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Abstract 

Thick-section austenitic stainless steels have widespread industrial applications, especially in 

nuclear power plants. The joining methods used in the nuclear industry are primarily based on 

arc welding processes. However, it has recently been shown that the Narrow Gap Laser Welding 

(NGLW) technique can be used to join materials with thicknesses that are well beyond the 

capabilities of single pass autogenous laser welding. The heat input for NGLW is much lower 

than that of arc welding, as are the expected levels of residual stress and distortion. 

The multi-pass laser welding technique, based on the narrow gap approach, is an emerging 

welding technology which can be applied to thick-section welds using a relatively low-power 

laser, but the process is more complicated than autogenous laser welding, since it is necessary to 

introduce filler wire to narrow gap weld configurations. Despite this complexity, the technique 

is very promising for improving the penetration capabilities of the laser welding process. 

However a limited amount of research has been conducted on the development of the NGLW 

technique; the control and optimization of weld bead quality inside the narrow gap is still an 

area of weakness.  

The research described in this thesis involves investigations on NGLW of AISI grade 316L 

austenitic stainless steel, and the performance of the resulting welds. Design-of-experiments and 

statistical modelling techniques were employed to understand and optimize the welding process. 

A statistical model was used in order to understand the significant process parameters and their 

interactions, allowing improved control of the weld quality in ultra-narrow gap (1.5 mm gap 

width) welds. The results show a significant improvement in weld quality can be achieved 

through the use of statistical modelling and multi-variable optimisation. 

The microstructure characteristics and mechanical properties (e.g. tensile strengths, fatigue, 

bending strength and fracture toughness) of the NGLW samples were examined and compared 

with those of other welding techniques - autogenous laser welding and gas-tungsten arc welding 

(GTAW). The work shows that NGLW of 316L steel sheets up to 20 mm thickness have 

generally better or comparable mechanical properties than those of GTAW but with much 

higher welding productivity. 

The results of detailed investigations of the 2D residual stress distributions, material distortions, 

and plastic strain characteristics of the NGLW technique are described. The contour method was 

employed for residual stress evaluation of the NGLW technique, and the results were validated 

using X-Ray and neutron diffraction measurements. The results were compared with those 

obtained with GTAW. The results suggest that the longitudinal tensile residual stresses in 

NGLW joints are 30-40% lower than those for GTAW joints.  

The influence of the laser power and number of passes for the NGLW technique, on the 

developed residual stress and plastic strain has been investigated, and the influence of welding 

strategy and the use of restraint during welding were also investigated.   

To understand the thermal history in NGLW and its effect on residual stress, finite element 

analysis was carried out using ABAQUS to numerically model the behaviour of residual stress 

across the multipass NGLW weld joints. The model has been validated with the experiments 

using temperature measurements and in terms of residual stresses the model is compared with 

neutron diffraction and the contour method. There is a very good correlation between the model 

and experimental results. The influence of both the laser power and welding speed on the 

induced residual stress during the NGLW process was also investigated using the model. 

The aqueous, pitting and stress corrosion cracking behaviour of the NGLW joints were 

investigated, and the results compared to those for GTAW joints under the same conditions. The 

results show that NGLW joints have better resistance to pitting corrosion than the GTA welds.  

Preliminary results also suggest that NGLW has better resistance to stress corrosion cracking. 
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CHAPTER 1. INTRODUCTION  

1.1 Overview    

Electrical power plays a very significant role in modern life. It makes both direct and 

indirect contributions to most life activities (communications, transportation, education, 

medical care, manufacturing, agriculture etc). The world population is steadily 

increasing - it exceeded seven billion in 2012. Yet one-third of the population lacks 

access to electricity. The global energy demand for electricity is growing. According to 

the International Energy Agency IEA 2012, the energy demand is growing almost twice 

as fast as its total energy consumption  [1]. The Royal Academy of Engineering in the 

U.K. estimates that the world will need to triple its energy production by 2050, even 

with extensive increases in energy conservation. Consequently, there is a need to 

improve electrical power generation resources.  

The world is also concerned with global warming; the International Energy Agency 

(IEA) reports that the goal of limiting warming to 2 °C above the pre-industrial level  is 

becoming more difficult and more costly with each year that passes. The average global 

temperature increase could reach 3.6°C [1]. It is regarded as the threshold for dangerous 

climate change. The energy generation and transportation sectors are considered to be 

the largest source of global carbon-dioxide (CO2) emissions. Fossil fuel plants emit of a 

total about 8.5 billion metric tonnes of carbon into the atmosphere per year [2]. The 

critical need to meet ever-growing energy demands in an environmentally sustainable 

manner, and with a low level of carbon emissions has focussed attention to the potential 

for nuclear energy to play a significant role in future energy supply [3].  

Nuclear power can provide a clean source of electrical energy with clear pricing of 

carbon emission. It is considered the key solution for providing mass electrical energy 

to decrease the gap between available power sources and the projected dramatic 

increase in world needs. It is also considered to be the means to limit the predicted 

increases in the price of electricity for consumers [2]. Finally it guarantees a high return 

to investors.  

Nuclear power plants are the most efficient source of electrical energy. As of February 

2013, there are 437 operating nuclear reactors for electricity generation in 30 countries 
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around the world, with an installed capacity of 370 GW [4]. These reactors represent 

less than 1 percent of the total number of global power plants. However they represents 

12.5 percent of the world's electricity production capacity, according to International 

Atomic Energy Agency (IAEA) [4].   

Safety and economy of nuclear power plants is dependent on precise and reliable 

structural integrity assessment of main components like pressure vessels and piping [5]. 

Operating conditions in nuclear power plants represent challenges for the overall 

structure, as well as for welded joints, due to the high temperatures, pressures and the 

aggressive environment. Welds are often considered as points of weakness and sources 

for failure initiation [6]. The selection of effective welding processes represents 

additional challenges in the fabrication of components in power plants, because of 

degradation of material properties due to severe thermal cycles and radiation damages.  

 In 2008, a significant report was issued by the Electric Power Research Institute (EPRI) 

[6] on a survey of welding and fabrication practices in nuclear plants. The survey 

identified welded joints as the locations that are most susceptible to failure in operating 

plants. Welding defects (porosity, cracks, lack of fusion....), phase transformation, 

segregation of some elements, sensitization, distortion, and residual stresses induced by 

welding process were identified as a major contributor to many types of failure 

mechanisms.  

1.2 Research motivation 

The recent requirements for increasing the lifetime of the new generation of nuclear 

power plants highlights the need to improved technologies for the construction. One of 

the key technologies that will underpin all of these activities is the joining of stainless 

steel components; most of the piping inside nuclear power plants is made from 

austenitic stainless steel. Developed stress corrosion cracking of welded stainless steel 

joints specially in pipes welding was a worldwide problem in boiling-water reactors [7]. 

