify. To quantify the weld quality, the hardness profiles were 

measured, with a Reichiert 154155 Vicker's hardness testin- machine, transverse along 

the %\, cld direction and as a function of depth Furthermore, an In,, tron tensile tcster 
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machine was used to measure the tensile strength along the weld joints with a cros, '- 
head speed 0.5 mm/sec. The weld depth and bead were measured u"Ing a Nlitutoyo PJ- 

300 profile pr *ector. The welds were inspected both visually and using an o. cal 01 t) pti 

microscope to study weld defects, cracks and the microstructure in the weld reaion. The 

parameters used in this experiment for normal welding and the two beam weld geonletry 

are listed in Table 3.2. To monitor the relative temperature between the main and the 

pre-heated beam, temperature measurements were taken throughout the experiments 

with four thermocouple wires attached onto the specimen surface, -1 mm away from the 

weld region. Two thermocouple wires (T I and T2) were arranged adjacent to each other 

at the beginning of the weld, and the other two thermocouple wires J3 and T4) were 

arranged adjacent to each other at the end of the weld, this was the same as for the post- 

weld heat treatment, as shown in Figure 3.26. 

3.3.3 Weld Characteristics 

3.3.3.1 Hardness profiles 

In all cases, the Vicker's hardness tests were performed as a function of depth and 

transversely across the heat-affected zone, fusion zone and base rnetals. The laser 

power for welding was 285 W (including the pre-heating geometry ýIs well). Figure 

3.50 shows the hardness profiles across the weld for the pre-heating and normal welding 

configurations and different pulse repetition frequencies (PRF). The hardness gradient 

decreased with increasing PRE By comparing both weld geometries, it is seen that the 

pre-heating system produced a lower hardness gradient in the fusion zone and heat- 

affected zone. This resulted in a reduction in the peak hardness from 568 kg/mm 2 to 

521 kg/mm 2 with an increase in the PRF from 6 to 9 Hz. It was seen that for the normal 

weld the corresponding peak hardness reduced from 1415 to 747.6 kg/mm 2. The 

hardness was significantly reduced by 59.9 % for a PRF of 6 Hz from 1415 to 568 

k g/MM2 . At 9 Hz, the reduction was 30.2 %. Figure 3.51 shows the hardness profiles 

across the weldment for different pulse widths, for both weld geometries. Using a 

preheating beam produced a less brittle weld and this weld geometry was more effective 

in decreasinc, the vveld hardness characteristics than the normal wclding configuration. Z71 In 17 
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From Figure 3.51, the preheating configuration resulted in a reduction in peak hardnes 
2 from 651.6 kg/m m to 53 1.8 kg/mm2 with an increase in the pulse \\ idth from 6 to 9 ms. 

It was seen that the normal welding gave the greatest reduction in the peak hardness 

from 1839.6 to 1278.2 k g/MM2 with the same in increase pulse width. In both cases, for 
2 6 ms the peak hardness was greatly reduced by 64.6 11-c from 1839.6 to 651.6 kg/mM for 

the normal and preheated welds respectively. For a pulse width of 1-1 ins the reduction 

was 58.3 1/0. This results confirmed that, a dual pass welding produced a less brittle 

weld, this correlates well with the work done by Moon [3.37]. 

In all cases, it is seen that the Vicker's hardness was much greater for the normal welds 

than the preheated welds and that the heat-treatment process was effective in reducing 

the hardness discontinuities. For the normal weld, non-uniform hardness in the welds 

lead to poor mechanical properties. Figures 3.52 and 3.53 show the percentage of 

reduction in the peak hardness for the preheated weld relative to the normal weld at 

different PRFs and pulse widths, respectively. As the PRF was increased from 6 to 8 

Hz, the difference in the peak hardness reduction for the normal welds and treated 

welds, became lower; this difference was greatest at the lowest PRF of 6 Hz. Figure 

3.52 shows that there was nearly 59.9 17c reduction in the peak hardness for a PRF of 6 

Hz of the preheated weld. Interestingly, increasing the PRF above 8 Hz, there was a 

slight increase in the peak hardness reduction from 30 % to 30.2 %. 

Frorn Figure 3.53 shows the dependency of the reduction in the peak hardness of the 

weld at different pulse widths. It is seen that the percentage reduction in peak hardness 

was slightly increased and decreased, for the pulse width frorn 6 ms to 10 ms, 

respectively. The average percentage reduction in the peak hardness of the weld was 

65.1 %. Quite clearly, the reduction in the peak hardness decreased from 64.8 % to 58.3 

%, for the pulse width from 10 ms to 12 ms. As the pulse width increased, pre-heating 

the sample was more effective in improving weld hardness characteristics than the 

normal weld geometry-, this is illustrated clearly Figure 3.53. As the pulse width was 

increased, the greatest reduction in the peak hardness at the fusion zone was achieved. 
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Hence, with reduced non-uniformities in the hardness profile,, the likelihood of 
cracking, when subjected to cyclic loading was reduced. 

Figures 3.54 and 3.55 show the variation of hardness as a function of depth. for both 

weld geometries, for different pulse widths and PRE From these fILures and for a , i%'Cn 

PRF and pulse width, it is seen that for the normal weld the hardness decreased 

significantly with increasing pulse width and PRF. For a given pulse width or PRF, the 

preheating geometry showed no significant change in the hardness as a function of C) 
depth. However, for a given depth, the hardness decreased with increasing pulse ý'k'idth 

and PRF. In general, the preheating process produced a uniform hardness along the 

centre of the fusion zone, these results are similar to the post-weld heat treatment - see 

Section 3.2.3.2. Foley et al. [3.39] reported on the softening effect of dual pass laser 

weld on armor plates, the effect of second pass weld resulted in a slight reduction of 

hardness from the top and bottom of the fusion zone. 

3.3.3.2 Tensile test 

The weld beads for all samples were machined and tested in the transverse direction. 

Tensile tests were performed, at a crosshead of 0.5 mm/sec, to determine the mechanical 

properties of the welds done with both geometries. All failures occurred in the fusion 

zone; this confirms the hardness results discussed previously. Figure 3.56 shows the 

tensile strength as a function of pulse width for normal and preheating geometries. It 

can be seen clearly that the pre-heating configuration produced the welds with greatest 

strength. In all cases, the tensile strength increased with increasing pulse widths. 
Furthermore, for the preheating geometry, the tensile strength was 117.83 MN/mm 2 for 

12 ms and for the normal welding with the same pulse width, the tensile strength was 
81.86 MN/mM2 . This represents difference in tensile strength of 30.5 %. 

It is apparent from Figure 3.57 that, as the pulse width was increased, the difference 

between the tensile strength for the normal weld and pre-heated weld, became less. The 

maximum tensile strength of 75.3 %, that was observed at a pulse width of 6 ms, for the 

pre-heatcd samples. The rate of percentage difference in tensile sti-ength reduced greatly 
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with increasing the pulse width from 6 to 12 rns. Hoývevcr. the minimum difference in 

tensile strength was observed at 12 ms for both normal and pre-heated weld. 

The effect of PRF can be seen in Figure 3.58, for both normal and preheating 

geometries. Interestingly, the PRF increased with the tensile s'trenLtII for both cascs. 
However, the tensile strength was greatest for the preheated welds. For all cases, the 

difference was minimum at 6 Hz. For the pre-heating geometry at 9 Hz. the tensile 

strength was 84-44 MN/mm 2 and for normal weld the maximum strength was 5-5 

MN/mm 2. The tensile strength was increased by 53.5 %. 

Figure 3.59 shows the maximum and minimum difference in tensile strength, for the 

normal and pre-heated welds. Increasing the PRF from 6 to 7 Hz resulted in a 

significant increase in tensile strength by 36.8 for the pre-heated weld. For an 

increase in PRF from 7 and 8 Hz, a slight decrease between tensile strengths was seen. 
Moreover, above 7 Hz, the difference in tensile strength between the normal and pre- 
heated weld increased. 

3.3.3.3 Aspect ratio 

The aspect ratio for both normal and preheated laser welds was taken as dividing the 

weld penetration by weld width, and the dependency of the aspect ratio on PRF and 

pulse widths are shown in Figures 3.60 and 3.61, respectively. Figure 3.60 shows that 

for the normal welding process, the aspect ratio increased with the PRE Whereas, at a 

higher PRF, the pre-heated weld produced a wider weld bead than normal weld, this 

resulted in a lower aspect ratio as compared to the normal weld process. Thus, it can be 

seen clearly that the aspect ratio decreased with increasing PRF for the pre-heated 

welds. Despite the lower aspect ratio, for the pre-heated weld geometry, there was an 

increase in the weld width which resulted in an increase in the tensile strength at a 

higher PRE 
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It can be seen in Figure 3.61 that the aspect ratio increased with the pulse width from 6 

to 10 ms for the normal welding. This is due to the narrow weld bead achieved in the 

normal welding process over the range of laser parameters investigated. For pre-heated I 
welds, the aspect ratio decreased with increasing pulse width. Moreover. a wider %ý. eld 

width was produced by the pre-heated weld; this resulted in a lower aspect ratio as 

compared to the normal weld. 

3.3.3.4 Weld beads 

Figure 3.62 shows that the weld widths for preheating were -FeateF than those for 

normal weld configuration. For both geometries, the weld widths increased with 

increasing pulse widths. The smallest difference between both geornetries occurred for 

6 ms and the greatest difference occurred for pulse widths of 12 ms. Figure 3.63 shows 

the effect of weld widths for different PRE for the normal and preheating 

configurations. The minimum difference in the weld width occurred at the lowest PRE 

and the maximum difference occurred at the highest PRE From the range of parameters 

investigated the weld widths increased with increasing PRE In all cases, for the pre- 

heated welds, the weld bead was greater than with the normal weld, these results agree 

with the report made by Chung et al. [3.40] in that the pre-heating technique produced a 

wider weld bead. 

3.3.3.5 Weld penetration 

Figure 3.64 shows the weld penetration for normal and preheating configuration as a 

function of pulse widths. Interestingly, over the range of pulse widths investigated, the 

weld width increased with increasing pulse width from 6 ms to 12 ms. For the 

preheating, geometry, there was no significant difference in the weld penetration. 

Figure 3.65 shows the effect of weld penetration as a function of PRF, for the normal 

weld configuration the penetration depth increased with PRF. For the preheating 

geometry, the weld depth remained constant throughout the range of parameters 

investigated. 
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3.3.3.6 Rate of formation of weld volume 

The rate of formation of weld volume was found by multiplying the product of the %% eld 
width and weld depth by the translation velocity of 5 mm. /sec. The weld volume rate of 
formation for different pulse widths was calculated, for the normal and pre-heated weld 
geometries, the results are shown in Figure 3.66. The rate of formation of the %veld was 

greatest for the preheating geometry, and in both cases it increased with pulse width. 
For instance, for a pulse width at 6 ms the weld formation rate was 7.35 mm 3 /sec and 
3.13 mm, 3/sec, for the normal and preheating geometries, respectively. The effect of 
PRF on the weld volume formation rate is shown in Figure 3.67 Again, the formation 

rate was greatest for the preheating geometry, and in both cases it increased with PRE 

For example the weld formation rate increased by 19 II-c for the preheating geometry for 

an increased in PRF from 6 to 9 Hz. 

3.3.3.7 Temperature profiles 

The temperature distribution along the welded gauge plate was measured. Figures 3.68 

and 3.69 show the temperature profiles for the normal weld configuration for pulse 

widths of 6 ms and 12 ms, respectively. Measurements were taken at the beginning (TI 

and T2) and end J3 and T4) of the weld region, four thermocouples were attached to 

the surface of the specimen. The temperature measurements were normalised so that the 

highest value was unity. By comparing Figures 3.68 and 3.69, a significant difference 

in the peak normalised temperature occurring at the beginning and end of the weld is 

seen. With a pulse width of 12 ms, a wider width was produced and a corresponding 

higher normalised temperature profile at the end of the weld. Figure 3.70 shows the 

peak temperature for a pulse width of 12 ms for the preheated weld. With the 

preheating technique, the temperature reduced at a slower rate than with the normal 

weld, and it produced a wider and higher normalised peak temperature than the normal 

weld configuration at the beginning and end of the weld. In general, it was observed Z: ) 

that the normal weld produced a uniform temperature profile but the preheating 

technique developed a non-uniform and wider temperature profile, this Creometrv leads t: ' - 
to a slower rate of cooling. The spatial hardness discontinuities are dependent on the I- 
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temperature distribution during the welding process. Moi-cmcr. different welding 

techniques and laser parameters will lead to different heat transfer characteristics and 

ultimately to different weld characteristics and grain size. There are two possible 

sources of error in the temperature measurement. The repeatability in the placernent 

accuracy of the thermocouple is difficult and the spatial error may be up to I mm. 
However, in this work it is the relative shape of the temperature profile that is of interest 

and not the absolute temperature. 

3.3.3.8 Microstructure study of fusion zone 

Figure 3.71 shows a picture of a typical normal laser weld that had not received any 
heat treatment. No evidence of micro-cracks was found in the fusion zone for the 

normal and preheating geometry. During welding the temperature around the weld was 

greater than the materials melting point, this inevitably leads to the formation of 

relatively coarse grain in the fusion zone. Moreover, the temperature dropped sharply 

with increase in distance from the heat-affected zone, and a finer grain size was 

produced in the heat-affected zone. For all cases, the main fusion region consisted of a 

martensite, dispersed carbides and retained austenite. This results from higher 

solubilities of carbon content, and supercooling of the high temperature from the 

austenite phase; this is caused by the high quenching rate associated with conduction of 

the heat to surrounding environment, Goswami [3.41]. Figure 3.72 shows the 

microstructure for the preheating geometry with the same laser parameters and 

translation velocity as shown in Figure 3.71. Here the grain size was finer in the fusion 

zone than that observed for the normal weld configuration. The appearance of this 

microstructure is reflected in the microhardness profile results, see Section 3.3.3.1. 

Figures 3.73 and 3.74 show significant differences between the weld beads, for the 

normal and preheating geometry. However, this shows that preheating the material 

before a weld permits more laser beam energy to couple into the weld region, this 

produced a wider bead and a finer grain structure in the fusion zone. 

ý, I 



3.3.4 Conclusion of Nd: YAG laser -, velding with in-line pre-heating process 

The investigation of the mechanical properties and mi I I icrostructure of welded high 

carbon steels have revealed more details about the pulse laser welding process and the 

possible advantages that can be achieved with preheating. The weld qualit% was 

investigated for different pulse widths and pulse repetition frequencies. and the results 

were quantified by measuring the hardness profiles, tensile strength, ýveld beads. weld 

penetration and thermal profiles, for both normal and preheating geometry. 

The hardness profiles measured transverse across the weld direction show in all cases 

that there was a greater peak reduction in the hardness, at the centre of the weld, for the 

preheating geometry. The peak hardness was reduced by 36.2 % for a PRF of 9 Hz, and 

increasing the pulse width to 12 ms gave a peak hardness reduction of 58.3 17c. 

However, this shows an effective significant hardness reduction can be achieved by 

increasing the pulse width for the preheating technique, a higher temperature profile was 

achieved for the preheating process with increasing PRF and pulse xidth. Moreover, 

the preheating geometry showed no significant change in the hardness as a function of 

depth. From the tensile test results, the annealing process produced a higher tensile 

strength at the butt joints than the normal welding. The difference in tensile strength 

between normal and pre-heated welds decreased with increasing pulse width. 

Interestingly, increasing the PRF and pulse width, resulted in a greater strength which 

lead to a lower aspect ratio for the pre-heated weld. Moreover, this produced a wider 

weld bead than the normal weld for different laser settings. A favourable structure 

appeared in the weld region for the preheating process. The evidence to support this 

result and the reduced cooling rate was shown in the thermal distribution profiles of the 

pre-heated weld geometry as compared to the normal weld configuration. 

3.4 Comparison between post-heating and pre-heating techniques 

The rate of cooling in the fusion and heat affected zones of laser welded high carbon 

steel was controlled by using a dual beam delivery system. The tempering process was t, - Cý 
done SIMUltaneously with propitious selection of pre-heating and post-heating the 



welded sample to control the rate of cooling and prevent a rapid quenching rate. Both 

approaches resulted in considerable improvement in the hardness profiles. Figures 3.75 

and 3.76 show the percentage of reduction in the peak hardness of the weld for the pre- 
heating and post-heating of the samples, for different pulse widths and PRFs. 

respectively. For the pre-heated samples, there was nearly more than a 60 % of 

maximum hardness reduction in the peak hardness at the lowest pulse width and PRE 

Additionally, the post-heated samples also achieved a maximum hardness reduction at a 

pulse width of 6 ms and PRF of 6 Hz. In all cases, as the pulse width and PRF were 

increased the difference between the Vicker's hardness of the normal, post-heated and 

pre-heating welds were compared to the hardness of the parent metal, and they became 

less; this difference was greatest for the pre-heated samples. Thus, pre-heating the 

sample was more effective in improving the weld hardness characteristics than the post- 

heating technique; this is clearly illustrated in Figures 3.75 and 3.76. 

However, the pre-heated welds produced a wider weld bead as compared to the post- 

heated welds, this resulted in a lower aspect ratio with the pre-heating technique 

compared to the post-heated welds as shown in Figures 3.77 and 3.78. Whereas, it can 

be seen clearly that the aspect ratio decreased with increasing PRF and pulse width, for 

the pre-heated weld. Due to the wider weld width which leads to a lower aspect ratio, 

the rate of weld formation rate was greatest for the pre-heated weld configuration. 

Figures 3.79 and 3.80 show that the weld volume formation rate increased with the PRF 

and pulse width, for both beam delivery configurations. 

For the post-heated welds, the mechanical strength of the joint is superior to that of the 

pre-heated samples as shown by the results in Figures 3.81 and 3.82. The post-heated 

technique had a hardening effect, and it also raised the tensile strength as compared to 

the pre-heated welds which produced a softer region in the HAZ, which was generally 

narrow. This softer region produced by the post-heated welds was restrained on both 

sides by harder material which opposed its deformation. For both approaches, the 

tensile strength increased with the pulse wl tý - 
idth, and the strength reduced with increasing 
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PRF for the post-heated weld, but slightly increased for the pre-heated weld. The 

spatter loss appeared above the fusion region which resulted in the reduction of the 

strength for a higher PRF. 
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Figure 3.1 Tensile strength as a function of pulse width 
(PRF: 10 Hz, translation velocity: 5 mnVs, Power: 200 W) 
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Figure 3.2 Tensile strength as a function of translation velocity Z7> 

(PRF: 10 Hz, pulse width: 10 ms, Power: 200 W) 
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Figure 3.3 Tensile strength as a function of PRF 
(Pulse width: 10 ms, translation velocities: 5 mm/s, Power: 200 W) 
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Figure 3.5 Microhardness across the weld for different pulse widths 
(Power: 200 W, PRF: 10 Hz, translation velocities: 5 mi-n/s) 
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Figure 3.6 Microhardness across the weld for different PRFs 
(Power: 200 W. pulse width: I Orns, translation velocities: 5 mnVs, ) 
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Figure 3.8 Microhardness as a function of weld depth for different pulse widths 
(Power: 200 W, PRFs: 10 Hz, translation velocity: 5 mm/s) 
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Figure 3.9 Microhardness as a function of weld depth for different PRFs 
(Power: 200 W, pulse length: 10 ms, translation velocity: 5 mm/s) 
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Figure 3.11 Weld depth as a function of pulse width 
(power of 200 W, translation velocity of 5 mm/s, and PRF of 10 Hz) 

0.9 

0.8 

0.7 
E 
E 0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

PRF (Hz) 

Figure 3.12 Weld depth as a function of PRF 
(power of 200 W. translation velocity 5 rnm/s, and pulse width of 10 ms) 
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Figure 3.13 Weld width as a function of translation velocity 
(power of 200 W, PRF of 10 Hz, and pulse width of 10 ms) 
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Figure 3.14 Weld width as a function of pulse width 
(power of 200 W, PRF of 10 Hz, and translation velocity of 5 mm/s) 
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Figure 3.15 Weld width as a function of PRF 
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Figure 3.16 Weld volume formation rate as a function of translation velocity 
(power of 200 W, PRF of 10 Hz, and pulse length of 10 nis) 
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Figure 3.17 Weld volume formation rate as a function of pulse length 
(power of 200 W, PRF of 10 Hz, and translation velocity of 5 mrYi/s) 
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Figure 3.18 Weld volume formation rate as a function of PRF 

(power of 200 W, Pulse length of 10 ms, and translation velocity of 5 mm/s) 

67 

89 10 12 
Pulse Length (ms) 

789 



, Vi 

At 

Figure 3.19 Crack evident shown on top of the fusion zone for a normal weld (Power 
for welding: 200 W, pulse length: 6 ins, PRF: 10 Hz, translation velocity: 5 nInI/s): x 

225 magnification 

IN I%/) 

Figure 3.20 No crack evident shown on top of the fusion zone for a normal weld Lý 
'on veloc*t. :5 (Power for welding: 200 W, pulse length: 12 rns, PRF: 10 Hz, translan 

rnn-i/s): x 225 magnification 
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Figure 3.21 Microstructure of fusion zone for a normal weld (Power for welding: 200 

W, pulse length: 10 rns, PRF: 6 Hz, translation velocity: 5 rnrn/s): x 225 magnification 
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Figure 3.22 Microstructure of fusion zone for a normal weld (Power fOFwelding: 200 

W, pulse length: 10 rns, PRF: 10 Hz, translation velocity: 4.5 mm/s): x 225 

magnification 

40, 
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Figure 3.23 Microstructure of fusion zone for a normal weld (Power for welding: 200 
,I W, pulse length: 10 rns, PRF: 9 Hz, translation velocity: 5 im-n/s): x -1-15 magnification L- 
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Figure 3.24 Microstructure of fusion zone for a normal weld (Power for welding: 200 
W, pulse len--, th: 10 ms, PRF: 10 Hz, translation velocity: 4 rnrn/s): x 225 

i gnification -na, I, 
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Figure 3.25 a Microstructure of fusion zone (left) and heat-affected zone (right) for a 
normal weld (Power for welding: 200 W, pulse length: 6 ins, PRF: 10 Hz, translation 

velocity: 5 mm/s): x 225 magnification 
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Figure 3.25 b Microstructure of heat affected zone (left) and base metal (right) for a Z71 
normal weld (Power for welding: 200 W, pulse length: 6 ms, PRF: 10 Hz, translation LI I- 

velocity: 5 mm/s): x 225 magnification 
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Table 3.1. Parameters for normal welding and post-heating welding 

Type Of 
Welding 

Power for welding 
Power for Post- 

heating (W) 

Pulse 
Width 
(ms) 

PRIF 
(Hz) 

Speed 
(mm/sec 

Pulse 
Energy 
(Joules) 

Peak 
Po-, ver 
(kW) 

Spot 
Size 

(mm) 

Pulse 
Shape 

Normal 200 6 10 5 20 3.3 2 Top hat 
Normal 200 8 10 5 20 2.5 2 Top hat 
Normal 200 10 10 5 20 2 2 Top hat 
Normal 200 12 10 5 20 1.7 2 Top hat 
Normal 200 10 6 5 33.3 3.3 2 Top hat 
Normal 200 10 7 5 28.6 2.9 2 
Normal 200 10 8 5 25 2.5 2 Top hat 
Normal 200 10 9 5 22.2 2.2 2 Top hat 

Postheating 200/85 6 10 5 20/8.5 3.311.4 2/20 Top hat 
Postheating 200/85 8 10 5 20/8.5 2.5/1-1 2/20 Top hat 
Postheating 200/85 10 10 5 20/8.5 2/0.9 2/20 Top hat 
Postheating 200/85 12 10 5 20/8.5 1.7/0.7 2/20 Top hat 
Postheating 200/85 10 6 5 33.3/14.2 3.3/1.4 2/20 Top hat 
Postheating 200/85 10 7 5 28.6/12.1 2.9/1.2 2/20 Top hat 
Postheati iil 200/85 10 8 5 25/10.6 2.5/1.1 2/20 Top hat 
Postheating - 200/85 

f 
to 9 5 22.2/9.4 2.2/0-9 2/20 Top hat 

Workpiece 
T4 

Thermocouple Wire 

T2 

Figure 3.26. Position of thermocouples attached to workpiece 
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Figure 3.27 Relative peak hardness reduction as a function of PRFs 
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Figure 3.28 Relative peak hardness reduction as a function of pulsc widths 
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Figure 3.29 Vicker's hardness as a function of depth for different pulse widths 
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Figure 3.33. Tensile strength for different PRFs 
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Figure 3.37. Weld Width for different pulse widths 
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Figure 3.39. Rate of formation of weld volume for different pulse widths 
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Figure 3.41 Microstructure of fusion zone for normal weld at a nia-111fication of 
x225 (for a pulse width of 6 ms, PRF of 10 Hz, lascr power of 200 W). CrackiM4 call 

be seen down the middle of the weld 

Fi, gure 3.42. Microstructure of fusion zone for post-heated weld at a rnagn f cation 
of x225 (for a Pulse width of 6 rns, PRF of 10 Hz, laser power of 285 W) 
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Figure 3.43. Microstructure of fusion zone (right), heat affected zone (centre) and 
base metal (left) for post-heated weld at a magnification Of x225 (for a pulse width 

of 6 rns, PRF of 10 Hz, laser power of 285 W) 
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Figure 3.44. Microstructure of fusion zone (right), heat affected zone (centre) and 
hase metal (left) for normal weld at a magnification Of x225 (for a pulse width of 6 