The magnitude and distribution of residual stress has a significant influence on the 

structural integrity of power plant. The expected extension of design life of new power 

plant generations highlighted the significance for better understanding and controlling 

of residual stresses and their effects on the structure integrity [5]. 
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The welding codes employed inside nuclear power plants depend mainly on arc welding 

processes. Currently, welding processes such as manual metal arc welding (MMAW), 

flux core arc welding (FCAW), and submerged arc welding (SAW) are commonly 

applied to power plants [8]. Gas tungsten arc welding (GTAW) is commonly employed 

for high quality welds [9]. These welding techniques have been well developed and 

investigated in the past. Consequently, there is a large body of experience and 

accumulated knowledge on the behaviour of arc weld joints. On the other hand, these 

techniques are associated with low welding speed. This results in a large accumulated 

heat input to the components being joined, increasing the likelihood of distortion, and 

susceptibility to stress corrosion cracking or decreased fatigue life due to high residual 

stresses [10, 11].  

Design protocols for the new generation of nuclear power plants (generation IV) include 

a projected life span of over 60 years [6] . The safe operation of nuclear power plants is 

dependent upon their structural integrity, consequently the accurate design and life-span 

assessment of welded joints is critical to improving the life-span of the whole plant. The 

development of welding technology is essential to satisfy the requirement for the next 

generation of nuclear power plants. The new nuclear manufacturing technologies should 

aim to improve the life- span of structure, and reduce operating and maintenance costs, 

potentially saving the industry billions of dollars [6], and decrease the susceptibility of 

plants to unpredicted or sudden failures.  

Laser welding is one of the highest power-density welding techniques currently 

available, and can be used efficiently for welding relatively thick-section components 

[12]. Laser welding technology has developed rapidly in recent decades; the 

improvements include increases in available beam power and beam quality, and laser 

beam wavelengths have been shifted toward values which are suitable for delivery 

through fibre-optic cables to improve the flexibility of control. The process can achieve 

high-welding speeds, and a high production rate. The welding time and total 

accumulated heat input during welding are reduced, consequently reducing distortion 

[13]. 

One of the biggest challenges in the field of laser welding is improving the maximum 

thickness of welded joints. Typical weld penetration depths for autogenous laser 

welding are on the order of 1-2 mm/kW [14]. Thicknesses higher than 25 mm are still 
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beyond the current laser limits of autogenous laser welding. This challenge limits the 

application of single-pass autogenous laser welding techniques for thick sections in 

heavy industries. The narrow gap laser welding (NGLW) technique enables thick 

section welding with relatively low laser power [15]. NGLW is a technique based on 

multi-pass laser welding with a filler wire; it has been recently demonstrated to be 

capable of welding materials with thicknesses well beyond that possible with single-

pass autogenous welding [16].  

The NGLW technique has many advantages over conventional multi-pass arc welding 

processes. One key advantage is that it allows higher welding speeds due to high power 

density. Therefore the overall heat input to the weld joint is decreased. Consequently the 

predicted distortion and residual stress are lower. Moreover, the technique produces a 

narrower heat-affected zone due to the very narrow bead width. In addition, the volume 

of added metal is lower than for arc welding, due to the narrow gap preparation for this 

technique; the reported gap width for NGLW is normally 1:5mm [14, 17]. Finally, the 

productivity of laser welding is higher than arc welding, due to the high welding speed. 

Despite NGLW being a very promising technique, it has not been studied extensively. 

NGLW is considered to be a more complex process than autogenous laser welding,  due 

to a large number of interrelated variables (laser control parameters, filler wire 

composition, wire feed rate, wire size, inclination angle of the wire with respect to laser 

beam, relative position of wire and laser on the welded surface, and speed) [15]. Joint 

gap geometry and process shrouding, combined with the previous factors, make the 

process more complicated. Consequently, there is a lack of a knowledge base for 

NGLW, for thick cross sections. Therefore this technique is not included in the welding 

codes inside nuclear power plants; highly conservative assumptions are still used in the 

design codes of power plants, which can limit their economic lifespan. 

Austenitic stainless steels are one of the most commonly used materials in heavy 

industries, especially in power plants and in nuclear industries, as a result of their 

metallurgical stability, high corrosion resistance, and good creep and ductility properties 

at elevated temperatures [18, 19]. Most of the tubings inside nuclear reactors and 

intermediate level nuclear waste storage sites are made from stainless steels [20]. 

However there are many challenges during the welding of stainless steels using different 

techniques. The most critical challenges are related to the induced tensile residual 
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stresses, caused by the high thermal expansion coefficient of austenitic stainless steel, 

the lack of fusion between welding tracks and side walls, hot cracking, and porosity, 

causing degradation of both the mechanical properties and corrosion resistance of the 

material.  

1.3 Aim and objectives  

The aim of this research is to further understand the NGLW technique for joining 316L 

stainless steel in terms of process parameter relationships and weld characteristics. The 

objectives of the project are: 

1) To optimise fibre laser NGLW parameters to achieve defect-free welds in 316L 

stainless steel using design of experiments and statistical modelling. 

2) To understand the microstructure formation and residual stress characteristics in 

NGLW joints in comparison with those of GTAW welding and autogenous laser 

welding. 

3) To understand the mechanical properties including tensile strengths, fatigue, bending 

and fracture toughness of NGLW joints in comparison to arc weld joints. 

4) To investigate the induced residual stress across the welded joint with NGLW and 

compare it with GTAW by using contour, and neutron diffraction techniques to 

improve the reliability of the measurements. 

5) To investigate the influence of the power and the number of filling passes of NGLW 

technique on the induced stresses and strain hardening, and the welding strategy, 

welding restraints on the residual stress development for both NGLW and GTAW. 

6) To understand the thermal history and its effects on residual stress developments 

using finite element modelling. 

7) To investigate corrosion and stress corrosion cracking characteristics of NGLW 

joints in comparison with those by arc welds 

It is hoped that this preliminary study will provide an insight to the way in which 

NGLW affects some of the factors that have a critical influence on the integrity of 

nuclear welds, namely the development of residual stresses, and the cyclic hardening of 

the material during multipass welding, corrosion behaviour in nuclear environment. It is 

also hoped that this work will provide a foundation for future work involving welds in 

thicker sections of material. 
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1.4 Structure of thesis  

 

Chapter.1 Introduction  

 

Chapters 2-4  provide literature reviews on nuclear power plants, existing welding 

techniques applied to nuclear power plants, and the characteristics of 

laser welding and current and future applications in nuclear power 

plants.      

Chapter 5        describes the experimental facilities, experimental procedures used in 

the project, and preliminary welding experiment. 

 

Chapter 6        describes the design of experiments and statistical modelling for the 

optimisation of NGLW process using a 1 kW fibre laser for welds up to 

20 mm thick. Multiple parameter interactions were studied and multi-

objective optimisation was carried out.   

 

Chapter 7        describes the microstructure, and the productivity of NGLW techniques 

compared to different welding techniques.  

 

Chapter 8        describes the mechanical properties in NGLW joints up to 20 mm thick 

compared with arc weld joints.                

 

Chapter 9         describes the residual stress characteristics of NGLW joints. The 

contour method was used, validated using neutron diffraction and the 

XRD measurements.     

  

Chapter 10      describes the finite element modelling procedures and thermal 

history/residual stress prediction validated by experiments.  
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Chapter 11      describes corrosion and stress corrosion cracking performance of the 

welds to understand the effect of weld heat inputs, cooling rates and 

microstructure formation on the corrosion/stress corrosion cracking 

characteristics. 

 

Chapter 12       provides conclusions of the research in terms of major findings, 

contribution to the advancement of welding science and technology, 

and further work.
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CHAPTER 2. LITERATURE REVIEW – OVERVIEW 

OF NUCLEAR POWER PLANTS 

2.1 Introduction 

A power station (generating station, power plant, or powerhouse) is an industrial 

facility for the generation of electrical power. Power plants are generating a large 

proportion of the electrical power that is used in almost all countries around the 

world. The generator is the centre element of nearly all power stations; its main 

function is to convert other energy forms into electrical power by creating relative 

motion between a magnetic field and a conductor through turbines.  

The energy source harnessed to turn the generator varies widely. Most power stations 

in the world use fossil fuels, such as coal oil and natural gas, whereas others use 

nuclear power [21].  

There is an increasing use of cleaner renewable sources of power, such as solar, 

wind, and hydroelectric. The power generation efficiency of the thermal power plants 

is higher than that of renewable techniques, and renewable techniques have a lower 

availability of power supply. The output of most renewable power plants depends on 

weather conditions (air speed and direction, sunrise, speed of flow of water in rivers 

or canals,); they cannot guarantee a continuous and reliable energy supply. 

2.2 Fossil fuel power plants 

Fossil fuel power stations transforms chemical energy into electrical energy, usually 

by burning coal or natural gas; thermal energy produced by combustion is used to 

produce supersaturated steam. The steam is used for the production of electricity 

through via a steam turbine. The kinetic energy of the spinning turbine is 

transformed into electrical power through electro-mechanical generators. 

Alternatively, in the case of natural gas power stations, the turbine is a gas turbine, 

which directly uses the dynamic pressure from flowing gases (air and combustion 

products).  

The era of large-scale electrical power distribution began in July 1878, when the 

world's first power station was built by Sigmund Schuckert in the Bavarian town of 

http://en.wikipedia.org/wiki/Fossil_fuel
http://en.wikipedia.org/wiki/Coal
http://en.wikipedia.org/wiki/Petroleum
http://en.wikipedia.org/wiki/Natural_gas
http://en.wikipedia.org/wiki/Nuclear_power
http://en.wikipedia.org/wiki/Fossil_fuel_power_plant
http://en.wikipedia.org/wiki/Coal-fired_power_station
http://en.wikipedia.org/wiki/Bavaria
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Ettal. It consisted of 24 dynamo electric generators which were driven by a steam 

engine. The first public power station was the Edison Electric Light Station, built in 

London at  Holborn Viaduct, which started operation in January 1882 [22].  

Fossil fired power plants have some environmental drawbacks, such as the  

production of large amounts of carbon dioxide, and also the production of sulphur 

dioxide which pollutes air and water. Fossil-fuelled plants are considered to have a 

lower efficiency for power generation, compared to that of nuclear power plants, as 

will be discussed below. 

2.3 Nuclear power plants 

Nuclear power plants are the most efficient power generation sources currently 

available. They are thermal power stations in which the heat source is a nuclear 

reactor, where heat is generated from a controlled nuclear chain reaction. The heat is 

used to generate steam, which drives a steam turbine connected to a generator to 

produce electricity.  

Obninsk Nuclear Power Plant in Russia was the world's first nuclear power plant 

built to generate electricity for a power grid - it began operation in June 27th, 1954 

[22] with capacity of around 5 megawatts of electrical power.  

As of June 2012, the IAEA reported that there were 435 nuclear power reactors in 

operation, operating in 31 countries with total capacity 370,003 MW [21] 

There are two main commercial reactor types, which are being actively considered 

for construction around the world; the Pressurized Water Reactor (PWR), and 

Advanced Boiling Water Reactor (ABWR) [2]. They represent more than 81% of 

total nuclear reactors [21]. The PWR represents the highest thermal efficiency of the 

two types, due to the high operating water pressure the feeding the turbine, with ~340 

°C (15 MPa) steam instead of ~285 °C (7 MPa) for the ABWR, while the design 

pressure of the reactor is 21.5 MPa. The overall efficiency of the PWR can be up to 

37%.  [23].  

2.3.1 Nuclear reactor (source of energy) 

The nuclear reactor is the heart of a nuclear power plant, it is where the nuclear chain 

reaction occurs. When a neutron is absorbed by an atom of nuclear fuel, generally 

http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Nuclear_power_plant
http://en.wikipedia.org/wiki/Nuclear_power_plant
http://en.wikipedia.org/wiki/Thermal_power_station
http://en.wikipedia.org/wiki/Nuclear_reactor
http://en.wikipedia.org/wiki/Nuclear_reactor
http://en.wikipedia.org/wiki/Steam_turbine
http://en.wikipedia.org/wiki/Electric_generator
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/International_Atomic_Energy_Agency
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uranium, a fission reaction takes place, which causes the splitting of the uranium 

atom into two smaller waste atoms. This process which results in the emission of a 

few more neutrons also releases energy, because the sum of the masses of the 

fragments will be less than the mass of the uranium nucleus as shown in equation 

(2.1) [24]. Increasing the number of fission events will lead to an increase in the 

amount of released energy [25].   

235U + 1 neutron           2 neutrons + 92Kr + 142Ba + energy       (2.1) 

The newly released neutrons are the catalyst for the splitting of other atoms. Thus, 

the process is repeated in a chain reaction as shown in Figure 2-1  

 

Figure 2-1 Fission chain reaction [24] 

The chain reaction can be controlled through the use of water, and of graphite rods, 

since they act as a moderator, slowing down the neutrons. Rods of boron steel are 

also used as control rods to control the rate of the reaction, since they absorb 

neutrons without fission occurring. Heat is generated in the reactor core by controlled 

nuclear fission. Coolant is heated as it is pumped through the reactor and thereby 

removes the energy from the reactor - this is known as the primary cycle. The heat 

from the primary coolant is then used to raise the steam temperature through the 

steam generator. Steam is run through a secondary circuit to turbines, which in turn 

powers an electrical generator as shown in Figure 2-2. 
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Figure 2-2 Pressurized water reactor system [26] 

2.3.2 Nuclear power plant efficiency  

 A nuclear power plant is very effective electrical power generating facility. It uses 

less fuel compared to a fossil fired plant. It has been estimated that, to produce the 

same amount of electricity, the ratio of the fuel weights for nuclear and coal fired 

plants is 1: 17000 [27]. Nuclear power stations can generate great amount of energy 

from a single 1.65 cm nuclear fuel pellet. This is equivalent to the energy generated 

from burning 807 kilograms of coal, 677 litres of oil, or 476 cubic metres of natural 

gas as shown in Figure 2-3. Furthermore, the used nuclear fuels can be reprocessed 

and “charged” through a series of chemical and physical process to regain most of its 

spent energy to be used as fuels again.  

 

Figure 2-3 Nuclear fuel efficiency [28]   

The lifespan of most of currently operating nuclear power plants is limited to less 

than 40 years, due to the influence of the severe working conditions on their 

structural integrity [4]. Development of the increased lifespan for the new generation 
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of nuclear power plants is a major requirement, due to the high capital cost of the 

plants [29].  