1ý 
ms, PRF of 10 Hz, laser power of 200 W) 
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Figure 3.45. MicrostrUCture of fusion zone for normal weld at a magnification of 
x225 (fora pulse width of 10 ms, PRF of 9 Hz, laser power of 200 W) 

Figure 3.46. Microstructure of fusion zone for post-heated weld at a magnification L_ 
of x225 (for a pulse width of 10 rns, PRF of 9 Hz, laser power of 285 W) 
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Figure 3.47 Normallsed temperature profile for normal weld with a pulse width of 6 
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Type Of 
Welding 

Power for welding / 
Power for Pre-heating 

(W) 

Pulse 
Width 
(ms) 

PRIF 
(Hz) 

Speed 
(mmIsec) 

Pulse 
Energy 
(joules) 

Peak 
Power 
(kW) 

Spot 
Size 

(nun) 

Pulse 
Shape 

Normal 200 6 10 5 20 3.3 2 Top hat 
Normal 200 8 10 5 20 2.5 2 Top hat I 
Normal 200 10 10 5 20 2 2 Top hat 
Normal 200 12 10 5 20 1.7 2 Top hat 
Normal 200 10 6 5 33.3 3.3 2 Top hat 
Normal 200 10 7 5 28.6 2.9 2 Top hat 
Normal 200 10 8 5 25 2.5 2 Top hat 
Normal 200 10 9 5 22.2 2.2 2 Top hat 

Pre-heating 200/85 6 10 5 20/8.5 3.3/1.4 2/20 Top hat 
Pre-heating 200/85 8 10 5 20/8.5 2.5/1.1 2/20 Top hat 
Pre-heating 200/85 10 10 5 20/8.5 2/0.9 2/20 Top hat 
Pre-heating 200/85 12 10 5 20/8.5 1.7/0.7 2/20 Top hat 
Pre-heating 200/85 10 6 5 33.3/14.2 3.3/1.4 2/20 Top hat 
Pre-heating 200/85 10 7 5 28.6/12.1 2.9/1.2 2/20 Top hat 
Pre-heating 200/85 to 8 5 25/10.6 2.5/1.1 2/20 Top hat 
Pre-heating 200/85 10 9 5 22.2/9.4 2.2/0.9 2/20 Top hat 

Table 3.2: Parameters For Normal Welding And Pre-heating Welding 
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Figure 3.50 Microhardness across the weld for different PRFs 
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Figure 3.51 Microhardness across the weld for different PRFs 
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Figure 3.52 Relative peak hardness reduction as a function of PRFs 
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Figure 3.54 Vicker's hardness as a function of weld depth for different pulse widths 
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Figure 3.55 Vicker's hardness as a function of weld depth for different PRF 
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Figure 3.56 Tensile strength as a function of different pulse width 
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Figure 3.58 Tensile strength as a function of different pulse width 
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Figure 3.72 The microstructure of fusion zone of pre-heated laser weld at a 
magnification of x 150(For a pulse width of 10 ms. PRF of 9 Hz, and 
welding speed of 5 rnm/s) 
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Figure 3.73 The microstructure of weld re-j*on for normal laser weld at a 
magnification of x3 1ý 

97 



Figure 3.74 The microstructure of weld region for pre-heated laser weld at a 
magnification of x3 
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CHAPTER FOUR 
MULTI-FACTORIAL ANALYSIS OF Nd: YAG LASER WELDING 

4.1 Effect of laser parameters and welding geometry 

Introduction 

Nd: YAG lasers have been used successfully for welding applications, for many years. 
Studies focussed primarily on Nd: YAG, Ng et al [4.1], and include performance 

analysis of single and dual beam systems, Ng et al [4.2], Okorokov et al [4.3] and Liu et 

al [4.4]. Several laser parameters and geometries potentially influencc the laser welding 

process as mentioned in Chapter 3. The laser parameters which affect the weld quality 

are the welding speed, pulse repetition frequency and pulse width. In addition to the 

laser parameters, the pre-heat and post-heat treatment was used to improve the weld 

quality as discussed in the previous chapter. However, to determine the extent to which 

the parameters and geometries influence the weld quality a multi-factorial designed 

experiment was done. The number of experiments required to invcsticyate the effect of 

each parameter can be significantly reduced with the use of a multi-factorial designed 

experiment, which enabled assessment of the effect of a number of different variables in 

normal, pre-heated and post-heated welding experiments, Ng et al [4.5]. The advantage 

of this is that the experimental time, and ultimate cost, is considerably reduced. 

Multifactorially designed experiments can also allow investigation into the interaction 

between selected parameters, which is difficult to realise with standard experimental 

procedures. The multifactorial method used in this investigation was the 2N (or two 

level) method to analyse and quantify the effect of the selected laser parameters and the 

beam delivery system. The mechanical properties of the Nd: YAG laser welded joints of 

high carbon steel gauge plate were chosen as the measurands. In the present case, the 

maximum and minimum parameters were quantified for use in a multifactorially 

designed experiment by measuring the aspect ratio, tensile strength and weld volume for 

the different welding speed, pulse width and PRE 
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4.1.2 The 2N multifactorial method and welding analysis 

In the 2\ multifactorial system each parameter, or factor, is limited to two values, or 
levels - level 0 (lower value) and level I (higher value). Table 4.1 shows the full set of 

values used in the multi-factorial experiment. The application of this set of parameters 

in a system governed by three parameters: such as A (speed), B (pulse width) and C 

(PRF) in Figure 4.1. Each of these either has a high or a low value to achie%'e a 

measured output M- parameters shown in Table 4.1. To provide an overall picture of 

the influence of each factor, all combinations of the three external factors must be 

applied and the value for M recorded. As can see, if there are N parameters in the set of 

data then there are 2N combinations. Thus, for the three parameters, 8 combinations of 

the laser parameters are possible as shown in Table 4.2. These M values were obtained 

by measuring the weld width, weld depth, weld volume and tensilc strength. 

The welding speed, pulse width and PRF that were examined in these experiments fell 

into three geometries: normal, pre-heated and post-heated welding process. The 

parameter values used in this experiment were for the welding speed, 3.5 and 5 mm/s, 

pulse widths were 6 and 12 ms, and PRFs were 6 and 9 Hz. In all cases, the results only 

show a trend and there is an assumption that response (M-pararneter values) varies 

finearly between the high and low levels within each set of experimental data. The 

general linear model generated by mini-tab, was implemented to obtain the probability 

and the significance effect of the individual and combined parameters, for the normal, 

post-heated and pre-heated welds, at the selected high and low values. The 2 level 

multifactorial experiment, given an idea about the trends of the data for the high and 

low value parameter combinations. This assumes linearity between this data. If the data 

is highly non-linear, then more than two levels should be selected for the multifactorial 

experiment. This greatly increases the complexity of the experiment and was not 

warranted in this case, and so only two level experiments were done. 

The wc1cling was done with a Lumonic's MS830 Nd: YAG laser, operating at 1.06 pm I 

and with a maximum output power capacity of 400 watts. A dual-beam f1ber optic 
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beam delivery system was used to achieve in-line process pre-heat and post-heat 
treatment with a constant total power of 285 watts. Here the laser power was divided so 
that 70% was coupled to the weld bearn and 3017c was directed into pre-heating or po't- 
heating. The amount of losses taken into account for all the optical len. " and fiber optic 
beam delivery system resulted in a constant power of 154 W and 7-1 W used to produce 
the butt weld and post-heating of gauge plates, respectively. For a dual beam delivery 

system - see Figure 2.2, a weld was produced by the weld beam focused to about 2 I-nm 
diameter, and the post-heating or pre-heating beam diameter was about 20 mm. For the 

normal weld geometry, 154 W of laser power was used to produce a weld with a single 
fiber optic beam delivery system. The focused beam spot size was about 2 mm and 

normal to the welding direction. In all cases, the focus of the laser beam was brought 

down to the surface of the workpiece, and a He shielding gas v, 'as used at a source 

pressure of 5x 104 Pa indicated on the pressure gauge. 

For all the measurements, the graphs show an average value of three experiments. The 

amount of errors observed is less than ± 0.03%, it is not significant to show up in the 

graphs. The error limits show in the graphs make it more difficult to distinguish 

between the normal, post-heating and pre-heating welding process in most of the cases, 

thus, the error limits is omitted. High carbon steel gauge plate, with a nominal 

composition of 0.85 wt % C, 0.4 wt % Si, 1.1 wt % Mn, 0.4 wt % Cr, 0.25 wt %V and 

0.4 wt % W, was selected for this experimental investigation. 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 

workpieces were sectioned, moulded, etched (2 % nital) and polished. To quantify the 

weld quality, tensile strengths were measured, with 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 

profile projector. The parameters that were used in this experiment for the single and 

dual beam weld geometries are listed in Table 4.2. 
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4.1.3 Multi-factorial approach on welding analysis 

4.1.3.1 Analysis on aspect ratio 

The effect of PRF, pulse width and welding, speed on the aspect ratio can be seen in 
Figures 4.2,4.3 and 4.4, for the normal. post-heated and pre-heated weld, respectively. 

The difference between the dotted and solid lines indicate an increase in the pulse width 
from 6 to 12 rns, respectively. From this data, the effect of increasing each laser 

parameters is clearly seen. Interestingly, the aspect ratio decreased with a corresponding 

increase in the PRF from 6 Hz to 9 Hz. From Figure 4.2, it is seen that there is only a 

slight decrease in the aspect ratio with a lower pulse width (6 ms) compared to the 

higher value (12 ms). A higher aspect ratio was achieved with the lower pulse width at 

5 mm/s. Thus, it is noted a wider weld width can be produced with a lower pulse width 

at 3.5 mm/s, and as a result the lower aspect ratio was achieved. 

However, the graphical representation of Figures 4.2,4.3 and 4.4 do not indicate any 

analysis of variance of the effective variables. The general linear model, therefore, was 

implemented to obtain the p-values to attribute the significance of individual and 

interactive effects of the different laser parameters for the normal, post-heated and pre- 

heated welds. All these results are shown in Tables 4.4,4.5 and 4.6, for the normal, 

post-heated and pre-heated welds. 

The data described in Tables 4.4,4.5, and 4.6 show the probability of proving the null 

hypothesis that indicate the significant effects in the normal, post-heated and pre-heated 

weld, due to the changes in respective laser parameters. From the Tables 4.4,4.5 and 

4.6, if the p-value drops below 0.05 (5 %) then the individual parameter, or the 

interaction effect between the different laser parameters is considered to have a 

, significant effect on the aspect ratio. All of the laser parameters and interactions which 

indicate a significant effect on the aspect ratio are highlighted in bold, as shown in 

Tables 4.4,4.5 and 4.6. We can clearly see frorn Tables 4.4 and 4.5, as a result of 

increasing the welding, speed, pulse width and PRF, there was a significant effect on the 
II- 
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aspect ratio, for the normal and post-heated ýý'elds. For the post-heated weld, the 

interaction between the welding speed and pulse width had a significant effect on the 

aspect ratio. Moreover, increasing the pulse width indicated a significant effect oil 

aspect ratio. For pre-heated welds, Table 4.6, there was only significant effect for the 

pulse width. 

4.1.3.2 Analysis on tensile strength 

Figures 4.5,4.6 and 4.7 show the maximum and minimum tensile StFength as a function 

of PRF from 6 to 9 Hz. The dotted and solid-lines represent an increase in the pulse 

width from 6 to 12 ms, respectively. 

From Figures 4.5 and 4.7, it can be seen that the tensile strength increased with the C, 

PRF, pulse width and welding velocity, for the normal and pre-heated weld geometries. 

The graphs show that a higher tensile strength was achieved with a higher pulse width, 

PRF and translation velocity. For an increase in PRF, the weld strength slightly 

increased with a lower pulse width and welding velocity. As reported in Section 3.1.3 a 

higher PRF and pulse width tended to produce a wider weld width. This leads to a 

clearer explanation of the increase in tensile strength, for the normal and pre-heated 

welds. Interestingly, from Figure 4.6, a higher tensile strength was easily achieved with 

a pulse width of 12 ms at 3.5 mm/s. 

The data presented in Tables 4.7,4.8 and 4.9, shows the probability of proving the "null 

hypothesis" which indicates a significant effect of the tensile strength between any two 

or more laser parameters. When the p-values shown in Tables 4.7,4.8 and 4.9 drop 

below 0.05 (5 %) then the individual and two or three interactive effects between the 

laser parameters are considered as a significant. 

The welding speed and pulse width had a significant effect on the tensile strength for the 

normal welding process. These has no significant effect for the interaction between any 4n -- I 

of the parametei-s. For the post-heated weld jeometry, as Table 4.8, there ývas 
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significant effect on the tensile stren.. ) Cý ath for increasing pulse width and PRE Both 

normal and post-heated welds showed no ,, ignificant effect between an\ two or all laser 

parameters. From Table 4.9, the welding speed and pulse width was significant as wx,, 
the interaction between these parameters. No other significant effects were observed. 

4.1.3.3 Analysis on the rate of weld volume formation 

The rate of formation of weld volume was found by multiplying the weld width, weld 
depth and translation velocity. The wcld volume were calculated as a function of PRF 

from the range of 6 to 9 Hz, and these results are shown in Figures 4.8,4.9 and 4.10, for 

the normal, post-heated and pre-heated welds, respectively. The dotted and solidlines 

represent an increase in the pulse width from 6 to 12 ms, respectl%, cly. 

From Figure 4.9, it can be clearly observed that for the normal wc1ding process, the rate 

of formation of the weld volume was reduced, at a welding velocity of 3.5 mm/s, for 

pulse width of 6 ms and PRF of 9 Hz. This was because the spatter losses increased 

with higher PRF and there was significant loss of the weld material. Thus, for an 
increased PRF, the weld volume formation rate increased with the pulse width, at a 
higher welding translation velocity. 

Figures 4.9 and 4.10 show the maximum and minimum weld volume formation rate as 

a function of the PRF. The overall results show that the greatest weld volume formation 

rate can be achieved with a faster welding speed, higher PRF and pulse width. 

The p-values are shown in Tables 4.10,4.11 and 4.12, for the normal, post-heated and 

pre-heated welds. There were no second order interactions but there was a triple order 

one (Table 4.12) between all the laser parameters. The welding velocity and pulse 

width is regarded as showing highly significant individual effects. However, Table 

4.12 shows a significant interactive effect between all three parameters which leads to 

an increase of weld %'olume formation rate for the pre-heated weld configuration. Z: ) 
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4.1.4 Conclusions 

A number of multi-factorial experiments were done to investigate the effect of a range 

parameters that influence the weld quality 

The aspect ratio generally decreased with an increase in PRF for the range of PRF 

investigated from 6 to 9 Hz. All these results indicate that a higher aspect ratio was 

achieved with a lower pulse width at 5 mm/s. With a higher pulse width at 3.5 mm/s. a 

wider weld width was produced which resulted in a lower aspect ratio. Both the main 

and interaction effects were observed. An increase in individual laser parameters: for 

instance the welding velocity, pulse width and PRE within the range of values 

specified, had significant effects on the aspect ratio, for both normal and post-heated 

welds. However, these results showed that a lower aspect ratio was achieved at a slower 

welding speed and higher pulse width. MOFeo% cr, for the post-heated weld 

configuration, the second order interactions were highly significant, and these 

observations suggested that the double interactive effect of the welding speed and pulse 

width had a significant effect on the aspect ratio. For a pre-heated weld, only the 

welding velocity showed significant interaction over the range of values investigated. 

As for the normal, post-heated and pre-heated welds, the tensile strength increased 

linearly with the range of PRF selected, and the greatest weld strength was achieved 

with a higher pulse length and faster welding velocity. Thus, for the pre-heated 

geometry, the second order between the welding velocity and pulse width was 

significant. These experimental observation suggested that the welding velocity Lind 

pulse width was a major factor that influenced the weld strength, there was no 

significant effect of the PRF on the tensile strenath, for both normal and pre-heated 0 Z: ) 

weld geometries. The results agree with the conclusions in Chapter 3 that a wider weld 

bead was achieved with a higher pulse width. 

Tho weld volume formation rate increased with PRF over the range of selected 

pararnetcrs, for the normal, post-heated and preheated geometries. A.,, for the normal 
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weld, there was a slight decrease in the weld volurne formation rate ývith an increa,, c in 4: ) 

PRF with a lower pul,, e width and slower welding velocity. The gi-catest weld volume 
formation rate was achieved with a higher pulse ýý'idth at the fa,, ter welding %, clocit%. 
The significant effect of different laser parameters on the weld volume formation rate 

was investigated via the general linear model. An increase in the welding velocitv. 

pulse width and PRF, within the specified range, had a significant effect on the %veld 

volume formation rate for all the different welding process. For both the normal and 

post-heated welding, there was no evidence of a second or third order interaction effect 

on the weld volume formation rate. The triple interaction effect was observed for the 

pre-heated geometry, suggesting that this combination had a significant effect on the 

weld volume formation rate. It should be noted that the null hypothesis was taken at 

0.05. It is possible, therefore an apparently observed that significant interaction (first, 

second or third order) is aI in 20 chance observation and is an anornaly. 
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Experiments A (Speed) B (Pulse Width) C (PRF) 
-NI 

Values 

1 0 (3.5 mm/s) 0 (6 ms) 0 (6 Hz) M1 

2 0 (3.5 mm/s) 0 (6 ms) 1 (9 Hz) M2 

3 0 (3.5 mm/s) 1 (12 ms) 0 (6 Hz) Mý 

4 0 (3.5 mm/s) 1 (12 ms) 1 (9 Hz) M4 

5 1 (5 mni/s) 0 (6 ms) 0 (6 Hz) M5 

6 1 (5 mm/s) 0 (6 ms) 1 (9 Hz) M6 

7 1 (5 mm/s) 1 (12 rns) 0 (6 Hz) M7 

8 1 (5 mm/s) I (1'ý ms) 1 (9 Hz) M8 

Tables 4.1 High and low values in each set of experiments (actual values in brackets). I 

Experimental Arrangement: 

speed pw prf 
3.5 6 6 

3.5 6 9 

3.5 12 6 

3.5 12 9 

5 6 6 

5 6 9 

5 12 6 

5 12) 9 

====» 

Index speed pw prf ml 

N/12 
1 0 0 1 

N/B 
2 0 1 0 

N14 
3 0 1 1 

4 1 0 0 ----- >> N/5 

5 1 0 1 N16 

6 1 1 0 M7 

7 1 1 1 ms 

Table 4.2. Laser parameter values in the multi-factorial experiments 
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Figure 4.1. A2N experimental system influenced by three parameters . 

0.9 
0.8 
0.7 

0 0.6 
cz cc 0.5 
C) 0.4 
U) < 0.3 

0.2 
0.1 

0 
56789 

PRF (Hz) 

-0.5 mm/s 
3.5 mm/s 

-5 mm/s 
5 mM/S 

10 

Figure 4.2. Effect of aspect ratio as a function of PRF, for normal welding. The dotted 
and solid lines indicate the pulse width of 6 and 12 ms, respectively. 
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Figure 4.4 Effect of aspect ratio as a function of PRF, for pre-heated welding. The 
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Type of Welding - Parameter interactions P- Values 
Normal Welding Speerd J 0.0 
Normal_ýAýý Pulse Width 0.0 
Normal Weldinq PRIF 0.02 
Normal Weldinq 

- 
Speed*Pulse Width 0.07 

ý ormal Weldinq 
- 

Speed*PRF 0.88 
iýormal Welding Pulse Width *PRF 0.76 

, 
NormalWelding Speed*Pulse Width* P RF 10.12 

Table 4.4 P-values obtained from the general linear model, the effect of aspect 
ratio, for different laser parameters. The highly significant effect on the aspect 
ratio is indicated in bold. 

Type of Welding Parameter interactions P- Values 
Post-heated Welding Speed 0.0 
Post-heated Welding Pulse Width 0.0 
Post-heated Welding PRF 0.0 
Post-heated Welding Speed*Pulse Width 0.04 
Post-heated Welding Speed*PRF 0.67 
Post-heated Welding Pulse Width *PRF 0.67 
Post-heated Welding Speed*Pulse Width*PRF 1 0.12 

Table 4.5 P-values obtained from the general linear model, the effect of aspect 
ratio, for different laser parameters. The highly significant effect on the aspect 
ratio is indicated in bold. 

Type of Welding Parameter interactions P- Values 
Pre-heated Welding Speed 0.08 
Pre-heated Welding Pulse Width 0.04 
Pre-heated Welding PRF 0.08 
Pre-heated Welding Speed*Pulse Width 0.66 
Pre-heated Welding Speed*PRF 0.51 
Pre-heated Welding Pulse Width *PRF 0.56 
Pre-heated Welding Speed*Pulse Width*PRF 0.97 

Table 4.6 P-values obtained from the general linear model, 
ratio, for different laser parameters. The highly significant 
ratio is indicated in bold. 
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Figure 4.5. Effect of tensile strength as a function of PRF, for normal welding. The 
dotted and solid lines indicate the pulse width of 6 and 12 ms, respectively. 
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Figure 4.7 Effect of tensile strength as a function of PRE for pre-heated welding. The 
dotted and solid lines indicate the pulse width of 6 and 12 ms, respectively. 

Type of Welding Parameter interactions P- Values 
Normal Welding Speed 0.0 
Normal Welding Pulse Width 0.04 
Normal Welding PRF 0.19 
Normal Welding Speed*Pulse Width 0.84 
Normal Welding Speed*PRF 0.58 
Normal Welding Pulse Width *PRF 0.59 

iNormalWelding I Speed*Pulse Width* P RF 10.67 

Table 4.7 P-values obtained from the general linear model, the effect of tensile 
strength, for different laser parameters. The highly significant effect on the 
tensile strength is indicated in bold. 
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Type of Weldinq Parameter interactions P- Values 
Post-heated Welding Speed 0.10 
Post-heated Welding Pulse Width 0.00 
Post-heated Welding PRF 0.01 
Post-heated Welding Speed*Pulse Width 0.39 
Post-heated Welding Speed*PRF 0.32 
Post-heated Welding I Pulse Width *PRF 0.42 
Post-heated Welding I Speed*Pulse Width*PRF 0.95 

Table 4.8 P-values obtained from the general linear model, the effect of tensile 
strength, for different laser parameters. The highly significant effect on the 
tensile strength is indicated in bold. 

Type of Welding Parameter interactions P- Values 
Pre-heated Welding Speed 0.00 
Pre-heated Welding Pulse Width 0.04 
Pre-heated Welding PRF 0.09 
Pre-heated Welding Speed*Pulse Width 0.05 
Pre-heated Welding Speed*PRF 0.25 
Pre-heated Welding Pulse Width *PRF 0.90 
Pre-heated Weldinq - tSpeed*Pulse 

Width*PRF 0.96 

Table 4.9 P-values obtained from the general linear model, the effect of tensile 
strength, for different laser parameters. The highly significant effect on the 
tensile strength is indicated in bold. 
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Figure 4.8 Effect of weld volume formation rate as a function of PRF, for normal 
welding. The dotted and solid lines indicate the pulse widtli of 6 and 12 ms, 
respectively. 
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Figure 4.9 Effect of weld volume formation rate as a function of PRF, for post-heated 

welding. The dotted and solid lines indicate the pulse width of 6 and 12 ms, 

respectively. 
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Figure 4.10 Effect of weld volume formation rate as a function of PRF, for pre-heated 
welding. The dotted and solid lines indicate the pulse width of 6 and 12 rris, 
respectively. 

Type of Welding Parameter interactions P- Values 
Normal Welding Speed 0.00 
Normal Welding Pulse Width 0.00 
Normal Welding PRF 0.03 
Normal Welding Speed*Pulse Width 0.75 
Normal Welding Speed*PRF 0.34 
Normal Welding Pulse Width *PRF 0.77 

INormalWelding I Speed*Pulse Width* P RF 1 0.73 

Table 4.10 P-values obtained from the general linear model, the effect of weld 
volume formation rate, for different laser parameters. The highly significant 
effect on the rate of weld volume formation is indicated in bold. 
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Parameter interactions P- Values: ] 
Post-heated Welding Speed 0.00 
Post-heated Welding Pulse Width 0.00 
Post-heated Welding PRF 0.00 
Post-heated Welding Speed*Pulse Width 0.25 
Post-heated Welding Speed*PRF 0.99 
Post-heated Welding Pulse Width *PRF 0.06 
Post-heated Welding Speed*Pulse Width*PRF 10.09 

Table 4.11 P-values obtained from the general linear model, the effect of weld 
volume formation rate, for different laser parameters. The highly significant 
effect on the rate of weld volume formation indicated in bold. 