2.4 Current and developments of nuclear reactors 

There are four main generations for nuclear reactors as shown in Figure 2-4. The first 

generation was developed between the 1950s and 60s. It worked as early prototype 

reactor. The second generation was developed in the 1970s as first large commercial 

power plants generation. A generation II reactor has an original design life of 30 or 

40 years. However life could be extended to 50 or 60 years. Generation III was 

developed recently in the 1990s. This nuclear reactor generation represents current 

and near future technology.  Generation IV reactors are mainly based on high 

temperatures and cooling by gas or liquid metals. They are generally safer and more 

efficient and reliable.  The improvements in new generation designs make nuclear 

reactors less vulnerable to accidents — whether due to equipment malfunctions or 

human error [2]. 

It offers significant developments in safety and economics. Advances to generation 

III include improved safety systems and a 60 year design life [30]. Laser 

development of that generation resulted in Generation III+. New plants built between 

now and 2030 will likely belong to this generation.  

 

Figure 2-4 Progression of nuclear reactor grades [30] 
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The US Department of Energy, and the nuclear industry, have launched a program 

called NuStart to stimulate and support the development of evolutionary and 

revolutionary reactor designs for Generation III , and Generation III+ reactor designs. 

It covers both pressurized water reactors and boiling water reactors. Westinghouse 

nuclear corporation has submitted two pressurized water reactor designs belonging to 

this generation (Pressurized water reactorsAP600 and AP1000) for licensing to the 

US Nuclear Regulatory Commission. According to Westinghouse’s description, 

these designs provide an enhanced level of safety. The enhancements include 

shortening large pipes, reducing the number of pumps on the primary circuit, and 

incorporating passive safety systems that rely on natural forces (Westinghouse 

Corporation, 2003)  [21] .  

AREVA nuclear corporation has made several major contributions in the area of 

safety, and accident prevention, including core damage (melt- down). It boasts 

significant strengthening of the civil engineering structures of the nuclear island, 

increasing its resistance to external hazards, including earthquakes, flood, fire, and 

strikes by military or large commercial aircraft. AREVA developed a boiling water 

reactor, the SWR1000 with the collaboration of German utilities. Its design was 

completed in 1999, with a capacity of 1250 MW and a 60 year expected lifetime. It 

has also designed the 1650 MW (e) European Pressurized Water Reactor (EPR), 

which meets the European Utility Requirements. Four are under construction in 

China, Finland and France [2, 21].  

VVER-1200 AES-2006 is a Russian design for pressurized water reactor (PWR). It  

belongs to the third-generation of reactors [21]. The design uses water to cool the 

reactor and to generate steam.  This is largely an evolutionary development of the 

VVER- 1000 reactor plant, with longer design life (50 rather 30 years), and increased 

efficiency (36.6 percent instead of 31.6 percent) [2, 21]. 

2.4.1       Nuclear reactor design for the Future (Generation IV) 

Generation IV reactors are considered a step forward for the longer-term future of 

nuclear power generation; they are sets of theoretical nuclear reactor designs. There 

are two main international projects currently in progress contributing to the 

development of this generation [2]. Most of these designs are generally not expected 
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to be available for commercial construction before 2030 [2]. In February 2005, ten 

countries made an agreement on collaborative research and development of 

Generation IV systems. The main objective of this agreement is to implement an 

international generation IV forum (GIF), in order to develop future-generation 

nuclear energy systems.  

The main goals for generation IV reactor design include development of a 

sustainable energy source with minimal waste, improved design lifetime for the 

structure, the development of a safe, reliable energy source using inherent safety 

features to improve public confidence in nuclear energy safety, and the realisation of 

a competitive energy source with low costs and short construction times. In addition, 

the design criteria include proliferation resistance, and physical shielding and 

protection (improved security from terrorist attacks) and decreased building running 

costs [2, 30] .  

2.5 Hazard of nuclear power plants 

There are two major hazards of nuclear power plants: exposure of radioactivity to the 

public and the environments, and the safe disposal of nuclear wastes. 

The main hazard from nuclear power generation is the potential for exposing the 

public to radiation. A major health hazard would result if a significant portion of the 

radioactive inventory in the core of a nuclear reactor were released to the 

atmosphere. New development and safety considerations will decrease the 

probability of this happening. Various techniques are used, including conservative 

designs, safety equipment, and physical barriers. Analyses identify high-consequence 

accident frequencies of occurrence on the order of 10
-7

 per reactor-year (one event 

could occur every 10 million years) [2].  

2.5.1 Disposal of nuclear wastes 

Global concern over the accumulation of nuclear waste has encouraged most 

countries to be involved in investigating means of safe final waste disposal. Nuclear 

waste decays over time, but some of it remains hazardous for many thousands of 

years.  
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There are more than one possible technique for the safe disposal of nuclear wastes. 

One method of waste disposal involves the use of steel honeycomb capsules, 

encapsulated in a copper canister with a 50 mm wall thickness. It is anticipated that, 

when these are buried 500 m deep in specially prepared clay lined granite 

repositories, the leakage of radioactivity into the ground water will cease within     

100 000 years [12].  

Another waste disposal technique, used especially in the UK, depends upon 

packaging intermediate level radioactive waste (ILW) in glass-vitrified form in 

stainless steel containers, and then encapsulating them in a cementitious grout. These 

are stored in above-ground facilities to remain for several decades. Finally, the 

assemblies are buried in a permanent, underground rocky storage site, known as a 

geological disposal facility (GDF) as shown in Figure 2-5. The containers should 

maintain their integrity for extended periods of storage prior to final disposal, to 

ensure no significant or harmful quantities of radioactivity ever reach the surface 

environment. Welding regions and corrosion governed by the environmental 

conditions are the major challenges for the performance of the waste containers 

 

 Figure 2-5 Geological disposal facility [20]  

2.6 Materials in nuclear power plants  

Power plants have very complicated structures - they contain large number of 

different systems, and components. These systems and components are made from 
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different alloys, and have different production methods according to their function 

and working conditions. These components are working under a high pressure and at 

high temperature [23]. They are subjected to a highly corrosive environment. 

Stainless steel is one of the main alloys used in power plant component fabrication 

[8, 31]. Stainless steels are used mainly for heat exchangers in boilers, bolted joints, 

and also used for the main pipe connections between steam generators and the 

reactor [8]. According to ASME codes for the construction of nuclear facilities, these 

alloys are used for some Class 1 components, such as main pipes, portions of pumps 

and valves, due to their high-temperature stability [31].  

In fusion reactors, the inner and outer shells of the vacuum vessel are both formed 

from 60 mm-thick plates, and the stiffening ribs from 40 mm plates. These are made 

from  SS 316L [9]. Austenitic 316LN stainless steel is also used in nuclear power 

plants, since the carbon has been reduced in order to decrease the probability of inter-

granular corrosion. Nitrogen is added, mainly to conserve the elevated temperature 

strength and other properties associated with the loss of carbon, in comparison with 

the conventional 316 grade [32]. Figure 2-6 shows the different alloys used inside a 

PWR nuclear power plant.   

 

 

 

 

 

 

 

 

 

Figure 2-6 An Overview of Materials in a Pressurised Water Reactor [33] 

There are three different alloy systems which cover the majority of power plant 

fabrication, namely austenitic stainless steels, ferritic steels, and nickel-based alloys. 
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This project involves a comprehensive study on austenitic stainless steel welding, in 

order to improve the welding quality and performance in service for different 

thickness ranges. This goal may be achieved through assessing the feasibility of 

introducing new welding technologies to the power generation industry, as well as by 

assessing the benefits and weld quality achieved with autogenous laser welding, 

narrow-gap laser welding, and arc welding.  

2.7 Stainless steels 

Stainless steels are widely used in many industries due to their high corrosion 

resistance. They are iron-based, and are primarily alloyed with at least 10.5% 

chromium, and often also with nickel, especially in the case of austenitic stainless 

steels [34, 35] . They have enhanced corrosion resistance due to a passive oxide film 

on the surface. Most stainless steels are weldable, but they can be very sensitive to 

heating in specific temperature ranges. They may suffer from changes in their phase 

balance due to grain growth, segregation, the formation of intermetallic constituents, 

and the presence of impurity elements. This can lead to changes in the properties and 

performance of the base metal [35].          

2.7.1 Austenitic Stainless steels 

Austenitic stainless steels are used generally in power industries due to their high 

ductility and fracture toughness [36]. Austenitic stainless steels have good corrosion 

resistance under normal conditions, and also good mechanical properties at both low 

and high temperatures. They are used in many industrial applications in both 

conventional and nuclear power plants, especially when it is necessary to weld high 

temperature components. A service temperature of up to 560ºC can be tolerated, but 

oxidation resistance and strength will be decreased at such high temperatures [35]. 

This type of stainless steel based on adding Ni in concentrations above 8 wt. %, and 

chromium, to form a ‘ternary system’. Adding nickel generally increases ductility 

and toughness. Carbon and nitrogen are also austenitic stabilising elements - nitrogen 

improves strength, and carbon improves strength at high temperature. Cr and Mo 

may also be added to improve pitting corrosion resistance. Austenitic stainless steels 

are non-magnetic. They are not suitable for use in highly corrosive environments 
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involving chloride ions, such as in seawater, as under these conditions they could be 

susceptible to stress corrosion cracking. 

2.8 Austenitic stainless steel weldability 

Austenitic stainless steels in the AISI 300 series usually solidify during welding as a 

mixture of austenite and ferrite. The ferrite almost fully transforms to austenite on 

normal cooling, but a few percent of the ferrite is often retained in the weld metal 

[32]. Austenitic grades have good corrosion and oxidation resistance up to 1200ºF 

(648 °C). They are generally very weldable alloys under normal conditions. 

However, problems may arise during welding if some precautions are not considered. 

The addition of sulphur and phosphorus to the steel is important in order to improve 

its machinability, however the addition of these elements has drawbacks with respect 

to solidification cracking behaviour [37]. One of the most critical problems in 

austenitic stainless steel welding is stress corrosion cracking due to high tensile 

residual stress near to the weld region, the risk of which may be increased if coupled 

with aggressive environments (high pressure, high temperature). Another problem 

relates to corrosion (sensitization) when austenitic alloys are subjected to their 

sensitization temperature range. Common welding defects for stainless steels will be 

discussed in the following chapter.  

2.8.1 Austenitic stainless steel solidification behaviour 

Referring to Figure 2-7, the liquidus surface exhibits a single dark line running from 

near the Fe corner to the Cr-Ni side, separating the solidification modes as primary 

ferrite above and to the left of the line, and a solidification mode as primary austenite 

below and to the right of the line. The solidus surface exhibits two dashed lines 

running in a similar direction, with a lower temperature than for the liquidus. 

Between the two lines is a region containing both ferrite and austenite, with liquid 

above the solidus surface; this region separates the pure austenite and pure ferrite 

regions [38]. There are two types of reactions: the peritectic reaction starts at Fe-4Ni, 

extending to where the liquidus continuous line crosses the Ni-rich solidus (dashed 

line), changing the peritectic to a eutectic reaction at the point specified by the blue 
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arrow as shown in the ternary diagram in Figure 2-7. The reaction becomes eutectic 

at Fe concentrations of less than 75% [32].    

 

Figure 2-7 Liquidus and solidus projections of the Fe–Cr–Ni system [32] 

Most commercial stainless steels contain less than 75% Fe, and often exhibit eutectic 

behaviour. The term eutectic is taken from the Greek language, and means “easy or 

well melting”. The eutectic reaction is formed when adding an alloying element 

causes a lowering of the liquidus lines from both melting points of the two pure 

elements as shown in Figure 2-7.  

The alloy composition has the lowest melting point of the system where the mixed 

solid-liquid phases (L + δ and L + γ) vanish. The eutectic composition also solidifies 

completely at a single temperature, and is referred to as an invariant point. In a 

eutectic reaction, a liquid freezes to form two solid solutions according equation 

(2.2). 

        L liquid               δ ferrite + γ austenite                         (2.2) 

A pseudo-binary diagram is 2D phase diagram based on a constant Fe content (70 wt. 

%) [32], as shown in Figure 2-8.  Austenitic stainless steel welds can solidify as  

primary ferrite or austenite phase. The primary solidification mode depends on the 

 
Liquidus 
Solidus 
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composition of the alloy; alloys at the left hand side of the pseudo-binary diagram, 

close to high Ni percentage represent primary austenitic solidification, and alloys on 

the right hand side to the small triangle between the solidus and liquidus show 

primary ferritic solidification modes as shown in Figure 2-8 .     

There are two solidification modes in the case of primary austenite [38]. The first 

mode is completely austenitic - if the composition of the stainless steel is sufficiently 

far from the eutectic trough, the solidification will be fully austenitic. The eutectic 

trough is the small triangle in the pseudo-binary diagram which represents a 

combined austenitic-ferritic phase solidification region. As the composition 

approaches the eutectic trough, some ferrite can form during the last stages of 

solidification by the eutectic reaction as previously discussed. The solidification 

mode is described as austenite-ferrite (AF) as indicated in Figure 2-8. This ferrite 

would be confined to the solidification cell boundaries and is called eutectic ferrite.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-8 Vertical sections of Fe-Ni-Cr ternary diagram, at constant Fe70%[32]  

The primary ferrite solidification mode is shown in Figure 2-9. The alloy may have 

an equilibrium structure of 100% ferrite at high temperatures, but still be partly or 

completely austenitic at lower temperatures, depending on the extent to which 

equilibrium is approached, as shown in Figure 2-9. The transformation of the 

primary solidified ferrite to austenite results in many different ferrite morphologies 

[38]. A second mode of solidification can be described as ferrite-austenite (FA) as 

Eutectic reaction position 

Liquidus 
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shown on Figure 2-8. This occurs when dendrites solidify as primary ferrite, but 

upon slow or moderate cooling through the two phase region, they transform to 

austenite. This results in the formation of austenite along the ferrite cell and dendrite 

boundaries, except for thin rods or strips of ferrite along the core of the original 

dendrite. This is called 'skeletal ferrite' as shown in Figure 2-9. If the cooling rate is 

high, or the ferrite-promoting elements are increased, the ferrite morphology changes 

to a lathy structure along the dendrite axis. Restricted diffusion (e.g. due to a rapid 

cooling rate) during the ferrite-austenite transformation leads to reduced diffusion 

distances and more tightly spaced laths [38]. Consequently, a reduced amount of 

austenite is formed, as shown in Figure 2-9. Alloys sufficiently far from the eutectic 

trough, with an increased Cr/Ni ratio, solidify with a ferrite matrix and grain 

boundary austenite. Solidification will be primary ferrite, with a Widmanstätten  

austenite structure along the ferrite boundaries [38].  