Type of Welding Parameter interactions P- Values 
Pre-heated Welding Speed 0.00 
Pre-heated Welding Pulse Width 0.00 
Pre-heated Welding PRF 0.02 
Pre-heated Welding Speed*Pulse Width 0.35 
Pre-heated Welding Speed*PRF 0.19 
Pre-heated Welding Pulse Width *PRF 0.35 
Pre-heated Welding Speed*Pulse Width*PRF 1 0.03 

Table 4.12 P-values obtained from the general linear model, the effect of weld 
volume formation rate, for different laser parameters. The highly significant 
effect on the rate of weld volume formation is indicated in bold. 
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CHAPTER FIVE 
INVESTIGATION OF Nd: YAG LASER WELDING WITH AN 

ELLIPTICAL BEAM PROFILE 

5.1 Characteristics of Nd: YAG Laser Welding With 30' Incident Beam 

5.1.1 Introduction 

The performance of a dual beam delivery system, as described in Chapter 3, was 

assessed and compared with the performance of a single beam delivery system. The 

experimems reported in the previous chapters demonstrate that the hardlic, "s 

discontinuities in a metal structure were dependent on the cooling rate, which for laser 

welding is dominated by the rapid quenching of the fusion zone via conduction to the 

surrounding environment. To eliminate these problems and to improve the mechanical 

properties of the weld, a dual beam delivery system was used, see Section 5.2. 

Dausinger et al [5.1 ] observed an increase in the welding process stability when a dual- 

beam technique or Nd: YAG laser (shorter wavelength) was applied. For non-diffusion 

limited processes, the keyhole can close rapidly. This can lead to high cooling rates 

especially in the root of the weld, Steen [5.2] and Schwartz [5.3]. 

Glumann [5.4] concluded that according to the theoretical considerations the 

combination of beams set at an angle resulted in a higher process stability. Abduallah 

[5.5] et al made a detailed study of a dual beam optical fiber delivery system to deliver 

focused laser radiation to the workpiece. This work demonstrated the need to have 

effective control of the cooling rate during laser processing. It is well known that lasers 

provide a unique source of heat that can be focused onto the workplece, and the 

generated irradiance is high enough to permit vaporization and formation of a keyhole, 

Metzbower et al [5.61. Guitterez et al [5.7] made a detailed study on the loss of alloying 

elements in the weld due to vaporization which may influence the mechanical properties 

of the weld joints. Pulsed Nd: YAG lasers, allow the heat input into the weld joint and 

power density to be kept sufficiently high to achieve the desired weld penetration, Z: ) 

advantaucs over CO-) laser processing are due to its shorter wavelength and greater 

focussability, as analyzed hy Olsen [5.81. Prokhorov [5.91 et al described the heating 
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rate of a laser welded joint and coupling of laser radiation into the %ý orkpiece a,.,, being 4: ) -- 
dependent on the base metal absorptivity for a given wavelength and the material's 

thermal properties. Moreover, how the workpiece is in thermal contact with it.,, 

surrounding environment plays an important role in the rapid quenchim! rate and the 

resultant mechanical properties of the weld. 

Miller [5.10] et al showed that during laser welding, the laser beam energy was 
delivered to the welded joints through the plasma plume that was formed above the 

material surface. The effect of the induced plasma can be reduced and controlled by 

using the correct shielding gas, Behler et al [5.111. The high cooling rate associated 

with laser welded high carbon steel, leads to a variation in the transverse hardness 

profiles, and consequently, results in brittle welds. Additionally, Ng et al [5.12] and 

Honeycombe [5.13] reported that the hardness discontinuities in the fusion region and 

heat affected zone (HAZ) due to the rapid quenching rate leads to cracking and poor 

component fatigue life at the fusion zone. 

In the present case, a 30' clamping geometry was developed to conduct a series of 

experiments examining the characteristic of cooling rate with an elliptical beam profile. 

The samples were clamped at 30' and laser welded to improve the mechanical 

properties at the weld joints. Preliminary assessment of the weld profiles was 

conducted by measuring the weld width, weld penetration, hardness characteristic, 

tensile strength and observing the microstructure, for different laser parameters. The 

results were compared to the flat welding process discussed in Section 3.1.2. 

5.1.2 Welding and Analysis 

The laser employed in this study was a Lumonics MS830 Nd: YAG laser, operating at a 

wavelength of 1.06 ýtrn, its maximum mean power was 400 watts. The power was 

delivered via a fibre optic system which was robotically manipulated to produce the butt 

welds with a constant i-nean power of 154 watts. In all cases, an argon shieldina -,, as at a 4 -7 - 

, source pressure of 5\ 104 Pa indicated at the pressure gau-Lc \\'a,, used for \\Adin-g- 
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Focusing was optimised by adjusting the vertical height of the LIaL11-: C plate, whIch wa. " 

clamped in two different ways. Additionally, the effect of using two different angle.. "- of 
incidence (00,300) of the laser beam were compared. as were the effects of the pulse 

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

properties of the material. Figures 5.1 and 5.2 show the experimental set-up that was 

used in the experimental investigation, using flat (0 ) and 30 clamped geornetries, 00 

respectively. 

For all the measurements, the errors observed for all the experiments was less than ± 1.1 

%, each of the data points plotted in the graph in this thesis is the average of 3 values. 
The error is not significant and is hardly seen. Thus, the error bars are omitted in most 

of the cases for clarify. The gauge plates (0.88 rnm) that were welded had the same 

nominal composition that was mentioned in Chapter 3- see Table 3.1. The weld beads 

were sectioned in the transverse and longitudinal direction and the weld width, weld 

depth and hardness profiles measured and the microstructure examined. This was done 

by moulding, polishing and etching in nital (3% nitric acid and 97% methanol). The 

weld bead that appeared on the moulded surface was also noted for comparison. A 

Reichiert 1541555 Vicker's hardness testing machine with a diamond indenter was used 

to measure the hardness profiles across the weld direction and as a function of depth, by 

applying a 70 gm load. The weld depth and bead width were measured using Mttutoyo 

PJ-300 profile projector. The tensile tester was an Instron tensile machine, comprising a 

load of 10 kN; this was applied to the welded specimens with a cross-head velocity of 5 

mm/s. 

The effect of varying the laser parameters was quantified by measuring the hardness 

transverse to the weld direction, tensile strength, aspect ratio, weld volume formation 

rate and examining the phase transformation. 
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5.1.3 Weld Characteristics 

5.1-3.1 Tensile Test 

All of the welds were tested in the longitudinal direction. Compared to normal flat 

welding, the welds done at 30' all required a higher tensile load before failure occurred 

in the weld region. Figures 5.3 and 5.4 show, the tensile strengths that resulted in the 

failure of the butt welded joints, as a function of the pulse width and PRF, respectively. 

Figure 5.3 clearly shows that the tensile strength increased with increasing pulse width, 

for both welding process. It can be seen that the tensile strength was greatest for the 
0 welds done at 30 
. 

No full penetration was achieved with the flat welding process. For 

a partial weld, the tensile strength increased from 49 MN/M2 to 95 MN/m2 for a 

corresponding pulse width from 6 to 12 ms. Whereas, full penetration welds were 

achieved using the 30' clamped geometry for all welds. This is clue to the laser beam 

was set welding above the gap of the welded joints, thus, the gravity of the molten pool 

tends to sink and fill up the welded joint The tensile strength increased from 64.1 to 

165.5 MN/M2' for corresponding increase in the pulse width from 6 to 12 ms. 

For the flat and 30 welding process, the effect of PRF on the tensile strength can be 

seen in Figure 5.4. Interestingly, increasing the PRF reduced the tensile strength for the 
0 

flat welding process, but the tensile strength increased with PRF for the 30 welding 

geometry only partial welds were achieved with the flat welding. The tensile strength 

decreased from 68 MN/M2 to 53 MN/M2 for a corresponding increase in the PRF from 6 

Hz to 8 Hz. This represents a decrease of 22.5 %. This reduction was due to the spatter 

loss above the fusion zone (see Section 5.1.3.5). Toru et al. [5.141 mentioned that the 

spatter loss could be prevented and/or reduced by using a defocused laser beam, where 

the optics and welding direction were optimised to obtain a deep penetration. For a flat 

welding geometry, a full penetration weld was achieved with a PRF of 9 Hz and in this 

case the tensile strength was 34.14 MN/m 2. The tensile strength increased from 120 to 

195 MN/ni2 for an increase in the PRF from 6 to 9 Hz, for 30' weld geometry. This 

represent an increase in the tensile strength of 62.5 c1c. Full penetration ý, vas achievcd Z: ' 
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with the 30' clamped geometry. however, this process produced a wider weld bead 

which resulted in the molten material dropping out in the fusion region. However. in all 

cases, the greatest tensile strength ýk'as achieved by welding with the 30 clamped I Cý 
geometry (using an elliptical beam) as compared to the flat weldinL, (using at- ocussed 
bearn) results, for the range of parameters investigated. 

5.1.3.2 Hardness Characteristics 

Vicker's hardness profiles were performed across the heat-affected zone, fusion zone 

and base metal to characterize the strength across the weld joints. A diamond pyramid 

indenter with a load of 70 gm was used to measure hardness transverse across the weld 

and as a function of depth, for both the flat and 30' clamped geometry. In all cascs, the 

hardness profile gradually increased towards the fusion zone boundary. Figure 5.5 

shows the hardness profiles transverse to the weld. It is seen that the hardness across 

the weld decreased with increasing PRF for both the flat and 30' clamped geometries. 

The peak hardness was greatest for the flat welding process and the lowest PRF, such a 

weld would be liable to fracture if it is subjected to cyclic loading. For a PRF of 6 Hz, 

the peak hardness was 1855 kg/mm 2 for the flat welding geometry-, this reduced by 43.1 

2 % to 1055 kg/mM for the 30' clamping geometry. However, at 9 Hz the reduction was 

62.1 %. 

Figure 5.6 shows the hardness profiles at the HAZ region greatly reduced with 

increasing pulse width, for both flat and 30' welding geometries. The major advantage 

of using the 30' clamping geometry is that it creates an elliptical beam profile, produces 

a greater HAZ than flat welding but also a reduced rate of cooling, as discussed in 

Chapter 3. In this cases, the flat welding geometry had large hardness gradients 

transverse to the weld. These were suppressed by using an elliptical beam. The 

hardness across the weld was greatest for the lowest pulse width for both weld 

geometries. For example, with a pulse width of 6 ms, the peak hardness was 1839 

kcT/11,1112 for flat weldin,, geometry, however, this was reduced by 44.3 c7c to 1024 

2 ka/rn 11, for the 30' welding geometry. In all cases, the maxMILIM peak hardness ýý'as 
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observed for a pulse width of 6 ms and PRF of 6 Hz for both geometries. The large 
hardness gradients were attributed to the rapid cooling rate which produced poor 
mechanical joints due to the hardness discontlnulties. Whereas. the lowest peak 
hardness at the centre of the HAZ was observed for a pulse width of 12 rns and PRF of 9 
Hz. 

Figures 5.7 and 5.8 show the hardness profiles, at the centre of the weld and as a 
function of depth for both geometries, at different PRFs and pulse widths. From these 
figures, it can be seen that the rate of change of hardness as a function of depth reduced 

with increasing pulse width and PRF, for both flat and 30' welding configurations. 
With the flat welding geometry, the hardness decreased with the depth into the sample. 
Here, the largest variation was observed for the flat welding geometry. Whereas, for the 
30' clamped geometry, there was no significant difference in the hardness over the 
depth investigated. In all cases, and for a given depth, the hardness decreased with 
increasing pulse length and PRF with the flat welding geometry. In general, the 30' 

welding configuration produced a uniform hardness into the weld. 

5.1.3.3 Aspect Ratio 

The aspect ratio for both flat and 30' clamped geometries was found by dividing the 

weld penetration depth by the weld width. The aspect ratio dependence on different 

PRFs and pulse widths are shown in Figures 5.9 and 5.10, respectively. Figure 5.9 

shows that, for flat welding process, the aspect ratio increased with the PRE Whereas, 

the aspect ratio decreased with increasing PRF for the 30' welding configurations. 

Welding with the 30' clamped geometry produced a larger and wider HAZ and resulted 

in a lower aspect ratio as compared to the flat welding results. For the 30' clamped 

geometry, a full penetration was achieved, but the slow welding velocity lead to the 

drop out in the centre of the fusion region, for further explanation of this see Section 

5.1.3.5. 
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It can be seen in Figure 5.10, that the aspect ratio increased with tile pulse width for the 
flat welding process. At less than 10 ms. the aspect ratio was lower than for the flat 

welding configuration, and above 10 ms the aspect ratio was higher. This is due to the 
lack of penetration and increased weld width that was achieved with the flat welding 

process at the higher pulse width. Whereas, for the 30' clamped geometry, the aspect 

ratio decreased with increasing pulse width. Full penetration was achieved over the 

entire range of pulse widths investigated. An increase in the pulse width produced a 
lower aspect ratio as compared to the normal weld, because of the wider weld bead. 

5.1.3.4 Rate of Formation of the Weld Volume 

The rate of formation of the weld volume was taken as the product of the weld width, 

penetration depth, and the translation velocity (5 mm/s), for the flat and 30' welding 

systems. The dependency of the weld volume formation rate on the pulse width for both 

geometries can be seen in Figure 5.11. 

For the both geometries, the weld volume increased with the pulse width. The weld 

volume formation rate was greatest for the 30' welding geometry. From Figure 5.11, it 

is clearly observed that the maximum weld volume formation rate was achieved at a 

higher pulse width of 12 ms, and minimum weld volume formation rate was observed at 

a pulse width of 6 ms, for both geometries. For instance, for the flat welding geometry, 
3/,, with pulse width of 6 ms the weld formation rate was 3.13 mm s, this increased by 96 

% to 6.14 MM3/S for the 30' welding configuration. Moreover, for a pulse width of 12 

ms, the weld formation rate for the flat welding was approximately 5.55 mm 3/S 
, and this 

was increased by 33 % to 7.4 mm 3/S, for the 30' welding geometry. 

The weld volume formation rates at different PRFs for the flat and angular welding 

geometries are shown in Figure 5.12. From this figure, it is clearly seen that the rate of 

weld volume increased with PRF, and the largest rate of formation was observed at a 

higher PRF for both geometries. For instance, with a PRIF of 6 Hz, the weld formation 

rate was 3.36 mm 3/S for flat weldine, aeornetry, this was increased bv 91 17c to 6.4 rnin'b, Cý It) - 

1-18 



for 30' welding geometry. The weld volume formation rate was increased by 222 1, 'c for 

the higher PRF (9 Hz). 

5.1.3.5 Microstructure study of the weld 

The microstructure of a welded region depends on the rate at which the sample is cooled 

from the elevated temperature. Moreover, Burdekin [5.15] described that the different 

cooling rates determine the different types of microstructure that arise in the fusion zone 

and heat-affected zone. Wang [5.16] et al discovered that a general feature of laser 

welded high carbon steel is the formation of a martensite structure in the fusion zone, 

due to the rapid quenching rate, and finely dispersed carbides. In all of the present 

cases, martensite and carbide structures appeared between the ferrite with some retained 

austenite. Figure 5.13 shows the fusion zone of flat welded sarriple, a fine grain 

structure was found in this region, which resulted in the high hardness discontinuities 

and brittleness. Figures 5.14 shows, a typical picture of the fusion zone for the sarne set 

of laser parameters and the 30' clampinor geometry. It is obvious that welding with the Z7' 

30' clamped geometry leads to a reduction in the cooling rate, so that the grain size 

becomes coarser and more refined in form. For the 30' clamping geometry, as shown in 

Figure 5.15, a wider weld width was achieved, this resulted in aslower cooling rate as 

compared to the flat welding. Formation of porosity occurs through bubbles becoming 

trapped by the fast solidification front due to the intense evaporation and unstable 

vibration of the molten pool, Katayama et al. [5.17]. It was observed with 30' geometry 

that bubbles were trapped from the bottom and tip of the keyhole, due to the influence 

of the laser beam irradiation angle relative to the weld specimen. However, due to the 

periodic evaporation the shielding gas, sometimes air can become entrained in the 

keyhole, due to the sudden collapse of an unstable keyhole after laser termination; this 

leads to the formation of pores. Matsunawa et al. [5.18] concluded that it is necessary 

to close the keyhole gradually during the solidification process, and Arata et al [5.191 

showed that a dual beam delivery systern can suppress porosity. This dual beam system 

is later discussed in Section 5.2. Figure 5.16 shows the narrow fusion and heat-affected 

zones produced by flat \ý,, clding. the formation of a fine grain structure was attributed to 
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the rapid cooling rate, and lower strength was achieved comparcd to the 30- wcldinLy. 

spatter loss above the fusion region is clearly observed, as discussed in Section 5.1.3.1. 

For both welding processes, the grain size significantly became more dense and coarser 

close to the heat-affected zone. Figure 5.15 clearly shows the grain structure wa" 

completely modified in the fusion zone, the drop-out for the 30' wc1ding, can be clearly 

seen, and under-cut was found on the top view of the fusion zone. By appropriate 

selection of the laser parameters, the desired characteristics of the material can be 

achieved. 

5.1.4 Conclusion of laser welding with 30' incident beam 

These fundamental investigation have demonstrated the influence of two differcrit 

welding geometries (0', 30') and optimizing a range of laser parameters to improve the 

weld quality. The weld quality was quantified by: measuring the sample's hardness 

profile transverse across the weld region, as a function of depth, tensile strength, aspect 

ratio, weld volume formation rate and examination of its microstructure. 

The above welding results demonstrated that welding at 30' produced a higher tensile 

strength in the weld region than the flat welding geometry for different pulse widths and 

PRF. For the 30' welding geometry, the results have shown that the tensile strength 

greatly increased with the pulse length and PRF. The increased in tensile strength of 74 

% was achieved at a pulse width of 12 rns. 

The hardness profiles decreased with increasing PRF and pulse width for both 

geometries, however, the hardness gradients were less for the 30' welding 

configurations. For a PRF of 6 Hz, the hardness at the fusion zone reduced from 1855 

k g/MM2 for the flat welding geometry to 1055 k g/MM2 for the 30' weld geometry. 

Furthermore, a maximum hardness reduction of 62.1 % was achieved at the weld center 

for a PRF of 9 Hz with the 30' welding geometry. For a pulse width of 6 ms, the peak 

hardness was reduced by 44.3 % with an 30' incident welding bearn as compared to the Z: ) 

flat welding configuration. Interestingly, for the flat welding , eonleti-\,. the rate of 
I- t-- zn -11: 7 
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change of hardness as a function of depth reduced along the weld depth. For the 30- 

welding geometry, the hardness as a function of depth exhibited little fluctuation alom! 
the weld centre; thus, the hardness did not differ slýgnificantly as a function of depth for 

a given PRF or pulse width. For both geometries. the hardness reduced with increasing C) 
-- 

PRF and pulse width. 

For the 30' weld geometry, the aspect ratio decreased with increasing PRF and pulse 

width. Compared to the flat welding geometry, full penetration and wider weld widths 

were achieved with welding at 30', thus, the drop out in the fusion zone could be 

eliminated with a higher welding speed, for 30' welding geometry. For flat welding, the 

aspect ratio increased below 10 ms, above this value there was a slight decrease in the 

aspect ratio. 

The rate of formation of the weld volume increased with pulse width and PRF for both 

geometries. For the 30' weld geometry, the rnaximum weld formation rate was 

achieved at the highest PRF and pulse width. 

Because of the rapidly cooled high carbon steel, the main weld region consisted of a 

martensitic structure. The hardness profile was dependent on the thermal distribution 

around the fusion zone, moreover, in the present case, the cooling rate was greatly 

reduced due to the elliptical beam profile on the workplece, for 30' welding geometry. 

Therefore, a slower cooling rate was achieved in the fusion zone for 30' welding 

geometry. A general feature of all the specimens was that the main weld region 

consisted of cementite and carbides structures. For the flat weld geometry, the grain 

size was coarser and less dense near the fusion zone, moreover, for welding at 30', the 

structure wýis completely modified at the fusion zone. The rate of cooling was slower, 

so this lead to a less brittle weld. The grain structure that appeared in the fusion zone 

was typically more refine and granular. ZID 

I'll 



5.2 Study on the performance of' single and dual beam system in Nd: N'AG laser 
welding with a 30' incident beam 

5.2.1 Introduction 

The preliminary experiments examined the effect of the rate of coolin,! influencinL, the 

mechanical properties of a welded joint for different clamped geometries. The single t, t: 1 
and dual pass welding are compared in Chapter 3. It was found that for dual pass 

welding, the mechanical properties of the welded samples were improved compared to 

that with a single pass weld. A dual beam delivery system is discussed in Chapter 3- 

see Section 3.2 and 3.3, this system allowed a heat transfer mechanism to control the 

material processing. Oslen [5.20] stated that the temperature between the melting point 

and boiling point was maintained long enough to allow heat conduction to a certain 
depth. 

Laser processing of materials has been the subject of intensive experimental and 

theoretical studies since the invention of the laser. The need of knowing the precise 

relationship between the processing parameters, different geometries and induced 

plasma effects is crucial, it is also necessary to understand the underlying thermal 

distribution over the weld region in order to optimize this process. The heating rate of a 

welded joints depends on the parent metal absorptivity, moreover, the base metal in 

contact with the surrounding environment can plays a major role in the cooling process 

via conduction. See appendix A for a detailed discussion on the rate of heating and 

cooling of the welded samples. 

During laser welding, the plasma plume generated forms near the workpiece, it can 

prevent optical energy from reaching the weld surface, as reported by Miller et al. [5.17] 

and Verwaerde et al. [5.21 ]. Later Fabbro et al [5.22] generated a model to predict the 

behaviour of the laser beam energy, as a unique heat source which was high enough to 

permit vaporization to take place in the weld pool. and it was then deposited along the 

keyhole in the molten region. Metzbower et al. [5.23] and Gu et al. [5.24] conducted a 

series of experiments, and concluded that it was critical to maintain the keyhole during 

13 -) 



the welding process because any disturbance to the keyhole can lead to poor penetration 

and reduction (4the weld strength. 

The high cooling rate of the laser weld leads to a variation in the transverse hardness 

profiles, consequently, resulting in brittle welds. However, Ng et al [5. - -15] had 

investigated the hardness discontinuities in the fusion region and heat affected zone 
(HAZ), which leads to cracking and poor component fatigue life. It was noted it:, I that 
inorder to achieve a lower hardness profile across the weld, a pre-heat or post-heat 

treatment had to be conducted. This was achieved simply by an additional pass 
following the first pass as discussed in chapter 3- see Section 3.2 and 3.3. Moon [5.26] 

concluded that this was simple and economic way of heat-treating the weldments 

compared to the conventional processing. Therefore, to arncliorate these poor 

mechanical characteristics, this work investigated normal, preheating and post-heating. 

Welds were done on a 30' clamped geometry which previous experiments had shown 

retarded rate of cooling and prevented rapid quenching. With multiple beam delivery 

systems, the workplece and temporal temperature distribution can be controlled to 

generate desired weld properties, without losing the benefits of this low distortion 

joining process. In this Chapter, the results of this detailed investigation compared the 

weld quality for the normal laser welding and those welded with post-heated or pre- 

heated treatments. The results were quantified in the same manner as before by 

measuring the weld depth, weld bead widths, hardness characteristics and tensile 

strengths. 

5.2.2 Welding and analysis 

A Lumonic's MS830 Nd: YAG laser (1.06 ýtm), with a maximum output power capacity 

of 400 watts was used to weld 0.88 mm thick gauge plate. In the present case, a dual 

beam fibre optic delivery system was used to achieve in-line process annealing (pre- 

heating or post-heating) with a constant power of 285 watts. Figure 5.2 shows the 

schematic diagram of single beam system - see Section 5.1.2, and Figure 5.17 sho. vs 

the dual-beam delivery system used in this experiment. The amount of losses taken into 
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account for all the optical lens and fiber optic beam delivery sýstem resulted in a 
constant power of 154 W and 72 W used to produce the butt weld and post-heating of 
gauge plates, respectively. The gauge plate wa..,, clamped at an angle of 30- to the 

incident beam, this created an elliptical beam which was focused and u"cd for welding. 
A defocused beam was used before or after welding to produce heat-treatment 

simultaneously. In the case of post-heating, the laser power was divi i ided 
,,, -o that 70 of 

the power was coupled to the weld beam. and the remaining 30 % was' directed into the 

weld region to provide heat treatment. The elliptical welding beam was 3 mm diameter, 

and the pre-heating or post-heating beam was approximately 25 mm diameter. The 

processing method was designed to heat treat the material before welding with the main 
beam, this allows more beam energy to couple into the carbon steel gauge plate during 

welding. 

In all cases, the errors observed for all the experiments was less ftin ± 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 is hardly seen. Thus, the error bars are omitted in most of the cases 

for clarify. High carbon steel gauge plate, with a nominal composition as discussed in 

Chapter 3- see Section 3.2.2 was selected for this experimental investigation. After 

welding, the workpieces were sectioned, moulded, polished, etched (2 % nital) and 

photographed. To quantify the weld quality, the Vicker's hardness was measured, 

transverse along the weld direction and as a function of depth. Furthermore, an Instron 

tensile tester machine was used to measure the tensile strength along the weld joints 

with a cross-head speed 0.5 mm/sec. The weld depth and bead were measured using a 

Mitutoyo PJ-300 profile projector. The welds were inspected both visually and using an 

optical microscope to study weld defects, cracks and the microstructure in the weld 

region. The parameters used in this experiment for normal welding and the dual beam 

weld geometries are listed below in Table 5.1. Temperature measurements were taken 

throughout the experiments with thermocouples attached onto the specimen surface, 2 

rnm from the weld region. Figure 5.18 shows attachment of two thermocouple wires Z! 7' 
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(T I and T2) at the beginning of the NA, cld, and the other two thermocouples J3 and T4) 

were arranged adjacent to each other at the end of the weld. 

5.2.3 Weld characteristics 
5.2.3.1 Hardness Proriles 

The hardness characteristics for both the normal and pre-heating geometry was 

quantified by measuring the hardness transverse across the weldment and as a function 

of depth at the fusion zone centre. Figure 5.19 shows the Vicker's hardness profiles 

transverse across the weld region, heat affected zone and parent metals, for different 

pulse repetition frequency (PRF) from 6 Hz to 9 Hz for the normal, post-heating and 

pre-heating geometries. It is seen that the peak hardness at the centre of the weld was 

1056 kg/mm 2 for a PRF of 6 Hz for normal weld geometry. Interestingly, the peak 

hardness was greatly reduced at the ccntre of the weld with the pre-heating and post- 

heating weld geometries as shown in Figure 5.19. The post-heated weld achieved the 

lower peak hardness compared to the pre-heated weld geometry, at different PRFs. In 

all cases, the hardness profiles transverse across the weld decreased with increasing 

PRE Figure 5.20 shows the hardness profiles for the normal, post-heated and pre- 

heated weld geometries, for different pulse widths. In all cases, the hardness transverse 

to the weld direction decreased with increasing pulse widths. Increasing the pulse width 

from 6 ms to 12 ms, the peak hardness reduced frorn 1024.66 kg/mm 2 to 736.61 kg/mm 2 

for normal weld geometry. For the pre-heating geometry, the hardness reduced from 

676.73 kg/mM2 to 573.98 k g/MM2 with an increase in pulse width from 6 to 12 ms. The 

lowest peak hardness was achieved with the pre-heating geometry. Figures 5.19 and 

5.20, clearly indicate that a less brittle weld was achieved with a dual pass weld. 

Figure 5.21 shows the hardness profile as a function of depth for the normal and pre- 

heated weld geometries and different PRFs. Figure 5.21 shows no slan1ficant 

difference in the hardness along the fusion zone, approximately over a depth of 0.5 rnrn. 

In general. the hardness profiles decreased with increasing PRFs for the normal and pre- 

heated welding, configurations. Howcver, for the pre-heating gconietry there was a 
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lower hardness as a function of depth than the normal weld conflauration. Both 
techniques produced a uniform hardness through the weld depth. For the normal and 
pre-heating geometries, the hardness as a function of depth for different pulse ý'ý'idths is 
shown in Figure 5.22. In all cases, the hardness was slightly reduced by increasing the 

pulse width. In general, the hardness as a function of depth exhibited little fluctuation 

along the fusion zone, and the hardness showed no significant difference along the weld 
depth (0.5 mm) over the range of pulse widths investigated. For the normal weld 

geometry, the hardness along the weld depth was lower than the post-heated weld 

geometry, at a pulse width of 12 ms. 

Figures 5.23 and 5.24 show the hardness profiles, at the centre of the weld and as a 
function of depth, for the normal and post-heated weld geometries and for different 

PRFs and pulse widths. From Figure 5.23, it can be seen that the rate of change of 
hardness as a function of depth reduced with increasing PRF, for the normal and post- 
heating geometries. Moreover, a slight variation was observed over the range of depths 

investigated for different PRFs. In general, the hardness decreased with increasing PRF 

for both the normal and post-heated weld configurations. From Figure 5.24, it can be 

seen that the hardness profiles as a function of depth decreased with increasing pulse 

width for both geometries. Here, the kirgest variation was observed over the range of 
depth investigated for the normal weld geometry. However, for a post-heating 

geometry, there was a slight variation in the hardness profiles for the range of pulse 

widths from 6 ms to 8 ms, and the hardness profile as a function of depth remained 

constant above 8 ms. In all cases, the hardness a.. -, a function of depth exhibited a little 

fluctuation along the fusion zone for the normal weld geometry, but the hardness 

profiles as a function of depth showed significant change for the post-heating geometry. 

For a pulse width above 8 ms, the normal weld geometry showed a lower hardness 

profile along the weld depth than post-heated weld, for a pulse width above 8 ms. 
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5.2.3.2 Tensile test 

Tensile tests were performed to determine the strength of the laser %%elded gauge plates 
done with the normal, pre-heating and post-heating weld configurations. It can be seen 

that the tensile failure occurred in the welded region. Defon-nation of the welded regpon 

was evident, indicating brittle fracture due to the sample's high hardness had resulted 

from the rapid quenching rate of the laser welded gauge plates. The weld strength WLI. S 

significantly inferior to those of the parent metal. Figure 5.25 shows the tensile 

strength as a function of pulse widths, for the normal, pre-heating and post-heating weld 

geometries. For the normal weld geometry, the tensile strength increased from 40 to 95 

2 MN/M with an increase in the pulse width from 6 to 12 ms. This represents an increase 

in the tensile strength of 58.7 % for the normal weld geometry o%, er the post-heated 

welds, for a pulse width above 8 ms. Whereas, for the pre-heatin(T geometry, the tensile 

strength increased from 61 to 67 MN/m 2 with an increase in pulse width from 6 to 8 ms. 

Moreover, the pulse width was increased from 8 to 12 ms, the tensile strength started 

decreased from 67 to 46 MN/m 2 at the higher pulse width. Figure 5.25 shows clearly 

that for the post-heating system, the tensile strength decreased from 63 to 48 MN/m 2 for 

an increased in the pulse width from 6 to 12 ms. 

Figure 5.26 shows the tensile strength as a function of PRE for the normal, pre-heating 

and post-heating weld configurations. It can be seen clearly that the tensile strength was 

greatest for the normal weld geometry over the range of PRF investigated, and the 

strength increased with PRE For the normal weld geometry. the tensile strength 

increased from 120 to 195 MN/m2 for an increase in PRF from 6 to 9 Hz. This 

represents an increase of tensile strength of 62.5 % for the normal weld geometry. Z71 
Whereas, for the pre-heating geometry. the tensile strength increased from 37 MN/m 2 to 

59 MN/m 2 for an increase in the PRF from 6 to 9 Hz. For the post-heating 

configuration. the tensile strength increased from 44 MN/m 2 to about 65 MN/m 2 with 

increasing PRF from 6 Hz to 9 Hz. For a post-heated weld, drop out occurred in the 

fusion zone resulting in a lower strength, see Section 5.2.3.6. 
C" 
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5.2.3.3 Aspect Ratio 

The aspect ratio for both the normal. pre-heated and post-heated %%cl'_1" wa, " found h\' 
dividing the penetration depth by the weld width. In all cases, full penetration ý%clds 
were achieved. The dependency of the aspect ratio on the PRF and pulse width Ps 
shown in Figures 5.27 and 5.28. Figure 5.27 shows that for the normal, pre-heated and 

post-heated welds, the aspect ratio decreased with an increase in the PRE Compared to 

the normal weld, the aspect ratios for the dual beam welding was lower because of the 

wider weld I)eads produced by the pre-heated and post-heated weld geometries. The 

greatest aspect ratio was achieved at a lower PRF, for all weld configurations. 

Comparing both post-heating and pre-heating geometries, it can be seen that the post- 

heating weld geometry produced a wider weld bead, this was clearly shown in Figure 

5.27. However, this leads to a slower rate of cooling which agrees with the results 

discussed in Section 5.2.3.1; in that, a less brittle weld was achieved with the post- 

heating and pre-heating weld geometries. In Figure 5.28, it is seen that the aspect ratio 

was measured a function of pulse width. In all cases, the aspect ratio decreased with 

increasing pulse width, moreover, the greatest aspect ratio was achieved with the normal 

weld geometry. Whereas, for the dual beam system, a wider weld bead was produced 

with the pre-heated geometry than the post-heated one, this is clearly illustrated in 

Figure 5.28. In all cases, the pre-heated geometry produced a wider weld width than 

the normal and post-heated weld, and the same results were achieved for flat welding 

process, discussed in Chapter 3- see Section 3.4. 

5.2.3.4 Temperature Profile 

The relative temperature of the gauge plate during the weld process has been monitored. 

Figures 5.29 and 5.30 show the temperature profiles along the weld direction for the 

post-heated weld configurations at PRF of 7 Hz and 8 Hz, respectively. Measurements 

were taken near the heginning (TI and T2) and end J3 and T4) of the weld with four 

thermocouples attached to the surface of the specimen. By comparing Figures 5.29 and 

5.30, it can be seen that a significantly different peak in the normallsed temperature 

OCCUrs at the beginning and end of the weld. This was due to the ()%, crall temperature of 
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the specimen rising due to the greater integrated energy input near the end of the weld. 
A PRF of 8 Hz produced a wider width and a higher normallsed temperature profile. 
Figure 5.31 shows the temperature variation for the pre-heating %ýeld geometi-cs, at a 
PRF of 8 Hz and pulse width of 10 ms, respective]v. Here the profile was \ý ider for the 

post-heating geometry, the cooling process was reduced to greater overlapping of the 

elliptical post-heating and welding beams, this permits more enerLyy ahýorption onto the 

weld region. The post-heating technique allowed the temperature to drop at a slower 

rate than the pre-heating weld geometry, for an increase of PRE Thus, this technique 

produced a less brittle weld, seen Section 5.2.3.1. The spatial hardness discontinuities 

are dependent on the temperature distribution during the welding process, the details are 

discussed in Section 5.2.4. Moreover, different beam delivery systerns and laser process 

parameters will lead to different heat transfer characteristics and ultimately to different 

weld characteristics and grain size. Two possible sources of error in the temperature 

measurement could be involved. Firstly, there may temperature differences within the 

thermocouple itself so that the thermo-electric e. rn. f. developed does not correspond to 

the temperature at the point of contact with the specimen but spatially averaged value. 

Secondly, the accuracy of the positioning of the thermocouple wires on the sample. 

These errors will contribute to errors in the magnitude of the sample, whereas, this 

measurement was taken to determine the relative temperature for the different beam 

delivery systems. 

5.2.3.5 Rate of Formation of the Weld Volume 

Characterizing the rate of formation of weld volume for the normal, pre-heating and 

post-heating weld geometries was found by multiplying the product of the weld width 

and weld penetration by the constant translation velocity (5mm/s). the results are shown 

in Figures 5.32 and 5.33, over the range of PRFs and pulse widths investigated. 

Comparing the three different welding techniques over the selected range of PRE the 

pre-heated welds gave the largest rate of formation of the weld volume. For instance, It) 
3/', 

-eld for a PRF of 6 Hz, the weld formation rate was about 5.41 mm for the normal 

s COnfillUration and this wzis reduced hy 19 % to 6.41 mm 3/ " with increasing PRF from 6 
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Hz to 9 Hz. Interestingly. for the preheating geornctry the minimurn %\cld rate was 7.311 

mm 3/s, 
, and then began to increase slightly for a higher PRFs. Thi., ý represent an incre. lý, e 

of II% to 8.14 mm 3/,,., for a PRF increase trom 6 to 9 Hz. Wherea,,. for the post-heating 

geometry, the weld volume was increascd by 14 % to 7.4 mm'/s. 

The dependency of the weld volume formation rate on the pulse width for the normal, 

pre-heated and post-heated weld geometries can be seen in Figure 5.33. For the normal 

weld geometry, the formation rate was about 4.73 nim 3A and this was increased by 39 ', -Ic 

to 6.58 MM3/S with an increase of pulse width from 6 to 12 ms. Interestingly, the weld 

volume formation rate increased by 14 c7c to 8.4 mm 3/S, for the pre-heated geometry. 

Moreover, for the post-heating weld geometry, the weld formation rate was 6.64 MM3/S 

for a pulse width of 6 ms. As would be expected, the largest weld formation rate was 

observed at higher pulse widths. For the post-heating geometry the weld formation rate 

approximately increased by 10 % to 7.4 MM3/S . The maximum weld volume formation 

rate was achieved with a pre-heating weld geometry at the maximum PRF and pulse 

width. 

5.2.3.6 Microstructure study of the weld 

Figure 5.34 shows a typical picture of a normal laser weld that had not received any 

heat treatment or annealing. A general feature of all the specimens was that the weld 

region consisted of a martensitic structure. Abdullah et al. [5.27] stated that the 

characteristics of rapidly cooled high carbon steel resulted in a fine dispersed carbides, 

typical of hardened and untempered steel, found in the fusion zone. The grain structure 

was smaller in the fusion zone and coarser near the heat affected zone. Moon et al. 

discussed [5.28] that this was due to different cooling rates between the fusion and heat 

affected zones. With a pre- heated weld, this produced a pre-run onto the weld region 

with a defocused bearn, and followed by a focused beam to run ýt weld. Thus, Lancaster 

[5.29] suggested that multi-passes over the weld is beneficial in reducing the hardness 

profiles. Due to the thermal cycle, the structure is completely modified near the weld 

region, for the post-heated and pre-heated %veld geometries. Figures 5.35 and 5.36 
L_ 

140 



show the fusion zone of the pre-heated and post-heated welds. i"c"'pectively. with the 

same laser parameters. Here, the grain structure in the fusion zonc kvas tran"formed to a 
fine and equi-axed grain. A narrow weld interface between the fusion and parent metal 

was found in the normal laser weld as shown in Figure 5.37. Additionally. the pre- 

heated weld specimen exhibited a wider heat affected zone at the conjunction bet%%een 

the fusion zone and parent metal, see Figure 5.38. In general, the dual beam system 

(see Chapter 6) reduced the rate of cooling forming a favorable mechanical structure, as 

discussed in Chapter 3. No evidence of micro-cracking was observed in either the pre- 

heated or post-heated welds. For both weld geometries. the heat affected zone had a 

slightly coarser and denser structure. 

5.2.4 Conclusions of the performance of single and dual beam systern in Nd: YAG 
laser welding with 30' incident beam 

These fundamental investigation have demonstrated the influence of welding at 30' and 

optimizing a range of laser weld parameters to improve the weld quality. The beam 

geometries comprised a single-beam and dual-bearn delivery system. The weld quality 

was quantified by: measuring the sample's hardness profiles transverse across the weld 

region, as a function of depth, tensile strength, aspect ratio, temperature profiles, weld 

volume formation rate and microstructure examination. 

The hardness profiles were greatly decreased with increasing PRF and pulse width for 

the normal, pre-heating and post-heating weld geornetries. Figures 5.19 and 5.20 show 

clearly the peak hardness of the weld for the normal, pre-heating and post-heating of 

samples, le. at different pulse widths and PRFs. In all cases. the peak hardness 

decreased with increasing pulse width and PRF - this can be seen in Section 5.3.2.1. 

For increasing pulse width, it was found that pre-heating the workpiece was more 

effective in improving the hardness characteristics than normal and post-heating 

techniques, this is illustrated clearly by Figure 5.23 - detailed this discussed in Section 

5.3.2. Post-heating produced the greatest reduction in the peak hardness with increasing 

PRF "rom 6 Hz to 9 Hz. Moreover, both post-heating and pre-heating techniques 

resulted in reduced non-Liniformities in the hardness profiles, the likelihood of cracking 
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when subjected to cyclic loading therefore, is gi-catly reduced. Thu,. the normal, pre- 
heating and post-heating geometric.,, were compared, and the hardness profiles decreased 

as a function of depth with increasing of PRF and pulse kvidth. Hoký ever, the pre-heated 

and post-heated weld geometries produced a lokýer hardness profile as a function of 
depth than the normal weld, but both techniques gave a uniform hardness along, the weld 
depth. 

The tensile strength was measured as a function of pulse width and PRF for the normal, 

pre-heating and post-heating weld configurations. The tensile strength increased with 

the pulse width and PRF for the normal weld geometry. and the strength decreased with 

increasing pulse width for the dual beam system. Whereas the tensile strength increased 

with PRF for the dual beam system. But the normal weld geometry produced a higher Zn - 

weld strength than the post-heated and pre-heated weld geometries. It was concluded 

that for the dual beam system, the tensile strength of the welded joints was lower 

compared to the single beam system, this is due to the severe drop-out problem that 

occurred in the fusion zone as reported in Section 5.1.3.5. The drop-out reduced with an 

increase in the translation velocity. 

The aspect ratio decreased with increasing pulse width and PRF for the normal, pre- 

heated and post-heated weld configurations. A lower aspect ratio was achieved with the 

pre-heated weld geometries. Whereas the pre-heated weld technique produced a wider 

weld width than the normal and post-heated weld, for an increase in the pulse width. 

The measured temperature profiles explain the observed characteristics of the laser 

welded specimens, for the post-heated and pre-heated weld geometries. The rate of 

coolina, for instance, was slower for the dual-beam delivery system. This lead to a lower 

hardness induced in the fusion zone, and increasing the pulse length produced a wider 

temperature profile, and the cooling rate was effectively reduced. 
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The rate of formation of the weld volume was dependent on the PRIF and pulse kvidth. 
for the normal, pre-heated and post-heated weld geometries. In all cases. the largc-"t 

ltý I- 

weld volume formation rate was produced by the pre-heated weld gcometi-N. Thus, the 

weld volume formation rate increased with the pulse width and PRF, for the dual beam 

system. 

For an increased pulse width and PRF the structure was completely modified at the 

fusion zone , 
for the dual beam system. Moreover, for the pre-heated and post-heated 

welds, the grain structure found in the fusion zones consisted of refine and granular 

grain, as compared to the single beam system. 
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Table 5.1 Parameters for normal. post-heating and pre-heating welding 

Type Of 
Welding 

Power for welding 
Power for Post- 

heating (W) 

Pulse 
Width 
(ms) 

PRF 
(Hz) 

Pulse 
Energy 
(joules) 

Peak 
Power 
(kW) 

Spot 
Size 

(mm) 

Pulse 
Shape 

Normal 200 6 10 20 3.3 3 Top hat 
Normal 200 8 it) 20 2.5 3 Top hat 
Normal 200 10 10 20 2 3 Top hat 
Normal 200 12 to 20 1.7 3 Top hat 
Normal 200 10 6 33.3 3.3 3 Top hat 
Normal 200 10 7 28.6 2.9 3 Top hat 
Normal 200 10 8 25 2.5 3 Top hat 
Normal 200 10 9 22.2 2.2 3 Top hat 

Postheating 200/85 6 10 20/8.5 3.3/1.4 3/25 Top hat 
Postheating 200/85 8 10 20/8.5 2.5/1.1 3125 Top hat 
Postheating 200/85 10 to 20/8.5 2/0.9 3/25 Top hat 
Postheating 200/85 12 10 20/8.5 1.7/0.7 3/25 Top hat 
Postheating 200/85 10 6 33.3/14.2 3.3/1.4 3/25 Top hat 
Postheating 200/85 10 7 28.6/12.1 2.9/1.2 3125 Top hat 
Postheating 200/85 10 8 25/10.6 2.5/1.1 3/25 Top hat 
Postheating 200/85 to 9 22.2/9.4 2.2/0.9 3/25 Top hat 
Preheating 200/85 6 10 20/8.5 3.3/1.4 3125 Top hat 
Preheating 200/85 8 10 20/8.5 2.5/1.1 3125 Top hat 
Preheating 200/85 to 10 20/8.5 2/0.9 3/25 Top hat 
Preheating 200/85 12 10 20/8.5 1.7/0.7 3125 Top hat 
Preheating 200/85 10 6 33.3/14.2 3.311.4 3/25 Top hat 
Preheating 200/85 10 7 28.6/12.1 2.9/1.2 3/25 Top hat 
Preheating 200 / 85 10 8 25/10.6 2.5/1.1 3/25 Top hat 
Preheating _ 200/85 10 9 22.2/9.4 2.2/0.9 3/25 Top hat 
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Figure 5.1. Nd: YAG fibre optic beam delivery system (Flat welding Geometry) 

Figure 5.2. Nd: YAG fibre optic beam delivery system (30' Welding Geometry) 
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Figure 5.3 Tensile strength as a function of pulse width 
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Figure 5.4 Tensile strength as a function of PRF 
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Figure 5.15 Micrograph of the weld width of 30' welding at a translation velocity of 
5 rnm/s, pulse width of 8 ms and PRF of 10 Hz: x8.5 magnification C, 

Fi('T Ure 5.16 Micrograph of the weld width of flat weldincy at a translation velocity of 1ý -- 5 min/s, pulse width of 8 rns and PRF of 10 Hz: x8.5 magnification 
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Figure 5.34 The Microstructure of fusion zone of normal laser weld at a 
magnification of x 150. (For a pulse width of 10 rns, PRF of 9 Hz, and 
welding, speed of 5 mrn/s) 
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Figure 5.35 The Microstructure of fusion zone of pre-heated laser weld at a 
magnification of x 150. (For a pulse width of 10 ms. PRF of 9 Hz, and 
welding speed of 5 mm/s) 
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Figure 5.36 The Microstructure of fusion zone of post-heated laser weld at a 
mag., nification of x 150. (For a pulse width of 10 nis. PRF of 9 Hz, and 
welding speed of 5 rnrn/s) 
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CHAPTER SIX 
CO-) LASER WELDING OF HIGH CARBONSTEELS 

6.1 Characteristics Of C02 laser welded high carbon steels with different 
geometries - 90' incident laser beam 

6.1.1 Introduction 

The use of lasers in welding of metals has a number of decislvc advantages over 

conventional techniques these include, for example: the weld and heat affected zones 

adjacent to the weld are very narrov,,, deep penetration welding of material is 

possible, and unlike with electron beam welding, a vacuum is not needed, Kroos et 

al. [6.1]. The coupling of laser radiation into the workplece Ps dependent on the 

materials emissivity and the transmission properties of the laser induced plasma. In 

general for metals, both of these properties increase with wavelength. The formation 

of the plasma can be controlled by pulsing the laser with pulse lengths less than the 

plasma formation, Watson et al. [6.2], or modifying the local atmosphere with assist 

shielding gases, Poueyo et al. [6.3]. In the latter case, Carlson et al. [6.4] observed 

at the shielding gases should have a higher ionization potential than normal air. 

Moreover, assist gases can improve the weld quality by reducing the porosity in the 

weld region. Recent interest in welding aluminium alloys with aI kW CO and C02 

laser was demonstrated by Mehmetli ei al. [6.51, CO lasers, operating at 5ýtm, could 

achieve a deeper penetration weld than the CO-, device. This was principally 

because of the lower threshold power needed for processing due to the higher 

emissivity of the material at the shorter wavelength. 

Unfortunately, there are a number of problems with laser welded joints, particularly 

for those that may be subjected to cyclic loading, where the high hardness induced in 

both the fusion and heat affected zones can lead to component fatigue. By 

ernployin- high welding speeds, the time to complete the ýveld reduced and 

welding productivity is increased. If the welding speed is too fast, however. a full 
,I11 Z7 

penetration weld will not be achieved: and with ýt welding speed that 1, too slow, a 

wide bead width will result, this is discussed in niore detail in Section 0.4. The 

cool, 11,1 rate of Liser welds are high as a consequeilce of the lo\ý heat input per unit 

lcri, -, th Of \\c1d and the high dd't*L1s1N'1t\ Of tile material. In the prescnt case. aI kNV. 
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CW, CO, laser (Ferranti, MFKP) was used to weld high carbon steel.. " %ý ith a He 

shielding gas at a pressure of 0.5 Bar. The weld qualitý,, wa.,., examined for different 

translation velocities and geometries. and quantified by measuring the sample", 
hardness characterisics (both transverse to the weld direction and as a function of 
depth), weld width ýtnd penetration depth. 

6.1.2 Welding and analysis 

Gauge plate (2 mm thick) with a nominal composition of: 0.85 - 1.2 wt 1ý'c C. 0.4 wt 
% Si, 1.1 wt % Mn, 0.4 wt % Cr, 0.25 wt 17c V and 0.4 wt ',, ( W, was welded, 

sectioned, photographed and examined. For all the measurements, the errors 

observed for all the experiments was less than ± 1.1 each of the data points 

plotted in the graph in this thesis is the average of 3 values. The error is not 

significant and is hardly seen. Thus, the error bars are omitted in most of the cases 

for clarify. Figure 6.1 shows a schematic diagram of a single beam delivery system. 