For a simplification of the phase transformation behaviour and solidification modes 

during the welding of stainless steels, another method is used, and it is based on the 

calculation of the chromium equivalent (Creq), nickel equivalent (Nieq), and ferrite 

number, as will be introduced in the next sections. 

 

 

Figure 2-9 Solidification behaviour morphologies in austenitic stainless steel [38] 
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2.8.2 Control and calculation of ferrite number 

The amount of ferrite and austenite in an alloy is very important in determining the 

solidification behaviour. It can be estimated through the ferrite number. This number 

is very important for predicting the mode of solidification (primary solidification 

phase). A ferrite number greater than 3 and less than 20 indicates that the most likely 

solidification mode is ferritic-austenitic (FA) solidification. This mode has a high 

resistance to solidification cracking [35]. The ferrite number can be computed 

through the calculation of chromium equivalent (Creq) and nickel equivalent (Nieq) 

compositions. Both the Creq and Nieq depend on the composition of the stainless steel 

alloy and can be calculated according to the Schaefler diagram using equations 

(2.3),(2.4) [19]: 

                      Creq = Cr + Mo + 1.5Si + 0.5 Nb + 2Ti                  (2.3) 

                                   Nieq= Ni + 0.5 Mn + 30C                             (2.4) 

 

Figure 2-10 Schaefler diagram [39] 

The Schaefler diagram is shown in Figure 2-10 [39]. The diagram was published in 

1947. Since then, there have been many refinements to this diagram, and 

corresponding refinements to the equations for both of chromium equivalent (Creq) 

and nickel equivalent (Nieq). The first modification was by Delong et al. in 1956 

[35], followed by modifications suggested by Hull in 1973 [35], then Hammer and 

Svenson in 1979 [40], and Espy in 1982 [35]. The final diagram was developed by 
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Kotecki and Siewert in 1988 and (WRC 1992) [35]. This resulted in the Welding 

Research Council diagram (for solidification mode, ferrite number). The definitions 

of Creq and Nieq are shown in Figure 2-11.    

 

 

Figure 2-11  Kotecki and siewert 1992 [41]  

Kell et al. [41] studied the ferrite number prediction with autogenous welding of 

316L austenitic stainless steel by calculating the chromium equivalent (Creq) and 

nickel equivalent (Nieq)  for the chemical composition is shown in Table 2-1. The 

calculated values were Creq = 19.173 and Nieq = 11.72. The WRC 1992 diagram is 

used to identify the ferrite number; according to the Creq and Nieq values, the ferrite 

number is approximately 6%. This ferrite value corresponds to dual solidification (F-

A) region, and a small amount of ferrite is likely to be present after cooling to room 

temperature for normal welding conditions. 

Table 2-1 Chemical composition of austenite stainless steel 316L [41] 

 

 Another study was performed by Clayton et al. [42] in the laser welding of austenitic 

stainless steel (316Ti). The chemical composition for this grade is shown in Table 

2-2. The calculation of chromium/nickel equivalents for the given material gives a 

A 

AF 

FA 

F 
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value of 1.57, which corresponds to FA solidification. The ferrite number was 

calculated for this alloy according to different solidification mode diagrams. The 

obtained values for the ferrite number was between 5 and 8%, and values in this 

range all correspond to FA solidification [42].  

  

Table 2-2 Chemical composition of austenite stainless steel 316LTi [42] 

 

No solidification cracks were noticed, which suggests that compositions in this range 

are not susceptible to solidification cracking. The microstructure of the weld cross-

section is shown in Figure 2-12. Two phases are identified: austenite phase with 

ferrite phase dendrites, which are clearly visible appearing in black. This structure is 

called vermicular or skeletal delta ferrite.  

 

Figure 2-12 Typical microstructure of the cross section [42] 

2.8.3 Filler material and solidification behaviour 

Welding processes using filler material techniques improve the performance of the 

welded joint. This technique of welding controls the solidification behaviour of the 

welded zone according to the combination of base and filler material, and the 

dilution ratio between them at the welding region. Figure 2-13 shows two different 

cases in which an austenitic base metal has been welded with a filler metal, having a 
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known ferrite number of 10. The final composition of the weld metal will lie on the 

tie-line between the compositions of the base and filler, and the exact position will 

depend on the dilution of the filler metal. Point 1 specifies the final composition if 

the dilution is 50%, it is lying at FN = 1 - this suggests AF solidification. If the 

dilution for another case is 20%, perhaps due to a low heat input, the weld metal 

composition will be shifted to position 2 at FN = 6. This suggests a change to FA 

solidification [35]. The NGLW technique has the flexibility to change the filler 

material in order to control the solidification behaviour, such that welding joint will 

be free of solidification defects and mechanical or corrosion resistance degradation.  

 

Figure 2-13 Influence of filler material on ferrite number [35] 
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CHAPTER 3. LITERATURE REVIEW - CURRENT 

WELDING TECHNOLOGIES FOR NUCLEAR POWER 

PLANTS  

3.1 Introduction 

 

Welding is the process of joining two different parts from the same or different 

materials to become one part [43]. It is the most common method of joining parts 

[44]. Welding processes can be applied to most metal products in manufacturing and 

repair operations. The field of welding technology is still growing in both the number 

of available technologies and the variety of applications. Welding takes place 

through forming chemical (or metallurgical) bonds across the joint interface under 

different conditions of heat and pressure. When carried out successfully, welding 

achieves homogeneity  between the welded parts. Welding is also one of the cheapest 

joining processes. Due to the large number of available technologies for welding, it 

can be used to join most metallic materials. It is considered to be a flexible joining 

process [44]. It represents the optimum utilization of metal, and it gives the designer 

flexibility in casting construction.  

Power plant construction involves the use of a number of welding techniques in order 

to join a variety of structural components of different sizes and materials. Severe 

working conditions inside power plants mean that the welding processes employed 

are subject to a large number of strict constraints - many components are working at 

high temperature and pressure, and in a corrosive environment. The huge scale and 

complexity of the reactor structures in nuclear power plants have created challenges 

for the used welding technologies [12], such as the need to weld substantial material 

thicknesses with severe service performance requirements, and over extended 

distances. 

This chapter will review different welding processes, which are included in the 

welding codes inside nuclear power plants, according to the ASME Boiler and 

Pressure Vessel Code [45], the welding challenges in nuclear reactor conditions, and 

evaluation procedures for different types of weld joints. 
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3.2 Welding technologies for nuclear power plant components   

The harsh operating environment in power plants presents challenges for both the 

materials that are used in the different components, and also for the welding 

techniques employed. Several processes are used for welding inside power plants, 

dependent on the components being joined (material, size, accessibility to the 

welding region, and shape of weld). These processes will be discussed in the 

following sections.  