The material was welded in a clamped and unclarnped geometry, shown in Figures 

6.2 and 6.3, and welded with translation velocities from 800 to 1500 i-nm/min. The 

unclamped geornetry had a larger area of the sample in thermal contact with the 

workpiece table (501/0. Whereas the clamped geometry had approximately 251/( of 

its surface area in contact with the table. Before measuring the hardness profile and 

performing microscopic examinations, the welded specimens were sectioned, 

moulded, polished, etched in nital (3% nitric acid and 97c/( methanol), and 

photographed at various magnifications. The Vicker's microhardness 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. The weld depth and bead 

width were measured using a Mitutoyo PJ-300 profile projector. 

6.1.3 Characteristics for different weld geometries and translation velocities 

6.1.3.1 Hardness profile 

Figures 6.4 and 6.5 shmv the Vickei's hardness profiles tran,, %, ci-se to the weld 

direction t'01' tile UnClamped and clamped configurations, respecti\el\,. for translation 

%-clocitics from to 1500 nim/mIn. In all ca. sc,,. the rate of cooling proce,,.,, was 

more strongk dependent on the weld ýcometrv than the \\cldlil., i , peed. A ,, Io%\ei- 
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translation welding speed resulted in greater contact of the material to the work 

surface, and resulted in a faster rate of cooling. It is seen in Figure 6.4 that the peak 
hardness at the centre of the weld was greatest for a translation speed of 800 

mm/min and, in general, increasing the welding speed reduced the hardness profile 

at the centre of the weld. Interestingly, the hardness increased awýty from the weld 

centre with increasing translation velocity. Because welds that are subjected to 

cyclic loading are liable to fracture if there are large spatial hardness gradients or 

discontinuities, increased welding speeds, over the range investigated, produced less 

brittle welds. From Figure 6.5, it can be seen that for the clamped geometry, the 

hardness transverse to the weld direction decreased with increasina translation 

velocity. However, this effect was observed across the entire weld. By comparing 

Figures 6.4 and 6.5, it can be seen that there was a , -, reýitcr reduction in peak 

hardness for the unclamped configuration, but the initial peA hardncss was about 

twice as high as it was for the clamped geornetry. This can be explained in terms of 

the rate of cooling, where for the unclamped geometry, the material was distorted 

and moved away frorri the workpiece table. This significantly reduced the rate of 

cooling, providing the reduction in the hardness profile. 

During welding the ternperature distribution around the weld is orcater than the 

materials melting point and the temperature drops sharply is the distance is 

increased away from the heat affected zone. The spatial hardness discontinuities are 

dependent on the temperature distribution during the welding process, moreover, C) 
different welding geometries will lead to different thermal heat transfer 

characteristics and ultimately lead to different weld characteristics (Figures 6.2 and 

6.3). The unclamped geometry had a greater surface area contact with the 

worktable-, this resulted in a faster cooling rate and a higher hardenability in the 

fusion and heat affected zones as compared to that achieved %%, Ith the clamped 

geometry. In each case, because the same material was used for the weld, the 

different characteristics were due to the different geometries and translation 

velocitics. The thermal distribution within the sample is dependent on the material 

diffusivitv. The p-cater the thermal cO11dUCt1%'1tV of the sample, then the faster heat 

is dissipatecl from the sample. 
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Figure 6.6 shows the hardness profile as a function of depth for the unclamped 

, creometry t or different welding speeds. The hardness decreased with depth up to 

about 0.5 rrim, and increasing translation velocity. At depths p-cater than about 0.5 

mm, the hardness increased with decreasinL, translation velocitv. It can be seen from 

Figure 6.7 that a similar effect was observed when the workpiece %%as- clamped. 

However, for a given velocity there was a lower reduction in tile hardness as a 

function of depth for the clamped geometry. The lowest rate of change of hardness 

with respect to depth was observed with the clamped geometry and maximum 

velocity. These hardness characteristics, as a function of depth determine the bulk 

hardness of the material and affect the weld quality and its strength. Figure 6.8 

shows how the hardness varied at specific depths for the clamped and unclamped 

geometries, as a function of translation velocity. The lai-cst variation was observed 

on the surface of the material for the unclamped geometry, \%, here the hardness 

/MM2 fo i decreased from 2271.12 kg to about 1235.83 k,, /mm - an increase in the 

translation velocity of 800 mm/min to 1500 mm/min respectively. At a depth of 0.4 

mm into the clamped sample, there was no significant variation in the hardness for 

the range of translation velocities investigated, even though the weld depth was 

greater than this value. The spatial variation in the hardness gradient reduced most 

dramatically for the unclamped configuration. On the weld surface, the modulus 

gradient reduced from 4.75 kgmin/mi-n 3 to 0.22 kgmin/mm 3 for a velocity of 800 

mm/min and 1500 mm/min respectively. At a depth of 0.2 and 0.4 mm. into the 

sample, the hardness gradient varied by less than 66.1% and was typically 0.76 

3. 
, -, 
Iy, for the clamped configuration, the spatial variation in the kgmin/mm Interesting 

gradient was much less, the greatest value observed on the surface was 1.86 

kgmin/mm3 for a translation velocity of 800 mm/min. At a depth of 0.2 and 0.4 mm 

into the sample, the gradient hardly changed and was between 0 to ± 0.5 

kgmin/mm 3 

Characterizing the hardness profiles as a function of translation %, clocity provides 

information on the optimum laser parameters to reduce hardness Lgradients 
till-OLI'llIOUt the material. Thus Identifying how to achieve wekk with greater 

-, th hv minimizing tlic,, c gradient, ý. t I-C 11, 
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6.1.3.2 Weld penetration 

Figure 6.9 shows the weld penetration for the clamped and unclamped 

configurations as a function of welding speed. Interc,, tIngl%. over the range of 

speeds inve.,, tigated, a greater penetration wa,, achieNed %ýIth an unclamped 

geometry, even though this geometry had greater thermal contact %ýIth workplecc 

translation stage. For a welding speed of 1000 mm/mIn, the weld depths %verc 1.3 

and 1.7 mm for the clamped and unclamped geometries respectivcly. These were the 

maximum depths that were observed. For translation velocities abovc this value, the 

penetration depth decreased for both welding configurations. 

6.1.3.3 Bead width 

It can be seen in Figure 6.10 that the weld width for the unclarnped workpiece was 

slightly greater than that obtained with the clamped geometry. Foi- lower (less than 

l 000mm/i-nin) and higher ( 1200 mm/min) translation velocities there kvas a greater 

difference between the weld width for the two geometries. In all cases, however, 

the weld width reduced with increasing welding speed. 

6.1.3.4 Rate of formation of weld volume 

The rate of formation of the weld volume for the clamped and unclarnped geometries 

was found by multiplying the product of the weld width and weld depth by the 

translation velocity, the results are shown in Figure 6.11. The unclamped geometry 

gave the largest rate of formation of HAZ. For example, for a translation velocity of 

1000 mm/min the weld formation rate was about 2944 mm 3/M in for clamped 

configuration and this was increased by 14.5% to 3445 mm 3/Mm for unclamped 

geometry. Interestingly, the weld formation rate was at a minimum for a translation 

velocity of 1200 mm/min (for the clamped and unclamped configuration 

rcspectively) and then began to increase slightly for higher translation velocities. 

This increase was greater for the unclarnped geometry. Cý 11-1) 

6.1.3.5 Nlicrostructure study of fusion zone 

Figure 6.12 ,, Iio\\,, a picture of a týplcal normal lascr weld for the undamped 

%\-(-)i-kpiccc. A l-'cllcl-ýll l'eýIttli-e of all the specirnens \\ ýu, that the \\, c1(1 re., zion cowisted C11 
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of a martensitic structure, which is characteristic of rapid]Y cooled hi-gh carbon ý, tccl, 

and finek dispersed carbide.,, typical of hardened and untempered , tee], and thl'.. %V&% 
also observed by Abdullah et al [6.61. Honeycombe [6.7] concluded that above 0.8 

wt carbon concentration, cementite forms a hyper-eutectoid pha\, C and a sirnilar 
variation in volume fraction of cementite and pearlite occurs on th", side of the 

eutectold composition. Figure 6.13 shows the microstructure for the clamped 

workpiece with the same settings for the laser parameters and translation % elOcIty as 

shown in Figure 6.12. Here the grain size was finer in the fusion zone than it was 
for the unclamped workpiece. For the higher speed, there appeared to be a slightly 
denser and coarser grain structure; Melheisel [6.8] discovered that this is consistent 

with a higher cooling rate. The thermal cycle with varying the translation velocity 
for the clamped welding configuration was such that the structure was completely 

modified in the fusion zone. 

6.1.4 Conclusions Of C02 laser welded high carbon steels with different 
geometries 

These fundamental investigations have demonstrated the influence Of Using clamped 

and unclamped geometries and of optimizing the translation velocity to improve the 

weld hardness profiles and maximize the weld penetration depth. The effect of 

cyclic loading on a weld can lead to a poor fatigue life due to the high hardness 

discontinuities in the fusion and heat-affected zones. Less brittle were produced 

with increased welding speeds for the clamped geometry. A large number of welds Z-1 tý 

were fabricated, on 2 mm thick gauge plates, with a range of translation speeds from 

800 mm/min to 1500 rnm/min. The weld quality was quantified by measuring the 

weld width, weld penetration, and the hardness profiles transverse to the weld 

direction and as a function of depth. The hardness transverse to the weld direction 

decreased from 1277.7 kg/mm 2 to 765.7 kg/MM2 with an increase translation 

velocity from 800 mm/min to 1500 mm/min for the clamped geornetry. A smaller 

decrease was observed for the unclamped workpiece. These results , showed that the 

hardness decreased with depth for both weld geometries, and that the decrease wa, " 

greatest for the UnClarnped geometry. The unclarnped geornetry produced a deeper 

wAd penetration and a \\ider bead width. WI th the clamped geornetry. the 

(III-I'cl-clicc in hardness acro,,,, the wcld wa" redUCCCl. By increa,,, ing the trandation 
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velocity and using the clamped geometrY, a denser and coarser grain structure wli,, 

observed in the fusion zone. 

Because the hardness 
-, radients were lower for the clamped geomctrý by 

approximately 61 c1c, these welds were less likely to crack under c\clic loading. The 

weld material in the unclamped configuration had a lower thermal contact with the 

surrounding material than the clamped configuration. This would help to contribute Cý 
to the slower rate of cooling observed for the clamped configuration. The advantagc 

of using the unclamped geometry is that a (); reater weld depth and a slightly wider 
bead width were achieved. Furthermore, a more detail investi(lation on different 

clamping gemetries (0' and 30') was used to study the relationship between the rate 

of cooling and the mechanical properties of the laser welded high carbon steel, see 
Section 6.4. 

6.2 C02 laser welded high carbon steels with in-line post process tempering 
- using a multiple pass system 

6.2.1 Introduction 

Most recent advances in manufacturing applications of lasers have been due to their 

high precision, high productivity, flexibility and the effect 1 vene,.,,. s with which they 

can be incorporated into automated manufacturing environments. There are 
however a number of problems associated with this process. for instance: the 

formation of pores in the weld in the interior of v,, elded material, covered in more 

detail in Chapter 5, thus, reducing the strength of the completed wcid. Dowden ct al. 

[6.9] has described how an analysis of the composition of entrapped gas in the pores 

proves helpful in understanding the keyhole plasma vapour composition. Steen ct 

al. [6.10] and Cl 1 ne et al. [6.11 ] have developed models to study the heat input to the 

surrounding material to improve the understanding of laser material interaction 

processes. Due to the low integrated energy input laser welds are often quenched too 

rapidly in the fusion zone \-ia conduction to the surrounding environment, Zerroukat 

ct al. [6.1 -1] developed a model to investigate the heat flow characterl stics. Weisman 

[6.1-31 and Ashby et al. [6.14] described the hardness discontimlities in the fusion 

and licat affected zonc. which leads to cracking and poor component fatigue 10'e. An 
I 

ad\-antage of' the lo\\ woi-kpiccc ellei-, -, \ i, ecliiii-crilents I-oi- lzisci- \\cidl n 
-T 

Is th at 
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distortion ()I' the ýxorkpiece is minimal when compared to conventional arc or gas 

welding. Continuous laser welding of high carbon steel result, in a martensitic" Z71 C 
structures which can lead to very brittle weld. s. Roessler et al. [6.15] reported that i it 

can be much cheaper to use a laser to modify the surface charac terls tics . such as 

hardness and temperature stability. Thus, using a multiple bearn deh%crv 

the workpiece spatial and temporal temperature distribution can he controlled to 

generate the desired mechanical properties without losing the benefits of this low 

distortion joinipg process. Z-7) 

To alleviate the poor mechanical characteristic. Ný! et al. [6.1 ()1 investigated the 

factors which would control the rate of cooling to prevent rapid quenching, this V. ) 

dependent on different laser parameters and weld geometries discussed in this 

Chapter. In the earlier work presented herein, a preliminary anal%,,,, is of dual beam 

laser process was undertaken. Two beam interactions were modeled by Liu et al 

[6.17,6.18]. To improve the welding characteristics, the dual bearn delivery system 

for the CO, laser was designed for welding, but no further experimental work was 

carried out in this particular area. Therefore, propitious selection of pre-heating and 

post-heating control parameters are effective in controlling the weld mechanical 

properties, as discussed more detail in Chapter 3 for Nd: YAG processing. A beam 

scanning technique was developed for pre-heating or post-heating CO, laser welds-, 

this allowed control over the sample's phase transition properties to deliver specific 

weld characteristics. Whilst not precluding it, this obviated the need of multiple 

beam delivery systems and is an ideal approach for industrial users with small batch 

job requirements. The major advantage of the beam scanning technique is that it is a Z: ) 

I me simple and cleaner approach than using a dual beam assembly to achieve 

process heat. A CO, dual beam systern was designed, see Figure 2.7 in Chapter 

and the final multiple beam system has been fabricated to provide heat-treatment 

simultaneously during %velding. In the following section, two possible problems that 

were found in this particular design of dual beam system are discussed. Besides this. 

the current activitic,, in high power diode laser (HPDL) technoloiy and applications 

to welding showed clearly the effect of different laser welding performance and 

discuss loll Oil the ch. 11-acteristics of HPDL wcldinL, of high carbon ý, teel I,,, presented 

In Section (). '). 
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6.2.2 Experimental equipment and welding analysis 

For all the measurements, the errors observed for all the experiment', %v&' les" than - 
1.2 '/(, each of the data points plotted in the graph in this thesis 1, the ýivcragc of ') 

values. The error is not , igynificant and is hardly seen. Thus, the error bars are 

omitted in most of the cases for clarify.. The present study inve., "t1gated a multi-pass 

scanning technique. using a 1.2 kW CO, laser (Ferranti. MFKP) operating at 10.6 

ýLm, for pre-heating or post-heating the workpiece. For all cases, the laser powel- 
1.2 M, the He shielding gas was at a source pressure of 0.5 Bar indicated at the 

pressure gauge, and the carbon content of the material was 0.85 'ý/ý and 0.5 c1c. A 

schematic of the scanning beam delivery system to achieve in-line process tempering 

is shown in Figure 6.1. and Figure 6.14a shows the clamping geometry used in 

these experiments. This processing method was designed to s](m, down the rate of 

cooling of the sample before or after welding with a defocused hearn. The laser 

beam was controlled by the CNC machine to traverse across the rnaterial a number 

of times, at a range of selected translation velocities from 600 rnm/min to 1700 

mm/min-, either before or after welding. In the case of the pre-heating geometry, 10 
Z: ' t) 

passes of the beam were made to heat up the base rnetal with a power of 0.5 kW; this 

was followed by an additional pass to weld the sample with L2 kW laser power. 

The post-heat treatment was achieved by performing a number of passes after the 

weld. Both processing methods were designed to slow down the cooling rate and t, 
reduce the hardness profiles, without complicating the beam delivcry system. 

High carbon steel gauge plate, with a nominal composition was mentioned in Z15 17, It) 
Section 6.1.2 was selected for this experimental m%'estigation. The mechanical 

properties of the sample are given in Table 3.1. All of the samples were machined 

to the dimension of 75 x 50 x 0.88 mill 3. The tolerance of the length and width of 

the samples was ± 0.1 rnm. After machining, the samples were "round (Type J. 

B. A. 60-P-V, medium grain) to ensure smooth, flat surfaces. -\ftei- %velding, the 

workpieces were sectioned, moulded, polished, etched (2 17c nital) and photographed. 

The Vicker's hardness profile of the weld was measured, transverscd to the weld 

direction. Using a Reichiert 154155 Vicker's testing machine. These micrographs 

wcrc examined to eý, Iahhsh the effect of I)rc-heating and post-heatin. - on tile weld Zý - 
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quality. The weld depth and head width were measured using a Mitutovo PJ-"()() 

profile projector. The %%, eld,,, %vere inspected using, an optical rmcro,, cope to study 
any weld defects or crack,, and the microstructure in the weld realon. The effect of 
varying the workpiece translation velocity. ie. the clegree of post-heating and pre- 
heating, was quantified by measuring the hardness proffles, weld \\ Idth, penetration 
depth and examining the microstructures. These results are , ho%% n in Section 6.2.4. 

6.2.3 Welding analysis for C02 laser dual beam delivery system 

The results from the scanning technique (see Section 6.1.2, Figure 6.1) were used to 

develop a multiple beam system to improve the process. There were several 

problems that were identified for this systern due to the cooling of the optics. For 

the beam splitter, Figure 6.14b, the heat flow is predominantly radial, in this cd-c 

cooling case. Under this condition, the system faced serious thermal distortion 

which lead to the distortion of the beam splitter, arising from the heat input from the 

beam. Dyson [6.10] previously reported that thermal distortion may in part be 

responsible for changes in the output beam characteristics, during the first few 

seconds from when a laser is first switched on. With the bearn delivery system 

installed, there were variations in the laser output power. Hov"ever, attempts to 

measure these affected the system sLich that these power fluctuations vanished. 

Other possible causes of this may be: the reflection of the laser beam from the 

workpiece back into the laser cavity affected the laser output power, the optics may 

have been of poor quality; or interference effects may have been occurring at the 

workpiece. The dual beam system was sucessfully employed to cut 2 mm thick 

glass, using a Synrad 15 W CW CO-, laser. The power requirements for the glass 

cutting were substantially lower than those required for welding and thermal 

distortion of the optics would have been less likely to occur. 

To investigate the effect of the delay between the first and "'ccond bearn, and 

optimisc the c1csion of the dual beam systern, welds were done on the material by 

usim, a multiple pas,, systern. For pi-c-heating. the first pa. ss ol' the beam was I 
travcHiriL, at 4 nim/s (50OW), and the sccond pass (in the same direction &, the first) 

for welding and the speed was 8 nini/s ( 1.2kW). In thi.,, wa\. the sj-, atial qualm 
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of the weld in the direction of the weld. could be quantified and correlated to the 

time delay between the pre-heat and weld. Similar experinients %\cre done for post- 
heating the weld (4mm/s, 50OW), where the weld was done fir,, t (8 nInI/s, 1.2 kNV). 

The hardness profiles achieved with this system are described in Section 6.2.4.1, see 
Figure 6.20. 

6.2.4 Mechanical properties of welds 

6.2.4.1 Weld hardness characteristics 

Figures 6.15 and 6.16 show the Vicker's hardness profiles transverse to the weld 

direction for the normal welding condition, pre-heating and post-heating. In this 

cases, the laser power was I M, and the carbon content of the material was 0.85 %. 

Figure 6.15 shows the effect of different welding configurations with a translation Z__ 

velocity of 1000 mm/rnin, Figure 6.16 and 6.17, at 800 mm/min and 600 mm/min, 

respectively. It is seen that in all these cases, the Vicker's hardness, is much greater 

for the untreated weld and laser tempering is very effective in reducing the hardness 

discontinuity. The untreated-weld hardness non-uniformity results in the weld 

having poor mechanical properties. 

Figure 6.18 shows the hardness profiles for a sample with 0.5 % carbon content and 

a translation velocity of 1700 mm/min, all of the other system parameters were 

identical to those indicated in the previous figures. As the translation velocity was 

decreased the difference between the Vicker's hardness for the normal weld and 

treated welds, compared to the hardness of the bulk material, became greater; this 

difference was greatest for the post-heated samples. Figure 6.19 shows the 

percentage reduction in the peak hardness of the weld for pre-heating and post- 

heating of the different samples, i. e. those with 0.85 17c and 0.5 (/( carbon content. 

For the post-heated samples, there ývas nearly 80 % reduction in the peak hardness 

for a welding velocity of 600mm/min with the 0.85 % carbon content sample, for the 

same reduction in the hardness, the 0.5 % carbon content material could be 

processed at a higher translation %elocity of 1500 mm/min. Po"t-heating of the 
I-- 

workpiecc \\*ýis more effective in improving the weld characteristics than pre- 

heating. thi,, I,, cleW-l\ illustrated h\ Figures 6.15 to 6.19. Po,, t-heating produced a I-- 
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greater reduction in the peak hardne,,,,: hence, with reduced non-uniformities in the 
hardness profiles the likelihood of cracking with the sample ubjected to cýclic 
loading is reduced. 

The experiments revealed the benefits that arise over conventional techniqLic,, to 

achieve heat-treatment simultaneously during the welding proce. "'. The effect of the 

time delay between the two beams is illustrated in Figure 6.20 \\hich show. ', the 

effect of pre-heating and post-heating. It should be noted that for the case the 

welding or heat treatment was always in the same direction (Section 6.2.3). The 

hardness alomz the weld seam was dependent on the time delay between the two 

passes of the laser beam. For the post-heating and pre-heating technique, the 

hardness increased with the time delay between two passes of the laser beams. 

Different rnicrostructure transformations occurred for different tirne delay, see 

Section 6.2.3.3. This results is what P, expected from the simple assessment of the 

multi-pass system that was used for welding, where the rate of cooling was largely rn 
dependent on the post-heanng or pre-heating technique. The rapid cooling rate was 

most effectively suppressed by using., the post-heating technique-, this gave the 

greatest hardness reduction, the rate of cooling was significantly reduced compared 

to the norrnal and pre-heated welds. 

6.2.4.2 Weld bead and penetration depth 

Table 6.1 shows the weld width and penetration dependency on the weld geometry 

and translation velocity. In all cases, the pre-heated welds gave a greater weld 

penetration than the post-heated or normal welds, for the gauge plates of 0.85 `1-c and 

0.5 17c carbon content. Also, it is seen that the weld width was greatest for the post- 

heated -geometry. As would be expected, for a lower translation %, clocity of 800 

mm/min, a greater weld width and penetration depth was achie%, ed than for higher 

translation velocities, for all normal, pre-heated and post-heated ýý'Clds. The post- 

heated geometry tended to produce a \\, Ider weld width, probably because of the 

reduced rate of cooling. This ultimately leads to the greater peak hardness reduction I-- 
as sho\vn in Table 6.1. 
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6.2.4.3 Nlicrostructure analysis 

Figure 6.21 shows Li picture of a typical normal kt,, er weld that had not received an\ 

in-line pre-heating or post-heating. The crack formation is evident at the top and 
bottom of the weld area. Figure 6.22 shows the effect of pre-heating the sampic. 
Quite clearly, no cracking was observed. Another general feature of all the 

specimens was that the main weld region consisted of a martensitic structure, which 

is characteristics of rapidly cooled high carbon steel, and finely, dispersed carbides 

typical of hardnened and tempered steel. Additionally, the pre-heated weld 

specimens exhibited complex transformation structures in sharply defined narrow 

bands comprising a heat affected zonc at the 
'Junction 

between the %\, cld and parent 

metal, shown in Figure 6.23. These zones contained fine globular carbide particles, 

typical of sorbite structures. Also a post-weld heat treatment, shown in Figure 6.24, 

appeared to produce no changes in the metal structure of the bulk weld but did yield 

interesting structural changes, just below the bearn contact point. This was in the 

form of 5 distinct bands with different metallurgical structures. This is the subject of 

continuing study, but it appears to include some transformation products similar to 

those found at the weld/parent metal interface. It is probably due to the multiple 

passes of the laser beam over the material and the different heat waves penetrating 

into the samples from each pass of the beam. 

It is notable in the two pass geometry, the microstructure in the fusion zone was 

considerably different from that of the normal. post-heated and preheated welds with 

the multiple passes, as shown in Figures 6.25,6.26 and 6.27. respectively. In 

general, the welded specimens were cooled to room temperature rapidly at the fusion 

and heat affected zones. In all cases, it was found that the austenite transforms to 

fine martensite rapidly and some retain to room temperature. moreover, the weld 

egi d austenite and finely di,, persed carbides. r c, on consisted of fine martensite, retaine IIII 

As the carbon content increased, both the M, (martensite start) and Mf (martensite 

finish) temperature decreased. A fine grain size is clearly seen in Figure 6.25 for the 

normal \\-cld. In Figure 6.26, the zrain size in the fusion reilon was found to be 

111ore refine and coarý, er than the normal and pre-heated welds, for the post-heated 

weld. I-or the pre-heated treatment. agI obular _, rain size wa,, clearly oh, ýcrved in the 
I-- 
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fusion zone, Figure 6.27. Figures 6.28,6.29 and 6.30 show distinct narroýý band.,, 

at the junction between the weld and parent metal interface, for the normal. post- 
heated and pre-heated welds, respectjvclýý. 

6.2.5 Conclusion Of C02 laser welding of high carbon steel using a multiple 
pass system 

A beam scanning system was used to either pre-heat or post-heat gau, 2e plate with 17ý ý 
0.85 % and 0.5 cl(, carbon content. The hardness profiles were measured transverse 

to the weld direction and showed that there was a greater reduction in the hardness at 

the centre of the weld for the post-heating geometry. The hardness was reduced by 

nearly 80 % for a translation velocity 600 mm/rnin for the sarnple with 0.85 (1-c 

carbon content, and by the same amount with a translation velocity of 1500 mm/min 

with the 0.5 % sample. For a similar reduction in the hardness for both materials, a 

greater translation velocity was achieved with the 0.5 17c sample. 

As expected, the weld width and penetration depth was dependent on the welding 

translation velocity. In all cases, a lower translation velocity produced a wider weld 

bead and greater penetration depth than a higher welding translation velocity. The 

pre-heated geometry gave greater penetration than the normal and post-heated 

geometries. Whereas, the post-heating geornetry produced a wider weld bead and 

resulted in a reduced cooling rate and greater peak hardness reduction. 

A complex transformation structure was shown for the pre-heating geometry, 

comprising a heat affected zone with sharply defined narrow bands at the junction 

between the weld and parent metal. The post-heated specimens had 5 narrow bands 

of different metallurgical structure. To optimise the dual beam delivery system and 

analyse the effect of the delay between pre-heating or post-heatin", welds were 

performed %,,, Ith a time delay between two laser beams (post-heatiniý, or preheatin, _, ) to 

achieve in-line process tempering, simultaneously with the weld. In all cases, a fine 

niartcrisitc and retained austensite was found in the fusion zone. 
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6.3 Comparison of CO, and diode laser welding of high carbon steels 

6.3.1 Introduction 

Because laser diode manufacture relies on electronic fabrication tcchniqUCS the), 
have the potential to be mass produced, and becorne an extremely inc\pensivc lascr 

material processing tool. Present technolon, ' dictatcs the Ili-nits the minimum beam 

size can be achieved from laser diode arrays. 

In general, laser welding provides a non-contact means of getting high "n 
concentrations of heat to specific location without affecting the surrounding 

environment; this makes it highly reliable and 'SUitable for fusion joining in many 

engineering applications. For example: automotive, aerospace and electronics 

industries. Industrial high power laser diode development has progressed rapidly 

within the last decade and several cornmercial systems are now offered in the 

medium or high power regime. Zediker [6.19] hýis derrionstrated the capability of 

welding carbon sheet. He discovered that the efficiency of weldiii- with HPDL is 

low and a larger heat-affected zone is obtained compared to other conventional 

lasers. This is due to the poor beam quality. 

Li et al [6.20] reported the rapid and continuous enhancement of diode laser 

materials and fabrication technology and a commercially available CW HPDL with 

an output power up to 100 W with fibre optical delivery system and a5 kW CW 

diode laser stack. Bachmann [6.21] reported that high power diode lasers can be 

used for welding and surface hardening. The unique features of diode lasers are their 

portability and their potential cost. Piening et al. [6.22] reported that the difficulties 

in rninimising the focused spot size used for industrial applications. For industrial 

tasks such as cutting and drilling, where a high beam quality is often required. the 

spatial properties of the processing beam need further improvement. Tabata et al. 

[6.231. Howcver, the low beam quality from some high power diode lasers is 

SLIffIcicnt for some applications; for instance: heat-treatment and %%'cldln, -, a, " 

invcstigated hy Beckctt ct al. [6.24]. Laser material proccving is currentlý 

dominated by CO-, (scc Section 6.1.1 and 6.21.1) and Nd: YAG lascrý' (', Cc Chapter 3). 

Thc charactc"IsticS ()I' "MtcI'ial,, weldcLI with diodc lascr havc niany differences to 
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those done with CO, laser. Mostly CO, lasers have been employed in the field for 

deep penetration welding. steel plate cutting and surface modification. Moreover, 

HPDL allow the potential to design highk versatile processing systerns %%ith f1hre 

optic bearn delivery systems. which is still not commercialk- available for the 

conventional CO-) laser. A major advantage of HPDL processing Is its shorter 

wavelenL, th; consequently, because of the dependency of the material's ernissivit\ on 

the wavelength, energy is absorbed more readily than for the CO, lasers. 

Through preliminary studies, an initial understanding of the high liower diode k1scr 

and CO-, laser beam processing of high carbon steels has been gained. Both diode 

and CO,, lasers, were used to weld gauge plates, that were sectioned, moulded, 

polished, etched and photographed, allowing examination of the sample's 

microstructure. The quality of the weld was quantified by asscssing the weld's 

mechanical properties, and size and distribution of the microstructures in the fusion 

and heat affected zones. A systematic investigation to characterise the weld quality 

as a function of weld velocity was done. The effect of varying the wcld velocity was 

ified by measuring the hardness profiles, tensile strength, wcld width, aspect quanti i Z-) 

ratio, the rate of weld volume formation rate and microstructure cxarnination, for 

both the diode and CO-, lasers. 

6.3.2 Lasers and analysis of welds 

The present study used aIM CW, CO-, laser (Ferranti MFKP), operating at 10.6 

[tm, to weld 1.5 mm thick gauge plate. The translation velocity was changed from 8 

to II i-nm/s, with a He shielding gas at a source pressure of 0.5 bar indicated at the 

pressure gauge and a nozzle diameter of 5 mm. A schematic of the C02 laser beam 

delivery system used in this study is shown in Figure 6.1. For the CO-, lasersystem. 

the weld beam was focused to a spot size of I mm. 

A high power diode laser, comprising a large number of single laser diodes, were 

incoherently coupled together to deliver laser po%ver up to kNN'. the s'vstern 

shown in Figure 6.31. For most experiments, the laser head mounted onto the 

poýItionlnk g, Imil shown in Figure 6.32: the i-naxii-nurn I)o\\ci- wa. " 1.4 k\\*, 

at 810 ni-n, and a He ý, hieldijja at a source prel, ý, LII'C of 0.5 bar 
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indicated at the presSUre gauge %vas u,, ed. The focal area of HPDL %\ xs 3.8 x 
2 

mm , which leads to a maximum po%k er dem"ity of -1 x H)" W/Cri-icompared to 1.3 x 
107 W/cm" %vith the CO-, laser. 

High carbon steel gauge plate. with a norninal composition of 0.85 ýý t 17c C. 0.4 wt ý(- 

Si, 1.1 wt % Mn, 0.4 wt % Cr, 0.25 wt c1c V and 0.4 wt % W, sclected for this 

experimental investigation. The mechanical properties of the sarnple are shown in 
Table 3.1. 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 \vas ± 0.1 rnm. After 

machining, the samples were ground (Type J, B. A. 60. P. V, medium grain) to ensure 

smooth, flat surfaces. After welding, the workpieces were scctioned, moulded, Z__ 

polished, etched (2 % nital) and photographed. To quantify the wcId 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. An Instron 

tensile tester machine with a cross-head speed 0.5 rnm/sec 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 v"ere inspected 

using an optical microscope to study any weld defects or cracks and the 

microstructure in the weld region. 

6.3.3 Welding analysis 

6.3.3.1 Hardness profiles 

Transverse cross sections of the weldi-nents were sectioned for the microhardness 

test. Using a diamond pyramid indenter with a 70 gm load, the hardness was 

measured from one side of the parent metal across the weld metal to the other side of 

the parent metal. The hardness was much higher at the centre of the weld, and the 

hardness across the fusion and heat affected zones in the welded samples is higher 

than the parent metal. as shown in Figures 6.33 and 6.34, for the CO-, and diode 

laser welding, respectively. The effect of welding velocity was ilivestigated and the 

transverse hardness across the %vc1d was found. Figure 6.35 , hows the peak 

hardness of the wcld for the CO, and diode kvcr welding for different welding 

\, cl()citles. Tile peak hardness increa,, ed \\ Ith the welding vclociticý, I'or both wcldiny, 
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configurations. For a welding velocity below 10 iTim/s. the diode la. "cr produced a 
higher peak hardness than CO-, laser welding. Interestin-1%. 1, )r the CO-, laser Z: 5 -II Z-- -- 

welding, the peak hardness was greater compared to that from the diode laser 

welding for a welding velocity above about 10 mm/s. The CO-, laser weldim-, zn --- 
produced a wider weld bead, as discussed in Section 6.1, this reLilted in slowing I 
down the rate of cooling and was more effective in improving the \ýeld hardness 

characteristics than the diode laser welding. Hence, a less brittle weld was produced 

compared to that with the diode laser. 

The hardness profiles as a function of depth can be seen in Figures 6.36, for the C02 

and diode laser welding. This figure shows the variation in the depth-hardness for 

different welding velocities. In this case, using a CO, laser for wclding, the hardness 

slightly decreased with depth into the sample. Interestingly, 1'()i- the diode lascr 

welding, uniform hardness profiles along the weld depth are clcýtrly observed. In 

general, for both welding configurations, the hardness was reduccd with decreasing 

welding velocity. 

6.3.3.2 Tensile strength 

Tensile tests aimed at determining the mechanical properties of lascr butt welded 

plates were significantly inferior to those of the parent metal. Tensile test were 

performed, at a cross-head velocity of 0.5 mm/s, to determine the mechanical 

properties of the welds done with the different types of laser. In all cases, the tensile 

failure occurred in the welded region, no deformation of the weld was evident. 

indicatin- that brittle fracture, due to the sample's high hardness discontinuities, had 

been the likely cause of failure. 

Figure 6.37 shows the tensile strength, which resulted in failure of butt welded 

joints, as a function of the welding velocity. it is clearly obser\'ed that C02 laser 

wc1ding, the tensile strength decreased frorn 105 MN/mm 2 to 100 MN/mm", for a 
I- 

corresponding wc1ding, \, clocity from 8 inin/s to 9 rnm/s. Ho%\'c\'Cl- above 9 mm/s, 

, ti-crigth increascd with the welding velocity to a maminurn of I Imnih, the ten, 'ile ,11 Z7 

For the diode laser \\clding. when the wclding vclocitv mcrcrýed from 8 inm/.,,, 

to 10 mm/s. the tewilc , trength deci-cascd 1'rom 97 MN/mm-' to 61) NIN/m 1112 . 
The 
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poor mechanical properties. especiall% the low tensile strength. wa. " attributed to the 

presence of centre-line cracks in the fusion zone at weldiriL, velocities above 10 

mm/s, which were evident on the fusion zone. see Section 6.33.6. In Leneral, the 

welded joints are further weakened by the weld discontinuities. Table 3.1 sho%\s the 

strength of the base metal, thus, this indicates that the strength of the welded samples 

was considerably lower than the base metal. In all cases, full penetration welds were 

achieved with the two different type of lasers. For a welding velocity of II mm/s, 
2 the tensile strength was 127 MN/mM for CO-, laser welding and 69 M"'/mm2 for the 

diode laser welding. This represents an increase in the tensile strength of 84 Clc for a 

full penetration weld with the CO-) laser. 

6.3.3.3 Weld bead 

The weld widths was measured as a function of welding velocity, and the results can 

be seen in Figure 6.38. For a welding velocity of 8 mm/s, ýi maxii-num weld width 

of 5.9 mm and 4.1 rnrn were achieved, for the CO, and diode laser welding 

respectively. Interestingly, for the CO, laser, the weld width reduced by 46 % to 

3.1 mm, for an increase in the welding velocity frorn 8 mm/s to II rnm/s. Increasing 

the welding velocity from 8 mmJs to II mnVs for the HPDL resulted in the weld 

width reducing by 27 %. From Figure 6.38, it is clearly seen that at 10 mm/s the 

diode laser produced a slightly wider weld bead than the CO-, laser weld. In all other 

cases, the CO-, laser welding produced a wider weld bead than "vith the diode laser. 

This was significant for velocities below 9 mm/s. 

6.3.3.4 Aspect ratio 

The aspect ratio for both the CO-, and diode laser welds was found by dividing the 

weld penetration by the weld width. In all velocities, a full penetration weld was 

achieved for both welding configurations. The dependency of the aspect ratio on the 

welding velocity is shown in Figure 6.39, the aspect ratio increased with the 

welding velocity for both lasers. Compared to the C02 laser, the aspect ratio for the 

diode la,,, cr was lo\\ci- at a welding velocity of 10 mm/s, this was because of the 

wider weld bead, see Figure 6.38. In other cases, a higher aspect ratio was achieved 

with the diode laser than the CO-, device. 
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6.3.3.5 The rate of Ný eld volume formation rate 

The rate of formation of weld volume %%, a,, defined by multiplying the wcld %\Idth. 
penetration depth and welding velocity. The rate of weld volurne formation \%a. " 
calculated as a function of weld velocity, and these results are shoý% n in Figure 6.40. 

For the CO-, laser weld geometry, the weld volume decreased %\ ith an increase 

welding velocity, whereas, for the diode laser weld geometry, the \%eld volume was 

independent of the weld velocity over the range of values investigated. The average 

weld volume formation rate for the diode laser welding was 50.1 mm 3/S 
. For the 

CO, laser welding, the largest rate of weld volume formation was, for a translation 

velocity of 8 mm/s where the formation rate was about 70 mm 3 /s. The formation 

rate for the HPDL at this velocity was 30 % less at 49 mm 3 /s 
. 

The diode laser 

welding produced a slightly higher weld volume formation rate than C02 laser 

welding, at a welding velocity of 10 mrn/s. 

6.3.3.6 Microstructure study of the welds 

The microstructures of each of the welded samples were examined in the regions of 

the fusion zone, heat affected zone (HAZ) Lind parent metal. The transverse sections 

of the weldments were prepared for the rnicrostructural examination and analysis. In 

all cases, no signs of porosity nor of any other voids or inclusions were evident in 

the microscopic examination. Figure 6.41 and 6.42 show the typical pictures of the 

weld seam appearance for the CO, and diode laser welding, respectively. It is 

obvious that a better weld seam was achieved with the diode laser welding than with 

the CO, laser welding, but a wider weld bead was achieved with the CO, laser weld 

for the same welding velocity. The centre-line cracking in the fusion zone is 

dependent on the cooling pattern as discussed in Section 3.2.3.6. Compared to the 

CO, laser welds, narrow heat affected zones were produced by the diode laser. 

However, this resulted in a faster cooling rate in the fusion zone, and the weld was 

last to solidify and hence is much weaker, this leads to cracking at the higher 

welding velocities. Figures 6.43 shows, the diode laser welds done at a higher 
I 

welding velocities at 10 mm/s. The crack cvident is c1carly observed in the fusion 

zone. Figure 6.44 ý, liows the effect of the CO, laser weld at the same \\-c1d111L' ? -I -- 
\. eloclt\.. no crack,, were observed. In all ca,, c,,. niartensitic and carbide structure,, 
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appeared between the pearlite grains with ýome retained austenite. Figures 6.4-5 and 
6.46 show typical pictures of the fusion zones tI rom the CO, ancl HPDL welding ltý 
respectively. Compared to CO, laser weld, the diode laser %ýcldlng produced a finc 

grain structure at the same welding velocity; this is due to the lo%ý heat input of the 

diode laser weld which produced a narrow weld width compared to CO-, laser %%eld. 

as shown in Figures 6.47 and 6.48 discussed in the earlier Section 6.3.3. 

6.3.4 ConclusionsOf C02 and diode laser welding of high carbon steels 

In general, a number of welds were done for a range of welding velocities from 8 to 

II mm/s with both a CO-) and a high power diode laser. The weld quality was 

quantified by measuring the sample's hardness characteristics, tensile strength, weld 

width, aspect ratio, the rate of weld volume formation rate and examination of its 

microstructure. 

The high hardness values indicated a fast cooling rate for both fusion and heat 

affected zones. For both welding configurations, the peak hardness increased with 

the welding velocities. Compared to the diode laser weld, a lower hardness values 

was achieved with CO, laser, and the heat affected zones were wider and the 

microstructure corresponded to a slower cooling rate than the diode laser welding. 

For the CO, laser welds, this resulted in effective]y reducing the cooling rate, and the 

hardness decreased as a function of \, veld depth. Interestingly, for the diode laser 

welding, a uniform hardness profile as a function of weld depth was clearly 

observed. 

For a CO-, laser weld, the weld strength increased with welding velocity, and a ZD - 
greater tensile strength was achieved. Because of the rapid cooling rate, the diode 

1-71 
laser welds at the faster welding velocity, centre-line cracking was found in the 

fusion zone which resulted in reduced of weld strength. 

For both laser \veldmg configuration,,. the weld width decrea,, ed %ý ith increasing 

\\, cld vc1ocity. The greatcst weld \\, Idth was achieved with the CO-, laser. Howcver. 

tills pro\ Icic" a good cxPlanation and agreement on the _, rcate,, t wcId strength 

er. Under these conctition. fo, - CO, la,, er wc1ding, the . 1chlevc(I with the CO, la" 
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aspect ratio was lower than the diode kt,, er welding. At the welding %-eloclt% of 10 

mm/, s, the aspect ratio was lower than the CO-, thk is due to the wider weld 
bead achieved with the diode laser. 

The rate of formation of the weld volume decreased with an increasinL, welding 
velocity. Interestingly, for the CO, laser weldin at a velocity of' 8 rnm/s. the weld 9 

volume formation rate 70 mm 3/S, this was reduced by 30 % to 49 MM3/ fo rthe 
diode laser weld at the same velocity. The diode laser welds produced an average 1-1) 

weld volume formation rate of about 50.1 rnm 3 /. s. The centre-line cracking was a 
definite problem for the diode laser welding, which probably can be alleviated by 

using CO-, laser welding. The fine grain size and wider heat affected zone contribute 

significantly to the lower hardness characteristics for the CO-, la, "cr welds. It should 

be noted, however, that the irradiance of the laser diode and CO-, lascrs %ý, 'cre 2x 106 

W/CM2 and 1.3 x 107 W/CM2 
. 

From these difference in the irradiances, it is perhaps 

surprising that the laser diode array achieves a weld that is almost comparable to the 

CO,, laser. This is at least in part due to the more favourable optical properties of the 

material at its operating wavelength. ZD 

6.4 Characteristics Of Elliptical and Focused Laser Beam During C02 Laser 
Welding 

6.4.1 Introduction 

The significant different mechanical properties observed for different beam delivery 

system has been discussed in Chapter 3. The work presented in this Section is for 

welding done with the beam incident on the sample at 30'. The advantages of using 

an elliptical Nd: YAG laser beam for welding are presented in more detail in Chapter 

5. Liu et al [6.181 investigated the effect of varying the ratio of the major and minor 

axes of an elliptical beam, and concluded it should have a significant impact on the 

transverse temperature profiles. Glumann [6.251 concluded that the theorectical 

combination of beams set at an angle resulted in a higher proce,,,.,, stability. The 

effect,, of processing conditions and variable properties upon the pool shape, cooling 

rate. and absorption coefficient in laser welding was investigated bv Chande ct al 1ý1 LI - 
and lie found that the absorption of' laser cilergy In the kc0ole affected the 

depth ot* penctrat'011 niore than the \\ Kith of the %\'cld. Temperature profile,, induced 
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by an elliptical scanning continuou,, la.,, er bearn was -studied 
by Nloody et al. [6.271, 

he concluded that an elliptical bearn can be used to scan and anneal large area,,,. 
Moreover, Nissim ct al. [6.28] invc,, tigated the effect of temperature distribution 

produced by an elliptical scanning CW laser bearn. ýVhitaker et a/ [6.29] observed 
that the grain size and rnicrohardness clearly illustrated that the weld propel-ties can 
be optimised by adopting a slow heating rate. The rapid cooling rates and 
temperature gradients that result during laser beam welding of high carbon steel Is 

reported in Section 6.1 and 6.2. To eliminate these problems, a 30' clamped 

geometry was used for welding, this geometry provide an elliptical beam profile on 

the weld and was used to prevent the formation of brittle microstructures; these 

results were compared to the flat welding, geometry - ie. normal wc1ding. 

6.4.2 Experimental Set-Up 

High carbon steel gauge plate, with a nominal composition as discussed in Section 

6.2.2, was welded. The mechanical properties of the parent metal are shown Table 

3.1. All samples were machined to dimensions of 75 x 50 x 0.88 mm 3. 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 workpieces were sectioned, moulded, polished, etched 

(2 % nital) and photographed. 

For all the measurements, the errors observed for all the experiments was less than + 

I %, each of the data points plotted in the graph in this thesis Ps' the average of 3 

values. The error is not significant and is hardly seen. Thus, the error bars are 

omitted in most of the cases for clarify. The gauge plate was welded using aIM, 

CW, CO-, laser (Ferranti MFKP), operating at 10.6 ýtm, to weld 1.5 mrn thick gauge 

plate. The welding speed was changed from 8 mm/s to II mm/s, a He shielding gas 

at a source pressure of 0.5 bar indicated at the pressure gauge was used with a nozzle 

diameter of 5 rnrn. A schematic of CO-, laser beam delivery system was used for flat 

\, vclding is shown in Figure 6.1. For the flat welding geometry. the weld beam was 

f0CW, Cd to a spot size of 2 nirn, whereas for elliptical bearn wclding a 30' clamped 
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geometry w, shown in Figure 6.49 Li, ýed, the beam size WLI'l approximatelý 
mm. 

To quantify the weld quality, the hardness profiles were measured. with a Reichiert 
154155 Vickers hardne,, s testing machine, transverse along the 'ýveld direction and a..,, 
a function of depth. Furthermore, the tensile sti-cngth along the wcld joints waý' 
measured with an Instron tensile tester machine with a cross-head "peed 0.5 mm/sec. 
The weld depth and bead width were measured using a Mitutovo 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. 

6.4.3 Welding Analysis 

6.4.3.1 Hardness Profile 

Welds were sectioned transversely and subjected to hardness tests transverse across 
the welds using a microhardness tester (70 gm). The measurements were made from 

the parent metal, across the weld and heat affected zones into the parent metal on the 

opposite side of the weld. These result are shown in Figure 6.50. It is seen that the 

peak hardness increased with the welding speed for both the flat and 30' welding 

configurations. The high hardness for the flat welding was attributed to high coolil-121 

rate depressing the transformation temperature, thereby producing hard 

transformation products. Both the fusion and heat affected zones were excessively 

hard compared to the parent metal. In this case, for the flat and 30' welding 

geometries, the peak hardness was lowest and highest, at a welding speed of 8 mm/s 

and II mrn/s, respectively. The hardness gradient was less for the 30' welding, this 

matched the results discussed in Chapter 5. for Nd: YAG laser welding - see Section 

5.1.3.2. Figure 6.51 shows, the hardness profiles Lis a function of depth, for the flat 

and 30' welding configurations. These figures illustrate that the hardness decreased 

with weldin- speed for both weldinor geometries. In all cases, the hardness wa., " 

highest at the top of the fusion zone, also the hardness profiles were less for the 3W 

weldln(Y compared to the flat welding geometry. 
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6.4-3.2 Tensile Strength 

Tensile tests were done on a wide variety of laser welding speeds for the flat and 30' 

welding geornetries. These tests were performed at a crosshead velocity of U 

mm/sec, inorder to determine the strength between the two different t%'pc,,, of 

welding process, at different welding speeds. In contrast to the results shown in 
Table 3.1 - see Section 3.1.2, the strength of the welded regions wcre significantly 

inferior to those of parent metal. Figure 6.52 demonstrates the tensile strength that 

resulted in failure as a function of welding speed, for the flat and 30' %velding. In all 

cases, full penetration welds were achieved for both welding geornetries. It can be 

seen clearly the flat welding configuration produced the weld %vlth the greater ýn 
strength compared to welding at 30', ýind this is due to the wider weld bead that was 

achieved with a flat welding, this is discussed in more detail in Section 6.4.3.3. 

Moreover, welding done with a 30' clamped geometry, the top surface showed 

rippling caused by the sinking of the molten pool-, this is resulted in a turbulent 

keyhole and irregular weld bead being formed. This was clearly revealed with an 

optical monitoring system that is discussed in Chapter 7. These results indicated 

how sensitive the mechanical properties were to the weld quality, and this is covered 

more detailed in Chapter 7. Interestingly for the 30' welding configuration, the weld 

strength was slightly greater than the flat welding. however, in this case, the tensile 

strength was 127 MN/M2 for flat welding and 146 MN/M2 for the 30' welding 

geometry. 