The ASME boiler and pressure Vessel Codes Section IX relates to the qualification 

of welding and brazing processes for nuclear components and pressure vessels [45]. 

Many welding techniques are included and approved for welding stainless steel 

nuclear power components: shielded metal arc welding (SMAW), gas tungsten arc 

welding (GTAW), submerged arc welding (SAW), and flux cored arc welding 

(FCAW) - these welding techniques will be discussed in the following sections. The 

investigation will include consideration of the application of the techniques to 

nuclear components, and the advantages and limitations of each welding process.  

3.2.1 Submerged Arc Welding (SAW)  

Submerged Arc Welding (SAW) can be used for joining ordinary steels, austenitic 

stainless steel, and duplex stainless steels while achieving acceptable properties. It 

was developed between the 1930s and 1940s. A high amount of heat input is used to 

join the materials, but the corrosion characteristics have been found to be acceptable 

[46]. Submerged arc welding produces clean welds due to protective action of the 

flux and molten slag. The spatter is minimised and also heat losses are decreased due 

to the weld area being submerged. This process has a high deposition rate and two or 

more electrodes may be used. 

SAW technique is used efficiently for blade attachments in rotors of turbines since it 

achieves deep penetration and high welding rates [47]. It is used also in build-up 

welds for the repair of creep damaged rotor blade grooves, or for the repair of 

damages caused by stress corrosion cracking. Multiple-layer submerged arc welds 

can be used also for joining vessel sections [48].  

Figure 3-1 shows the main configuration of the process. It is limited to down hand 

welding of flat plates and pipes [49]. Decreasing the height of the flux layer could 
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lead to an uncovered arc. The weld will have a poor appearance and porosity will 

increase. If the height of the flux layer is too thick the generated gases during 

welding will be entrapped and the surface of the weld will be distorted [50].  

 

Figure 3-1 Submerged arc welding configuration [50] 

3.2.2 Manual Metal Arc Welding (MMAW)  

Manual metal arc welding induces an arc between a coated electrode and the work- 

piece. The electrode is a consumable item - the metallic core is melted by the arc. 

The electrode coating also melts, and serves to protect the molten pool from 

contamination from the atmosphere, by forming slag on the surface of the weld pool, 

and a shielding gas around the arc and the weld pool.  

 

 

 

 

 

Figure 3-2 Manual metal arc welding [51] 

This process can be applied successfully for structural steel, including low alloys, 

and also higher strength steels. High quality welds are achieved on all steels both in 

the workshop and on site [52]. This technique has the flexibility to deal with difficult 

welding positions, with ease of mobility. The process has a number of applications, 

such as in power plant pressure vessels and piping, and cryogenic plant pipelines.  
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However, MMAW is considered to be a low-speed welding technique, and the 

control for the process depends mainly on the skill of the welding technician. In 

addition, the process is limited to low joint thicknesses due to its limited deposition 

rate. 

3.2.3 Flux cored arc welding (FCAW) 

This welding technique employs a metal sheath with a core of powdered materials, 

and is often shielded by a gas as shown in Figure 3-3. The method is considered as 

an alternative to manual metal arc welding for thick cross section site welds, 

especially in large excavations, as shown in Figure 3-3. Welding of a joing with 

FCAW may take less than half the time compared to manual metal arc welding. 

 

Figure 3-3 Illustration of FCAW process [53]  

FCAW can also be used for joining in-situ boiler panels (mild steel), and for stainless 

steel and duplex stainless steel repair to pitting damage [53]. However, it has limited 

usage due to the large size and lower flexibility of the instruments used. 

3.2.4 Gas Tungsten Arc Welding (GTAW) 

GTAW is the most common form of non-consumable electrode arc welding. The 

method includes tungsten inert gas (TIG) welding, when the shielding gas is an inert 

gas; this process is used for welding a wide range of materials. Tungsten is used as 

the electrode for TIG welding, as it has melting temperature of approximately 

3400ºC [54]. The electrode is shielded by a specific shielding gas to protect it as 

shown in Figure 3-4. 

  



CHAPTER 3. CURRENT WELDING TECHNOLOGIES FOR NUCLEAR POWER PLANTS 

32 

 

 

 

  

 

 

 

 

 

 

 

Figure 3-4   Schematic of a Tungsten inert gas welding process [55] 

In GTAW, an inert gas like argon or helium may be used, or alternatively an active 

gas such as CO2 or N2. The arc current affects the weld penetration; direct current 

electrode negative polarity generally offers better weld penetration - approximately 

70% of the heat is generated at the anode [50]. The arc voltage is the voltage between 

the two electrodes, which depends on the arc current. The weld pool width generally 

increases with an increase in the arc length. The travel speed affects the width and 

heat affected zone more than depth of penetration. The ratio of the wire feed speed to 

the travel speed determines the quantity of material deposited per unit length. An 

increase in the wire feed speed generally leads to a decrease in penetration.    

In comparison with other techniques, the GTAW process provides a high quality 

weld, free of defects, with low spatter, and it can be used for welding most kinds of 

metals. It can be used with or without a filler material. It permits a independednt 

control of the heat source and the addition of filler material. GTAW has some 

applications inside power plants; it is used for weld joints between two halves of the 

sector of a vacuum vessel for the fusion nuclear reactor as shown in Figure 3-5. It 

consists of a double wall design. The thickness of the welded plates of the shells was 

40 to 60 mm. 
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Figure 3-5  Welding of sectors of vacuum vessel [9]  

3.3 Integrity of power plant welds 

Welding inside power plants is different to most other applications, due to the severe 

working environment. Many power plant components are subjected continuously to 

elevated temperatures and pressures. Austenitic stainless steel alloys are commonly 

used, thus there are many challenges for welding stainless steel, which will be 

covered in the next sections. 

3.3.1 Hot cracking of austenitic stainless steel 

Sulphur is known to be an undesirable element in the welding of stainless steels, 

especially with respect to solidification cracking. It causes the formation of low-

melting sulphide films along the inter-dendritic boundary and grain-boundary [32]. 

Sulphur and phosphorus impurities are among the main causes for hot cracking. A 

fully austenitic solidification (A) mode is the most crack-susceptible mode. 

Conversely, a ferritic austenitic solidification (FA) mode has the lowest cracking 

susceptibility, therefore this mode is preferred due to its high resistance to 

solidification cracking, as shown in Figure 3-6 [35]. The FA mode is also less 

susceptible to hot cracking because phosphorus and sulphur have a higher solubility 

in ferrite  [35, 56]. The ferrite boundaries exhibit less wetting with respect to 

austenite boundaries. Crack propagation is more difficult along irregular grain 
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ferrite-austenite boundaries than it is for boundaries of one phase. Moreover, the 

coefficient of expansion of ferrite is less than that for austenite. 