6.4.3.3 Weld Bead 

The weld width was measured as a function of welding speed, for both the flat and 

30' welding, these result can be seen in Figure 6.53. It can be scen that the weld 

width decreased with an increase in the welding speed, for both welding 

configurations. In this case, the flat welding geometry produced a wider weld width 

than the normal weld. It Is clearly observed that the maximurn difference in the 

wcld %vidth occurred at a welding speed of 8 mm/s, and this difference decreased 

%vith Increasing welding speed. 
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6.4.3.4 Aspect Ratio 

The aspect ratio for hoth the flat and 30' %ýelding geometries \\a,, l'ound by dividing 

the weld penetration by the weld width. In all cases. full penetration was achle%ed. 
Results of plotting the aspect ratio as a function of welding speed foi- both welding l- 
are shown in Figure 6.54. For the flat and 30' welding. the aspect ratio increased 

with the welding speed, resulting in a higher aspect ratio for higher welding speeds: 
this is due to the decrease in the weld bead as discussed in Scction 6.4.3-3- 

Compared to 30' welding geometry, the aspect ratio was lower becausc of the wider 

weld bead - See Chapter 7, for the flat welding. Despite this disadvantage, the 30' 

welding however suffered a lower distortion area even with movernent of the melt 

pool. 

6.4.3.5 The rate of formation weld volume 

The rate of formation of weld volume was taken as the product of the weld width, 

weld depth, and the weld speed, for the flat and 30' kvelding geometries. The 

dependency of the weld volume formation rate on different welding speeds, for the 

flat and 30' welding is shown in Figure 6.55. 

The largest rate of formation of weld volume was observed for the flat welding 

geometry. For instance, for a welding speed of 8 rnm/s the weld volurne formation Z: ) 

rate was 43.2 mm 3/S for the 30' welding configuration, and this was increased by 63 

% to about 70.2 MM3/S for the flat welding geornetry. For both cases, the rate of 

weld volume formation decreased with increasing welding speed from 8 to 10 mm/s. 

Interestingly, the weld formation rate ývas at a minimum for a welding speed of 10 

mm/s, for both welding configurations, and then began to increase slightly for a 
I 

higher welding speed above 10 mm/s. C) Z7 

6.4.4 Microstructure Analysis 

The transverse cross sections of the %veldments were prepared for i-nicrostructural 

examination and solidification structure analysis. The microstructure of each 

material were examined in the fusion region. A general feature of all the specimen 

tilat tile T-nain \\clded rc, "1011 Consisted of retained austerilte. pearlite, and 

illartensitiCs StRICtUI-C. Which is the charactcrktic of rapidk cooled high carbon w- 
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stee], and finely dispersed carbides were also found. Figure 6.56 ho wý' a picture of 

a typical 301 welding geometry, at a welding speed of 8 mm/,,. and Figure 6.57 

shows the microstructure of a specimen at a higher weld speed of 10 mi-n/s. for 30 

welding configuration. Due to the thermal cycle. the microstructure was completely 

modified, thus, the specimen had received a greater heat input at a slower welding 

speed. This resulted in reducing the rate of cooling which gave the austenite time to 

transform to a refined and coarser grain size, compared to the fusion zone of higher 

welding speed of 10 rnm/s shown in Figure 6.57. The same features were observed 

at the same welding speed (10 mm/s) . compared to 30' welding configuration (see 

Figure 6.57), the grain structure was transformed to a refined, globular and coarser 

structure, as shown in Figure 6.58 for the flat welding geometry. Figures 6.59 and 

6.60 show the weld region of flat (0') and 30' welding, respectively. It is seen from 

these figures that the flat welding geometry reduced the ratc of cooling, forming a 

favourable structure, this was due to a wider heat affected and fusion zones which 

try. resulted in reducing the rate of cooling as compared to the 30' welding geome 

6.4.5 Conclusion Of C02 laser welding with Flat (0') and 30' welding 
geometries 

For the flat and 30' welding geornetries, the hardness profiles increased with 

welding speed, however, the hardness gradients were less for the 30' weldino 

configuration. Less brittle welds were produced with slower welding speeds for 

both welding geometries. These results also show the hardness profiles decreased 

with weld depth, for both weld angles and the decrease was greater for the flat 

welding. A small decrease was observed for the 30' welding geornetry. 

The tensile strength increased with the welding speed for the flat and 30' welding 

configurations. For the flat welding geometry, the tensile , trenLth was greater than 
Zý' Lt) - 

300 weld geometry \vhen the welding speed was increased from 8 to 10 mm/s. For 
I 

with welding speeds ýihove 10 mm/s. the 30' weld geometry tended to produce a 

vater , tren-th compared to the flat welding conficruration. slightly ý, i 
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Because the welded strengths were greater for the flat welding geometr\. thee welds 

tended to produce a wider weld bead than the 30'- welding geometry, moreover, 1'or 
both cases, the hardness gradients were lower at the slower welding speed. and these 

welds were less likely to crack under cyclic loading, which resulted in a wider weld 
bead at a lower welding speed, for both welding geometries. In all cases, the weld 

width decreased with increasing welding speed. 1) 

For the flat and 30' welding, the aspect ratio increased with the welding speed, 

however, the 30' welding geometry produced a greater aspect ratio. The flat 

welding geometry produced a larger rate of weld volume formation cornpaFed to 30' 

welding, but the rate of weld volume formation was at a i-ninirnum for a welding 

speed of 10 mm/s, for both welding geometries. 
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Figure 6.14a An improved clamped geometry used for C02 laser welding 
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Translation 
speed 

(nim/min) 

Carbon 
Content 

% 

Welding 
Methodology 

Weld 
NN"idth 
Onm) 

NN eld 
Penetration 

Mini) 
1500 0.5 Normal Weld 1.371 1.483 
1500 0.5 Pre-heated Weld 1.401 1.513 
1500 0.5 Post-heated Weld 1.408 1.503 
800 0.85 Normal Weld 2.110 1.741 
800 0.85 Pre-heated Weld 2.131 1.821 
800 0.85 Post-heated Weld 2.156 1.749 

Table 6.2 The Weld Width and Penetration Dcpth, For the Normal, Pre-heated and 
Post-heated Welds 
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Figure 6.22 Micrograph of Pre-licatect Wclcl (03) 
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Figure 6.24 Micrograph of Post-heated Sample showing Banding (03) 

Figure 6.26 Micrograph of normal weld Sample (x63) using time delay of two passes 
of laser beams 
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Figure 6.28 Micrograph showing transformation structure of normal weld (x 15.6) 

Figure 6.29 Micrograph showing transformation structure of post-heated weld 
(x 15.6) 

Figure 6.30 Microaraph showing transformation structure of pi-e-hcatcd weld (x 15.6) L- L- 
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Figure 6.3 1. Industrial high power diode laser system Rofin DIL 0 15 (1.5 M 

Figure 6.32 High power diode laser head mounted on a gantry systern 
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Figure 6.41 Weld searn appearance for CO-, laser weld at a welding velocity of 7 
Inm/s 
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Figure 6.42 Weld searn appearance fOF diode laser weld at a welding velocity of 
7 rnm/s 
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Figure 6.43 Crack evident was clearly observed in the fusion zone, for diode laser 
welding at a welding velocity of 10 mi-n/s 

Figure 6.44 No Crack evident was found in the fusion zone of C02 laser weld at a 4n - 

welding velocity of 10 mm/s 
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Figure 6.45 Microstructure of fusion zone for diode laser weld at a welding velocity 
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Figure 6.46 Microstructure of fusion zone for CO-, laser weld at a welding velocity 
of 10 mrTVs 

220 



Figure 6.47 Micrograph of the weld width for diode laser weld at a welding velocity 
of 9 rnn-Ys 

Figure 6.48 Micrograph of weld width II 
for C02 laser weld at a wc1clim-2 velocity of 

9 mi-n/s 
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Figure 6.55. The Rate of Weld Volume Formation as a Function of Welding Speed 

Figure 0.56 Micro. structure of fusion zone of 30' laser weld at 8 mm/s. (x 150) 
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Figure 6.57 Microstructure of fusion zone of 30' laser weld at 10 mrn/s (x 150) 

Figure 6.58 Microstructure of fusion zone of flat laser weld at 10 nim/s. (x 150) 
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Figure 6.59 Mici-ostructure of weld i-egion of flat laser weld at 10 mm/s. (0) 

Figure 6.60 Microstructure of weld region of 300 laser weld at 10 mirds. (0) Z-- CIN 
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CHAPTER SEVEN 
QUALITY ASSURANCE ANALYSIS ON CO, LASER WELDING 

7.1 Monitoring CO, laser weld quality - Comparison between 30' and 90" 
incident beam 

7.1.1 Introduction 

Weld quality assurance procedures often utilise destructive testino* this can become 

extremely wasteful and it is cheaper to meet the weld quality assurance by 

monitoring the welding process through non-destructive methods. Quality 

inspection of laser welds is especially difficult since visual Inspection is often 

inadequate to determine the weld quality, non-destructive tests are cornmonly used 

to determine the weld penetration and the integrity of a laser wc1d, Chang [7.1]. 

Recently, systems have been developed based on the absorption and transmission of 

infrared signals to monitor and interpret key-hole formation occurring at the weld, 

Griebsch et al [7.2] and Kroos et al [7.3]. Haran et al [7.4] disco\'ered that spectral 

analysis of the optical signals has the potential of being a very powerful tool for 

monitoring the weld process, and it has been exploited for scam tracking 

applications. Weerasinghe et al [7.5] has reported that a low signal is generated 

when a keyhole is formed, and it is necessary to ernploy an optical signal to observe 

plasma formation generated above the weld pool, Willmott et al [7.6]. Mazurrider 

[7.7] concluded that the absorbed energy and dissipation rate are the two main 

factors that significantly influence the welding process. 

Recently, ultrasonic signals have been used to monitor the weld penetration. The 

major drawback of this system is that when developing a closed-loop control system 

the measuring probes have to be kept away from the key-hole to avoid damage by 

the weld spatter. Several weld depth monitoring methods have been proposed by t) 

Lankalapalli et A [7.8] and Hand et al [7.9]. Chung et al [7.10] has made a 

comparison on the prediction accuracy of the weld depth between the optical signals 

and ultrasonic signals. Mao et al [7.11] and Gu et al [7.121 ha%, c investigated a 

IILIIIIbCl- Of , N", tClIlS tO 1110111tOr and detect welding proces,, c,,, including acoustic 

nionitoring. The preferable approach i,, to devc1op a sy"teill to achieve on-line I 
1110111ton1w Of tile \\-CIcI I)i. occ,,,,,. Laser wc1ding, quality control call hc improved by 



developing sensors that accurately record the weld characteristics and provide a 
feedback signal that allow the laser output to be controlled appropriatelý. A number 
of solutions to this problem have been developed by Neipold et al [7.13] and Stone 

et al [7.14]. 

In the present study, an image processing system was developed that offered real 
time capability to determine the weld quality via measurement of the wAd width and 

surface irregularity and the fusion zone. The system comprised all inexpensive CCD 

camera acquisition and processing boards to capture the image of the welded 

specimen, and a trace line scan from the camera, the output of which was correlated 

to the weld seam to analyse the quality of the weld seam. 

7.1.2 Optical set-up for monitoring laser welded quality 

In the present case, 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. The weld quality from two different angles of incidence (0 30 

of welding were compared for a range of selected welding velocities from 8 to II 

mm/s. The gauge plates that were welded had a nominal composition of 0.85 wt "/() 

C, 0.4 wt % Si, 1.1 wt % Mn, 0.4 wt (1-c Cr, 0.25 wt %V and 0.4 wt % W. The 

system comprised an inexpensive CCD camera (625 x 380), acquisition and 

processing boards. The weld was imaged onto the CCD with a 135 rnm focal length 

lens mounted in bellows. The performance of a single line detector was evaluated 

and compared to the CCD camera to analyse the weld seam appearance produced by 

the Nd: YAG pulsed laser and CW CO-, laser. The CCD carnera offered the 

capability to scan an area of the welded specimen without adjusting the specimen's 

position. The lens was about 0.4 m from the workpiece. Butt %, "elds were done on 

1.5 mm thick high carbon steel with I kW, CW, C02 lasers, operating at 10.6 [tm, C) 

and analysed with this system. 

Figure 7.1 shows the configuration of the monitoi-ing device used in this study. It 

compri,, cd a CCD camera, and a PC to drive Lin 0,, cillwscope and capture the image.., -, I 
ZI 1), 11-tICUlar time. Two ý, 'OLII-CC., Of \\lllte Ila II -om the Ot \vcrc nchned at 2' l'i 
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horizontal base to illuminate the diffuse source onto the welded specimen that was 
placed onto the translation stage. A digital LeCroy 9310 oscilloscope was used. Z: ) -- 
After placing the specimens onto the translation stage, the oscilloscope was set and 
both light sources illuminated the wc1ded region. To meaSLII-C the intensit\ 
distribution over the welded specimen, every fifth line was recorded and saved onto 
the hard-disk of the PC as a binary file; this reduced the data and size of the file 

without significant loss in detail. The data was used to build-up 3D images for the 

weld bead. In all cases, the line scan traces and 3-D images were generated by the 

commercial software package. 

7.1.3 Weld quality analysis 

7.1.3.1 Analysis of the effect of optics on the weld signature 

The sensor system was capable of detecting geometric defects and surface quality 

across the weld seam. Figures 7(a) to 7(d) show the effect of different methods of 

illumination on the weld seam - the trace corresponding to a line scan taken from the 
CCD camera was normalised to unity. The reflected light increased or decreased 

proportionately with the trace, and this depended on the surface quality of the weld 

seam. For a bad weld seam, the reflectance of light into the carnera reduced and 

there was not a significantly high signal. Figure 7(b) shows the trace without 

illumination. Figures 7 (c) and 7 (d) show the typical trace with the light 

illurninating across the left or right border of the weld seam, respectively. It is 

clearly observed that the left and right illumination are independent of each other. 

Figures 7(e) to 7(h) show the intensities as a function of distance across the weld 

seam with different anales of incidence for the light source. In all cases, the traces t) 

correspond to the line scan of the sarne welded specimen and the weld seam is 

illuminated by the left light source. Hicgher intensities were achieved on the left it) t) 
border of the , veld seam than the right border, with light incident at 88'. Moreover, 

the anale of incidence of the left light source decreased, the intensities on the right 

\\, cld border increased. In all cases, the distance between the 1)cA intensities 

correlated with the width of the fusion /one. 
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7.1-3.2 Evaluating the performance of different detectors 

Figure 7.2 shows typical results of Nd: YAG Pulsed laser welds. The %%cld searn 
appearance correlated to the traces captured by the CCD carnera and the single line 

detector: Figure 7.2 (a) shows the weld appearance of Nd: YAG Pulsed laser weld, 
(b) the trace captured by the single line detector and (c) the trace captured by the 
CCD camera. However, the traces indicate that the light reflected and detected are 
dependent on the detector. In the case of a CW, CO, laser weld, Figure 7.3 shows 
the weld seam and trace: (a) the weld appearance of CW C02 lascr weld, (b) the 

trace captured by the single line detector and (c) the trace captured by the CCD 

camera. In contrast, both Figures 7.2 and 7.3 indicate that the CCD camera %vas 

able to differentiate between the pulsed Nd: YAG and continuous %%, a\, e CO-, welding, 
With the Nd: YAG welding, the output from the camera was saturated due to the 

increase in specular reflection from the rough surface. The Output t-1-0111 the line scan 
detector was not sufficiently sensitive to give enough detailed information on the 

weld quality. In all cases, the traces corresponding, to a line scan taken from the 

CCD camera and single line detector were normalised to unity. 

Figure 7.4a shows the effect of illuminating the Nd: YAG laser weld with two light 

sources. Figures 7.4b and 7.4c show pictures and traces of high and low quality 

welds respectively, done with the I kW C02 laser. The high spatial frequencies in 

Figure 7.4c indicate a poor weld. This trace was typical of those observed for poor 

welds because of the irregularities on the weld seam. 

7.1.3.3 Analysis of the weld seam and surface roughness 

Figures 7.5 and 7.6 show the pictures and corresponding traces of high and low 

quality welds for different welding velocities, the welding was done with a 90' 

incident beam. Figures 7.5(a) and 7.6(a) show the appearance of the respective 

weld scarns, at 8 and 10 rnrn/s, respectively, for the flat welding configuration. It 

can be clearly observed that the width of the weld scam decreased with an increased 

wc1ding, \clocitv. The width of the weld scýini \\a,,, correlated with the peak-pcA 

distance. The variLition in the tricc between the peaks r, rcprc, ýcntative of the 
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surface roughness profile across the fusion zone. The high 
-spatial 

frequencies in 
Figure 7.6 indicates a poor weld. Thv, trace was typical of those observed for poor 
welds because of the irregularities on the weld searn. A groo\e started to form 
between the solidified pool ripples along the %\eld bead for a higher welding 

velocity. 

The weld signatures shown in Figures 7.7 and 7.8 are representative of the typical 

weld searn appearance and trace for the 30 welding configuration at different 0 
tl 

welding velocities. In the sequence of images illustrated in Figures 7.7(a) and 
7.8(a), the weld searn decreased slightly with increasing welding velocity, and the 

weld seam correlated to the traces between the peak-peak distance. The traces 

correlated and were matched in phase with the appearance of the weld seam. 

For both welding techniques, the variation in the trace between the peaks limits of 

the trace are representative of the surface roughness profile across the fusion zone. 

The high spatial frequencies in Figure 7.7 indicate a poor weld. This trace was 

typical of those observed for poor welds because of the irregularities on the weld 

seam; this can clearly be observed on the 3-D scan shown in Figure 7.9(a). Figures 

7.9(a) and 7.9(b) represent the 3-D weld profiles at a welding vclocity of 8mm/s. 

They were used to quantify the weld peak characteristics for the 30' and flat welding 

geometries, respectively. Figure 7.9(a) clearly shows, the narrow irregularities on 

the weld bead along the fusion zone. and welding at 30' resulted in weld pool 

tending to flow transverse across the weld before solidification. Thus, a deep groove 

started to form between the solidified pool ripples along the weld bead. Figure 

7.9(b) represents the 3-D weld profiles for the flat welding configuration, it is clearly 

observed that a more uniform and wider weld bead occurred along the fusion zone, 

and this further agreed with the traces between the peak-peak intensities in 

comparison to Figures 7.5(b) and 7.7(b). The weld width and the aspect ratio see 

Section 6.4.3 (Figures 6.53 and 6.54 ) agreed with the peak to peak traces as 

discussed. 
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7.1.4 Conclusions of quality assurance analysis on CO-, laser welding 

A non contact, non destructive optical method and systern used for monitoring the Zý 
weld quality of laser welding has been developed and tested "LICCCssfully. This 

monitoring system can also be used to analyse the weld quality in real time. This 

system was based on analysing the reflected light, which increased or decreased 

proportionately with the weld roughness. The peak traces on the periphery of the 

scan correlated to the fusion region; this was dependent on the intensities of the li,, ht 

sources, angle of incidence of the light sources, and the surface quality of the weld 

seam. The variation in the trace between the peaks was representative of the surface 

roughness profile across the weld. The characteristics of the peak were quantified 
for different welds. The variation of traces between the peak-I)cak for the two 

00 different angles of incidence (0 30 ) for welding were compared, as were effects of 

using different welding velocities, from 8 to II mm/s. 

The traces and appearapce of the high and low quality weld seams were compared at 
different welding velocities, and welding was done with a normally incident beam. 

In this case, it was clearly observed that the weld seam and the width of the trace 

between the peak-peak decreased with increased welding velocity. Furthermore, 

increasing the welding velocity showed a significant variation in the trace between 

the peak-peak, and high spatial frequencies indicated poor SLIO'acc quality on the 

weld seam. Whereas, for 30' welding, the weld seam and the trace between peak- 

peak decreased slightly with increased welding velocity, and the ti-ace indicated poor 

welds because of the irregularities on the weld searn. This trace was typical of those 

observed for poor welds because of the irregularities on the weld seam. The weld 

width was calculated by measuring the peak-peak time and converting to the spatial 

domain from knowledge of the object size and the line scan time. The variation in 

the trace between the peaks is representative of the surface roughness profile across 

the weld, and the 3-D scan evaluation further showed the narrow and irregular 

surface occurred in 30' welding conditions. Moreover, foi- the flat welding 4: 1 C7 

condition, a wider and better weld ,, earn surface %\ as produced. The characteristics 

ofthe peak werc quantified for different welds. 

) 
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Figure 7.2 shows typical results of Nd: YAG pulsed laser welds; (a) the weld appearance of 
Nd: YAG pulsed laser weld, (b) the trace captured by the single line detector and (c) the 
trace captured by the CCD camera. 
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Figure 7.3 shows typical results of CO-, laser welds; (a) the weld appearance of C02 laser 
weld, (b) the trace captured by the single line detector and (c) the trace captured by the 
CCD camera. 
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igure 7.4 shows typical results of; (a) Nd: YAG pulsed laser weld, (b) high quality CW, F C- II 

CO, laser weld and (c) poor quality CW, C02 laser weld. 
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Figure 7.5a 

Figure 7.5b 

Figures 7.5 and 7.6 show the pictures and traces for the flat weldin(T geometry, at 8 
mm/s and 10 mm/s, respectively. 

Figure 7.7a 

Figure 7.7b 

Figure 7.6a 

Fiourc 7.6b 

Figure 7.8a 

Figure 7.8b 
Lý 

Figures 7.7and 7.8 show the pictures and trace.,., for the 30' welding LTeometry, at 8 
min/s and 10 nini/s. 
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Figure 9(a) shows the 3-D scan of the weld bead formation for 30' weldincy creometry 

Figure 9(b) shows the 3-D scan of the weld bead formation for flat weldinky creornetrv 
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CHAPTER EIGHT 

CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

The unique capabilities of the dual beam system, a,, noted in preceding chapters. has 

led to numerous advantages. Overall, the results compare favourabl\ with a single 

beam delivery system. The rate of heating and cooling for a dual beam delivery 

system were examined, and a model was developed, briefly discussed in Appendix 

A. 

It is clear from the literature and present work that for a single bearn delivery system, 

the welding performance of high carbon steel (HCS) with a Nd: YAG pulsed laser 

was strongly influenced by the welding velocity, pulse width and pulse repetition 

frequency (PRF). It was shown that by increasing the pulse width and PRF a deeper 

weld penetration and a wider weld bead width were achieved, rnoreover, the weld 

region become tougher. It was found that the strength of the welded joint greatly 

increased with pulse width and PRE For a higher PRF and pulse width, and a 

slower welding velocity, the structure was completely modified at the fusion zone. 

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

granular grain. It is evident that the hardness profile was dependent on the thermal 

distribution around the fusion zone. Moreover, in the present case, the hardness 

profiles were greatly reduced due to the overlap of the beam on the workplece at the 

slower welding velocities, for higher pulse widths and PRE This resulted in 

effectively reducing the rate of cooling which lead to less brittle welds. 

In the present case, a dual beam delivery system was used to implement heat 

treatment, simultaneously with the welding process. The weld quality for the dual 

beam geornetry was compared to that achieved with normal welding (single beam 

system). The %vcld quality was quantified by measuring the hardness profiles, tensile 

strength, aspect ratio, weld width and exarnining the microstructure behaviour for a 

ran, -, c of sciccted weld parameters, including pu1sc width and PRF. However, a 

propitious scicction of' preheating and post-heating techniqucs w&, used to reducc 
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the quenching rate to achieve a tempering process. But it found that the pre- 
heating of the sample was more effecti%e in reducing the hardness profile', compared 
to post-heated weld. Thus, the post-heated weld was a more effectl%e technique to 

reduce the rate of cooling, but the pre-heating technique was rnore effective in 
reducing the temperature gradient in the transverse direction. It was noticed that pre- 
heating the sample allowed a greater energy absorption onto the welded sample, 

achieving a wider weld bead width. In all cases, full penetration welds were 

achieved with the pre-heating technique. Due to the wider weld width, this resulted 

in a lower aspect ratio and greater weld volume formation rate coinpared to the post- 
heated weld. For the post-heated weld, the tensile strength of welded joint was 

superior to that of the pre-heated weld. It was observed that it also raised the tensile 

strength as compared to the pre-heated weld, which produced a softer region in the 

heat affected zone which was generally narrow. This softer region produced by the 

post-heated weld was restrained on both sides by harder material, which opposed its 
deformation. For the post-heated weld, the spatter loss resulted in reducing the 

strength at a higher PRE The strength of the welded joint increased with the PRF 

and pulse width, for the pre-heated weld geometry. 

A multi-factorial experiment was devised so as to reduce the cost and time involved 

in analysing the effect of individual laser parameters in an attempt to find the most 

significant parameters that influence the welds quality. The number of experiments 

required to investigate the effect of each parameter were significantly reduced with 

the multi-factorial designed experiment. This enabled assessment of the effect of a 

number laser variables in normal, post-heated and pre-heated welds. These results 

only show the trend and lead to a final assumption through a methodology of 

measuring the weld quality; for instance: measuring the aspect ratio, tensile strength 

and weld volume formation rate at a selected ranue of welding speed, pulse widths Z: ) 

and PRF. It was found that the trends showed the aspect ratio decreased with 

increasing PRF Lind pulse width, at a lower welding velocity. For the post-heated 

weld, these observation sug 
_, 
gested that an interaction between the %vc1ding speed and 

P "C width werc highly significant on the aspect ratio of the wcld. Consequently, Ul' 

the tensile strength inci-cased with the PRF selected, but the trencl showed that the 

til-eatc. st weld strength \\ is achieved \k ith Li Iiiaher pulse width for thc normal, post- 
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heated and pre-heated welds. For the pre-heated weld geometr\. the interaction 
between the welding \, clocity and pulse width showed some sianificant cffect on the Z! 71 In 
weld stren, -, th. Measurement of the aspect ratio and weld strenL'th clearly indicated 
the pulse width was highly significant on the weld quality, wliere a higher pulse 

width was desirable. However, the results from general linear model. agreed with 
the conclusions drawn in Chapter 3. Because of wider weld bead achieved at a 
higher pulse width, this resulted in a greater weld volume formation rate. For the 

pre-heated geometry, there was significant interaction for the welding speed. pulse 

width and PRF for the weld volume formation rate. 

It was noticed that high cooling rates lead to deterioration of the weld quality due to 
hardness discontinuities between the fusion and heat affected zones. Ali attempt 'WaS 

made to reduce the hardness profile by using a dual beam delivery system to 

implement a heat-treatment process; these experiments improved the weld quality. 
Moreover, a 30' clamping geometry was fabricated to improve the weld quality and 
hardness characteristics, by improving the beam geometry-material interaction-, this 

ameliorated the poor characteristics associated with rapid coolhig. Two different 
00 angles of incidence (0 30 ) for welding were compared as were effects of the pulse 

width and pulse repetition frequency (PRF). These effects were quantified by 

measuring the hardness transverse to the weld direction, tensile strength, aspect 

ratio, weld volume formation rate and examining the phase transformation. For both 

geometries, the hardness profiles decreased with increasing pulse width and PRF, 

however, the hardness gradients were lower for the 30 welding configuration. The 

hardness profile was dependent on the thermal distribution around the fusion and 

heat affected zones. Because of the rapidity of cooling for the normal weld 

geometry, a fine grain was found in the main weld region which consisted of a 
0 rnartensitics structure, dispersed carbides, and retained austenite. For the 30 

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

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

completely modified at the fusion zone. For flat welding, at a higher PRF, spatter 

loss %vas a serve problem-, however, these experiments showed the preventive 

methods for reduciiig the spatter loss 'Such as using a defOCLP-.,, cd beam. Compared 

to ilic flat welding "COHICtIA'. full peiietration and wider \\, cdl width, were achieved 

I 
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with welding at 30 thus, the drop out in the fusion zone could be eliminated with a 

higher welding speed, for 30' geometry. It was observed that using the 30 clamped 

geometry, bubbles became trapped from the bottom and tip of the keyhole, due to the 

angle of the weld sample. Additionally, a lower aspect ratio was obtained; this was 
due to the wider weld width produced with this geometry. 

0 Benefits of welding at 30 include: improved microstructure and reduced peak 

hardness profileý, higher tensile strength and greater weld volume formation rate. 
0 Ultimately, for 30 welding configuration, a higher welding speed was achieved to 

eliminate the drop out occurred in the fusion zone 

The performance and the weld quality of a dual beam Nd: YAG system was 

examined and compared to those from single beam system. It yielded substantial 

improvement over a single beam system. An analysis of the performance of 30 

welding, single and dual beam geometries, were compared and it was indicated that 

both the pre-heating and post-heating techniques resulted in reduced hardness 

discontinuities, additionally the likelihood of cracking, when subjected to cyclic 

loading, was greatly reduced. It was concluded that for the dual beam system, the 

tensile strength of the welded joint was lower compared to the single beam system. 

This was due to the serve drop out problem that occurred in the fusion zone for the 

300 welding configuration, as discussed in Section 5.1.3.5. Consequently, the pre- 

heated geometry produced a wider weld bead compared to the normal and post- 

heated weld, which resulted in a lower aspect ratio and the greatest weld volume 

formation rate. The grain structure was completely modified at the fusion zone, this 

was explained by observing that the rate of cooling was slower for the dual beam 

system. 

it would be interesting to model in greater detail the rate of heating and cooling of 

the single and dual bearn system in order to understand the critical thermal transfer 

factors that resulted in different grain sizes and transformations. An attempt was 

made to model and provide fundamental understanding of the rate of heatin, -, and In - 

-244 



cooling of a welded , arnple by delaying the time for pre-heating oi- post-heating the 

sample. 

The welding performance of CO-, lasers was strongly affected by the clamping 

geometry and welding speed. Two weld geometries, narnely clamped and 

unclamped, were considered. An experimental investigation into the weld qualit\ 

was performed to quantify the effect of clamping and translation velocity. The 

spatial hardness discontinuities were dependent on the temperature distribution 

during the welding process. Moreover, different welding geometries (clamped and 

unclamped) lead to different thermal heat transfer characteristics. The unclamped 

geometry had a greater surface area in contact with the worktable-, this resulted in a 
faster cooling rate and a higher hardenability in the fusion and heat affected zones as 

compared to that achieved with the clarnped geometry. For both welding 

configurations, the weld penetration depth and weld bead decreased with increasing 

translation speed. However, the unclamped geometry produced ýI deeper and wider 

weld bead, which lead to the greatest rate of formation of the weld volume, as 

compared to the clamped geometry. By increasing the translation velocity and using 

the clamping geometry, a denser and coarser grain structure was observed in the 

fusion zone. 

It was apparent that the different welding geometries and beam delivery systems 

(Chapters 3 and 5) can be used to improve laser weld quality for Nd: YAG pulsed 

lasers. In all cases, these experimental results were further improved with a multiple 

beam delivery systern. Here, the workplece spatial and ternporal temperature 

distribution were controlled to generate desired mechanical propel-ties without losing 

the benefits of this low distortion Joining process. The preliminary experiments 

were devised to investigate a beam scanning technique for pre-heating or post- 

heating the samples to control the phase transitions and to deliver specific weld 

characteristics. Whilst not precluding it, this obviated the need of multiple bearn 

delivery systerns and is an ideal approach for industrial users with small batch job 

requirements. It was observed that post-heating of the workpiece wa,,, more effective 

in improving weld characteristics than pi-e-licatinL,. A,, expected a lo\\ei- translation 

vclocltN icndcd to proclucc a wider \\eld beýi(l ancl greater penetrýfflon clepth than a 
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higher translation velocity. A pre-heated weld gaý'e the greatest penetration than the 

normal and post-heated welds, whereas, the post-heated geometry produced a wider 

weld bead. For the scanning technique. a complex transformation structure wa.. " 
found for the pre-heated and post-heated weld geometries, comprising a heat 

affected zone with sharply defined narrow bands. 

An analysis of the performance of scanning technique was used to develop a dual 

beam system to improve the weld quality. A dual beam delivei-\, system was 

designed and fabricated to achieve in-line process heat treatment to ameliorate poor 

weld characteristics. Apart from the benefit of using the dual bearn system, several 

problems were identified which lead to the failure of the dual beam CO-) laser 

system. It was difficult to cool the ZnSe beam splitter, however, this system faced a 

serve problem ol'thermal distortion, which may be responsible for the changes in the 

output power of the beam or interference. Moreover, another possibility was the 

CO, laser power fluctuated due to the reflection of light from the workpiece going 

back into the cavity, hence modulating the output of the system. This was not 

examined further. 

A double pass technique was developed to investigated the effect of delay on the 

pre-heating and post-heating of the weld. This experii-nent successfully 

demonstrated how to quickly assess and optimise the effect of a dual beam delivery 

system. It was found that the rapid cooling rate can be effectl%! ely suppressed by 

using the post-heating technique, and this produced the lowest hardness profiles 

compared to the normal and pre-heated welds. 

It was observed that the high power diode laser beam processing yields many 

different characteristics than see with the CO, laser. Generally, the beam from the 

high power diode lasers was poor but the beam quality was sufficient for welding t: ), 

Compared to the diode laser weld, lower hardness profiles were achieved with the 

C02 laser-. this resulted in a wider weld bead and a microstructure that corresponded 

to a slower cooling' rate than achieved with the diode laser. Because of the rapid 

ql. ICIIC[11111ý1 rate of ki,, cr wclding, at the higher welding velocity for the HPDL, centre- 

line cr'lcks were found III the fusion zone. Interestimilv, the ratc of weld %olurne 
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formation and weld bead decreased with increasing wclding %, elocit\. The irradiance 
for the HPDL and CO-, lasers were 1.3 x 107 W/cm' and 2x 10-' W/cm 2. 

For the pulsed Nd: YAG laser system, a 30' clamped gcometry \\as fabricated and 

used for welding, these results indicated substantial improvement of weld qualit\' 

compared to the flat welding process. However, this was found to be different case 
for CO-) welding at 30', and it was found that there was no appropriate improvement 

in the weld strength. The hardness gradient was less for 30' welding configuration. 

Because of the wider weld bead and greater rate of weld volume forniation, the flat 

welding provided a greater strength than 30' welding configuration for the C02 laser Z: ) - 
welds. 

An image processing system was developed and tested successfully, to accurately 

record the weld characteristics; this system offered real time capability to determine 

the weld quality via measuring the width of the weld bead and Surface roughness. 
An inexpensive data acquisition system was developed to capture the data associated 

with the weld seam and to analyze the bad and good quality welds. The variation in 

the trace between the extreme peaks correlated with the surface roughness profile 

across the weld. The system was used to differentiate the weld characteristics 

produced by the two different angles of incidence (0', 30') for welding 

8.2 Future work 

From the technical standpoint, it has been demonstrated that good quality laser welds 

can be formed in high carbon steels from 0.8 mm to 2 rnm in thickness. Although 

comparable success has been attained in gauge plates, results generated indicate that 

the dual beam and 30' welding processes show the expanded possibilities for 

influencina the welding results for the CO, and Nd: YAG lasers - without loss of 

laser-specific advantages, which manifest themselves in narrow, clean, almost 

distortion five welds. Tile disadvamages from having a high eiiergy density, for 

instance'. rapid cooling rate, increascs in hardness and crack forillation, can be CIS 
eliminated easily. 
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It is readily apparent that the introduction of dual beam CO-, laser , \.,, tem provide 
higher welding efficiencies. Further improvements are expected with the 

implementation of the dual beam delivery system that has been fabricated. This 

system has not been fully tested. This will further promote industrial Liser weldil-ILT 
applications. Some problems were experienced with this system that need sol\, inL,. 
The laser beam must not reflect back to the laser cavity from the workpiece. This 

can be achieved simply by directing the beams at an angle to the workpiece, away 
from normal incidence. The cooling system for the beam splitter and optics need 

redesigning. 

It is recommended that the performance of 30' welding, should be further studied to 

eliminate the drop-out problem that occurred in the fusion zone. For example, 

investigating the effect of welding at a higher speed, using an a,, -'sPst gas to blow 

against the drop-out, and a filler material could be used. The indication of this work 

is that the drop out problem may easily be eliminated by welding at a higher 

translation velocity. 

It would be interesting to model in detail the different phase transformations of a 

single and dual bearn system inorder to understand the heat tran.. "-fer and cooling 

process of the workpiece. This would provide important information regarding the 

temporal temperature distribution during welding, and allow prediction of the grain 

sizes and microstructures that appear in the fusion and heat affected zones. It is 

recommended that equations should be to determine the weld characteristics with 

input of the chemical composition of the material, laser proce., "s parameters and 

clamp geometry. 

Measurements can be applied during the welding process to monitor and control the 

quality of the laser welds. In an industrial application, measurmLT the weld bead and 

penetration depth could be calculated in real time, with the results used in a feedback 

loop to control the welding speed in a real time, continuously optimi.. "'ing the ývcld 

quality. 

Experiments should he performed to meaSUre the temperature di,, tribution on the 

I)ottom surfacc of thc \\orkpiecc, u,, Iii, -, an infrared , cn,, oi- for e\ample to c\amine 
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the performance of the dual beam system. The spatial distance between the \\cldinL, 
and post-heating, or pre-heating beams \vhich influences the mechanical properties of 
the weld should be studied and optimized. This svstern can be ea,, Il\ inteý-, i-ated and 
automated. This dual beam defivery systern is clearly a more precise and cost 
favourable method of pre-heating or post-heating than a conventional heat treatment 

in a continuous furnace or with induction heating. 

Joining of dissimilar materials is a long term problem in manufacturing. Therefore, 

experiments should be performed, using di ing geornctries, and single ifferent weldi Z: ' L- 
and dual beam system to study and understand the physical rnechanisms and 

problems occurring. 

The success of the initial diode laser welding will undoubtedly contribute to rapid 

expansion of the industrial use of diode laser welding. To lower the capital costs of 
industrial welding application, the dual beam diode laser system should be designed, 

and the experimental results compared to the conventional CO, and Nd: YAG laser 

weld quality. 

Future work should address the potential of HPDL for welding v"ith emphasis on 

minimising the beam size to increase the irradiances. This would allow a more 
favourable comparison between HPDL and other laser devices. Ultimately, these 

machine may yield cost benefits and performance far in excess of CO-, and Nd: YAG 

lasers on a cost per Watt basis. The preliminary studies, however, demonstrated that 

a 1.4 kW diode laser was outperformed by a lkW CO, laser. This, however, is 

probably due to the differences in the irradiance of the two lasers that from the diode 

laser being lower because of the poor beam quality and larger beam size. 
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APPENDIX A 

AA simple modelling of laser heating - one dimensional heat flow 

A. 1 Introduction 

The purpose of the present work is to develop a simple model that can be used to 

estimate the temporal temperature distribution of the laser beam irradiated the weld 

sample's associated with different beam delivery systems; for instance- single and dual 

beam used for welding. This appendix will describe the effect of heating a workpiece 

surface with a single or dual beam delivery system. Moreover, the effect between single 

and dual beam systems that directly affect the temperature can be easily identified. The 

main advantage of using pre-heating or post-heating technique is to slow down the rate 

of cooling process, and the amount of heating can be chosen accurately to suit the needs 

of the welding process. Such information may be very helpful to establish laser 

operating parameters that used to optimise the welding process to achieve desired 

microstructure and mechanical properties. 

A. 2 Heat transfer single laser beam 

The heating model developed herein was designed to predict the rate of cooling process 

and investigate the behavior of temporal temperature distribution within the welded 

region, for the single and dual beam delivery system. The absorption of k1ser radiation 

in a solid is equivalent to a source of heat existing in that solid. The effect of the heat 

source and temperature distribution can be modelled as the three dimensional heat 

transfer equation: 

pCdT=Kd2T+d2T+ 
d2T 

+ A(v, 2 
dtd2xdd 

with: 
P: Materials Density [kL, M 3] 

C: Specific Heat Capacity [J kc, K 

K. Thermal CondLlCtl\'Itý' mK 
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T: Temperature [K] 

t: Time 

A: Source distribution function 

Thermal diffusivity is a measure of how quick]. v thermal equIllbrIum Is established after 
the application of a source: 

K= Im / 

The distance z that heat has penetrated into the sample is given by: 

: =( t)½[, 1l] 

To estimate the temperature rise of the workpiece surface 0) bcIon-ing, to a carbon 

steel sheet caused by a pulsed Nd: YAG laser following values are Supposed, see Table 

1: 

(2) 

(3) 

Material 
Thermal 

conductivity (K) 
(W m-1 K") 

Thermal 
diffusivity (K) 
(M2 S-) (10-6) 

Specific heat 
capacity (C) (J 

kg-1 K-) 

Density (p) 
(kg M-3) 

Melting 
point (Tm) 

(K) 

Boiling 
point (Tb) 

(K) 

Latent heat of 
vaporization (Lj 

(J kg-1) (106) 

Aluminiurn 238 97.30 903 2710 932 2720 10.90 

Copper 400 116.30 385 8960 1356 2855 4.75 

Iron 82 23.20 449 7870 1310 3160 6.80 

Mild steel 45 13.60 420 7860 1700 

Carbon steel 60.5 17.70 434 7854 1700 

Nickel 90 22.80 444 8900 1726 3110 6.47 

Silver 418 169.00 235 10500 1234 2466 2.31 

Alumina 29 9.54 800 3800 2300 
(ceramic) 
Perspex 0.2 0.11 1500 1190 350 

Silicon 170 103.00 707 2330 1680 2628 10.60 

Table 1: Thermo-physical properties of selected material 

intensity profile = Gaussian of radius d=I rnm 
material = Carbon steel 

0 Einis, ýivity 3 F- = 0.8 
o inatenal thick-ness L=1 

.5 mm 
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K=60.5Wm- IK -1 a beam radi Li,, d=I mrn or 0.00 1m 
10-6 21 17.7 - rn s-* Po a%crage = 200 NN' 

Specific experimental values used for Nd-YAG pulsed laser is explained in Chapter 3 
are: 

" mean output power PO = 200 W 
" pulse repetition rate R = IOHz 
" pulse energy E =20J 
" pulse duration D = lOms 

The following figure I shows the intensity profile of a Gaussian laser beam: 

1(r) 

_________ 

I: 

/ 
// // ------___________ 

0 

Figure 1: Intensity profile of a Gaussian beam. Infinite half - , pace. 

The solution for Gaussian distribution of type T(, -, =O, r=O, t>O) of the heat transfer 

equation mentioned above is given by: 

E I, d4 ict 
T(O, 0,0 =K 7r 

112 tan-' -d-, 

This solution defines the change of temperature at the workpiece surface 
(_7 =0) at the 

focus point (r=O) versus time and is equal to equation: 

T(O, t) = 
2E I, 

K 

It and it beam r(uhus d >> ( N7 0 1,, fulfilled. 



Equation (5) originally k the solution of the heat tran.. "fer equation for following 

intensity profile, see Figure 1. 

at ts c nil 

.ý-j--, i -- -ý ___A -If-4 1- 

z 

I (t) 
I 

I 

0 

Figure 2: Assumed intensity profile. Infinite half - , pace 

Thus, the investigation of temperature rise caused by laser beam interactions onto the 

workpiece surface (z=0) is not falsified if the intensity profile of Figure. 2 is assumed. 

Thus, the laser power intensity 10 will be calculated: 

Equation (5): 

By (Table. I ): 

Thus: 

Pp 
Ioý A 

peak power Pp = 200 W 

Area 

Io = 2-54- 10 

7r - (d )2 

= 0.7S4 - 
10-6 

4 



T(O, t) 
2c 1okt 

K Ir 
(6) 

The initial whole temperature within the welded region was assumed to be uniform and 

equal to the temperature of the ambient air. This assumption leads to the following 

initial condition: 

(it t= 

At all boundaries of the heating as a results of conduction, convection and radiation, 
however, only conduction is significant, and the heat transfer characteristics between the 

phase transformation is not taken into considerations. 

Hence, Eqn. (5) can be solved with the boundary condition controlled hy Eqn. (6), and 

Figure 3 shows the change of temperature as function of time during laser heating the I- 
workpiece with a pulsed Nd: YAG laser used. 

However, the cooling time between two pulses is not taken into consideration. 

Therefore, if t> pulse width T and z=0, thus, the following term represents the cooling 

effect: 

T(O, t) 
2 lo ek 

1/2 V2 
t- C) 

1/2 

0c 

K[ 7r, K 

(7) 

where T is the pulse width or heating time (ms); lo is the power density of the incident 

beam at the surface (W/rn-)-, E is the absorptivity of the material*, K is the thermal 

diffusivity (M2/S )-, K is the thermal conductivity of the material (W/m k), t is time (s). 

Although the actual heat flow is three dimensional, the one dimensional analysis is used 

this model to predict the rate of cooling behavior is fairly good enough assuming that 
4: 1 - 

the heat diver-ence is verv small. 
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Based on Table I and Eqn. (5)-, 

T(O, o= 
2.2.54 - 10' - 17.7 - 10 ' 

60.5 

Eqn. (8) for t> -c leads to Figure 4. 

0.0 1 
(8 ) 

This figure illustrates the effect of rate of heating and cooling effect, where laser beam 

with Io=2.54.10' W/m2. The dual laser beam system used for pre-heating or post- 

heating the sample will result in different laser power intensities (lo), because the 

heating beam is branched off from the main welding beam and will arrive on the 

workpiece surface before or after welding. Thus, the experimental results are further 

explained in Chapter 3- see Section 3.2 and 3.3. Thus, the irradiated area of this 

defocused heating beam will be larger than the main focused weiding beam. Therefore, 

the laser power intensity will decrease, according to equation (5). 

A. 3 Heat transfer of dual laser beam 

Here the laser power was divided so that 70 % was coupled to the wcId beam and 30 I/c 

was directed into post-heating or pre-heating. 

Investigations on the welding beam : 

70 Po IV 
Using Eqn (5): Jo = 100 -A Io = 1.7 8.10' 

/? 1 2 

During heating use Eqn. (6), where t <, T: 

T(O, t< -c) = 

olino Lise Eqn. (Q. 7), where t> T*. 'LýO 1 

2, c I, 
K 

(6) 

-1 ýý 



T(O, t> -c) = 
-E --Io - w2 

K 
0.0 1 

7r 

Thus, Figure 5 describes equation (6) and (7), this showed the result,, of heatinLý, and 

cooling of the welded samples where the absorption is taken as 70 clý. and the power 
density being calculated to be 70 % of the normal welding. 

The pre-heating or post-heating det6cused beam. - 

Thus, 30 % of the output power Po (200 W) can be used for pre-heating or post-heating I 
the samples: 

Using Eqn. (5): 
30 Po 

10 =--- 100 A 

During heating use Eqn. (6), where t <, r: 

T(O, t< r) = 

During cooling use Eqn. (7), where t >, T-. 

T(O, 
jo . IC2 

K 

11' 
Io = 0.76 - 108 2 

M 

2eI Ic t 
K 7rt 

(6) 

t-0.01 ). 
v2 10 

[ 
it 

7r 

Therefore, Figure 6 describes the rate of heating and cooling of the pre-heating or post- 

heating beam. 

Dual beam system: 

Now, Figures 7 and 8 show, the rate of heating and cooling of the %\, clded samples, for 
t-- 47, 

tile pre-heated and post-heated wcIds. Here, the time u (mO inclicýltc" the arriving of I 

pi-c-heating' or post-heating, beam onto the \\ orkpicce. I 

(7) 

(7) 

-). 7)(1 



1"Vestigation 
y ofthe temporal temperature distribution (it dillerent depths: 

The temperature rise at a depth z and 0<t<c is given by: 

2E I, 
"heating equation T(Z, 0KWt )" ierjý 2( Ic t 

with Xz 2( wtf' 

The inverse error function Oerjý) is defined as: 

i- -(x) e-IC1) (_X 2) 
-x . 

f( 

with error function (erf): 

X 

e rf(x) 42 f 

0 

(10) 

Figure 9 shows, the error function (erj) with respect to time. 

Hence, the term uses for the "cooling equation" for different z-values and t>T is given 

by: 

')c Io- (k t) 112 z 1/2 - 
T (z, t) =K[ t'/" lerfc 

[ 

2(kt)1/2 

]- 
(t-T 1e rfc 2(k(t r) 

1/2 

The following data is used to calculate the temporal temperature distribution of the 

sample over the range of depth (z) 

intensity profile = Gaussian of radius d=I mm 
niatcrial = Carbon steel 
K 0.0605 W iTim K 

K 17.7 nim 
2S-I 

(8) 

(9) 

Erni,, sivitv c=0.8 
material thickness L=1. ý nini 
hcani radiu,, d=I nim or 0.001 m 
p') -00 NN 

'57 



So, the temperature distribution over the range of depth investigated i,, , Iiown in Figure 
I- 

10, where -i: is the pulse width or heating time Io is the po%%cr densitý of the 

incident beam at the surface (W/mm 2 ); E is the absorptivity of the material: K ,, the 

thermal diffusivity (nm 2/S ): K is the thermal conductivity of the material (W/nm k)-. t is 

time (s). 
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Figure 3 The temperature rise of heating the sample as a function of time. 
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FwUrc 4 The temperature rise of heating the sample with cooling I- 
period as a function of time. 
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Figure 5 The temperature rise for welding at z=0 for dual beam system 
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Figure 6 The temperature rise for pre-heating or post-heating the sample 
at z=0 for dual beam system 
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Temperature weld (K) 

Temperature pre (K) 

500 

2 0- 
U 0.01 0.02 0.03 0.04 0.05 

t (s) 

Figure 7 The temperature distribution of welding ( -- ) and temperature distribution of 
pre-heating the sample( ----- ) at z=0 for the dual beam system. 

Temperature 
weld (k) 

Temperature 
post-heating (K) 

t (s) 

FiLTUI'C 8 The temperature distribution of wc1cling (-) and temperature distribution of 
pre-heating the sarnple( ----- ) at 0 for the dual beam stcni. 
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Figure 9 The effect of error function with respect to the time for single beam system L- 
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Figure 10 The temperature change of welding at different depth of workpicce for 

nornial wc1ding, at z0 (-) alid at z O. Smni 

Nw G 
J&VýýSrry 6 -) 

3 

WRY 
Oly 