 

Figure 3-6  Cracking susceptible and solidification mode [35] 

Ferrite presents a reduced shrinkage stress during solidification. Sauutala. et al. 2003 

[40] studied the relationship between the solidification mode and the impurities ratio 

with respect to hot cracking. It is clear that the critical value for the ratio (Creq/Nieq) 

is close to 1.48 as shown in Figure 3-7. If this ratio is lower than approximately 1.48, 

the solidification mode will be primary austenite, and will exhibit greater 

susceptibility to crack formation. This value is approximately equivalent to a ferrite 

number of 3. If this ratio is increased above the critical value, the solidification will 

be primary ferrite solidification. Most of the filler materials have a ferrite number 

greater than this value, with typical grades having a ferrite numbers between 5 and 

15. In order to avoid crack formation with primary austenitic solidification, it is 

necessary to control the impurity levels so that their sum is less than 0.02%.           
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Figure 3-7 Sauutala diagram [32] 

3.3.2 Hot cracking of stainless steel due to laser welding 

Austenitic stainless steels have a high thermal expansion coefficient, coupled with a 

low thermal conductivity [57]. These properties increase the probability of distortion 

and cracking when using welding techniques with a high heat input. Laser welding 

offers advantages over conventional welding methods due to its low heat input; 

increasing the laser power density permits an increase in the welding speed. On the 

other hand, the use of laser welding affects the relevance of the Suutala diagram, due 

to the rapid thermal cycles and different cooling and solidification conditions [40]. 

Under conditions of rapid cooling, the dendrite tip promotes austenite instead of 

ferrite as the primary phase of solidification [35]. A modified curve was proposed by 

Lippold. et al. This diagram is based on the ratio (Creq/Nieq), where the ratio is 

calculated according to the following relationships, which were developed by 

Hammer and Svenson [58]. 

Creq = %Cr + 1:37 × % Mo + 1.5 × %Si+ 2 × %Nb + 3 × %Ti              (3.1)     

     Nieq = Ni + 0.31 × %Mn + 22 × %C + 14.2 × %N+ %Cu                   (3.2)         

Lippold studied the influence of laser welding on different kinds of austenitic 

stainless steels [40]. There are two vertical lines, one dotted, the other dashed, which 

separate three regions, as shown in Figure 3-8. Each region has a different 
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solidification mode, depending on the composition of the alloy. The zone (I) primary 

austenitic solidification region occurs when the ratio (Creq/Nieq) is below 

approximately 1.59. Region (II) alloys, having a Creq/Nieq value above approximately 

1.59 and below 1.69, exhibit primary ferrite solidification or dual austenitic and 

ferrite solidification [40]. Region (III) alloys, having a Creq/Nieq value above 

approximately 1.69, exhibit primary ferrite solidification - no cracks were observed 

within this region. It is clear from Figure 3-8 that when these alloys solidify as 

austenitic base metal, they are much more susceptible to cracking when the 

combined impurities (P+S) are greater than approximately 0.02% at area I(a). If the 

impurities within austenitic base metal are less than approximately 0.02%, cracking 

will not exist at area I(b). Within region (II) the minimum value of impurities where 

cracking may occur is 0.04 % or more. The shift of the curve from a critical value of 

1.48 in the case of conventional welding, to 1.69 for laser welding, reflects the rapid 

cooling conditions of laser welding. Despite the fact that the implemented values for 

the curve were developed using pulsed Nd: YAG laser welding, the same curve 

could be used for different welding processes with rapid thermal cycles, such as 

continuous wave laser welding and electron beam welding [40]. 

 

Figure 3-8 Modified Sauutala diagram for laser weld stainless steel [40]                       
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A recent study was performed by Karhu. et al. [59] 2008 on testing the hot cracking 

susceptibility of a laser welded thick section of ANSI 316LN austenitic stainless 

steel, using a multi-pass laser hybrid welding process (3 kW Nd: YAG-laser + 

GMAW). The values of Creq, Nieq were calculated for base metal;  Creq = 21.47, Nieq 

= 14.33, and Creq/Nieq = 1.50. The values of Creq, Nieq for filler metal were Creq = 24. 

69, Nieq =20.43, and Creq/Nieq = 1, 21.  

      

 

 

 

 

 

 

 

 

 

 

Figure 3-9 Creq - Nieq for base metal and filler [59] 

According to the values of Creq/Nieq for both base metal and filler and dilution, the 

ratio is 10:30%. The value of Creq/Nieq ratio is 1.23:1.27 in weld metal, which is 

below risk value according to the modified Sauutala diagram shown in Figure 3-8. A 

hot crack was observed on a certain pass of the welding. Filler wire material with 

higher ferritic ratio was used previously to improve the Creq/Nieq value [59], and to 

prevent hot cracking. Another study was performed by Xudong. et al. 2010 [60] on 

the welding of 50mm thick 316L, using a multi-pass narrow-gap welding technique 

with an 8 kW disc laser. A hot crack was initiated in the build-up layers, as shown in 

Figure 3-10a. The ferrite number was less than 1%, due to the use of nitrogen as a 

shielding gas.       
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a- crack initiated              b- No crack due to increase ferrite content(X-ray) 

Figure 3-10 Cross section influence due to ferrite percent [60] 

When filler material is used with higher ferrite content steels, it can inhibit crack 

occurrence. Table 3-1 shows 4 types of materials; cracks were observed for all the 

weld metal (A, B, C). but no cracks were observed when the filler wire (d) was used 

with different welding conditions as shown in Figure 3-10  b. The observed ferrite 

concentration in the weld metal was decreased to 6:11%, due to the influence of 

nitrogen.   

 Table 3-1  Effect of welding conditions and wire composition on welding crack [60] 

 

3.3.3 Corrosion of austenitic stainless steel 

Austenitic stainless steel has a good corrosion resistance under normal conditions 

and at room temperature, due to a passive film formation of chromium oxide on its 

surface. However, due to welding conditions and severe working conditions inside 

nuclear reactors (increased temperature and pressure), its susceptibility to corrosion 

increases. Nuclear power plants, which use seawater for cooling, are considered to 
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have an extremely high potential for chloride stress corrosion cracking at elevated 

temperatures. 

3.3.3.1 Intergranular corrosion due to carbide precipitation 

(sensitization) 

Intergranular corrosion in austenitic stainless steel is a very serious problem. It is 

mainly caused by sensitization, which is the formation of chromium carbide 

precipitation in the grain boundaries. It will lead to a decrease in the chromium ratio 

near to the grain boundaries, causing them to become anodic for the alloy, and 

leading to the formation of corrosive media. The main factors relating to this 

phenomenon are temperatures from 600ºC to 850ºC, and also the carbon content of 

the alloy [35]. In austenitic stainless steel, the presence of nickel decreases the 

solubility of the carbon, which may increase the probability of sensitization 

occurring. As shown in Figure 3-11, as the percentage of carbon in the steel 

decreases, the probability of sensitization is reduces; at 0.08% carbon, the 

sensitization starts at 600-900ºC only after 30 seconds, whereas at 0.03% carbon 

content, the sensitization starts at 600-750ºC after 50 minutes.    

 

Figure 3-11 Intergranular corrosion at different carbon content [35] 

Sensitization can be prevented by using low-carbon austenitic stainless steel grades 

[35]. It can also be prevented by using stabilized stainless steel, created by adding 

niobium or titanium, such as in 321 or 347 austenitic stainless steels [34], or by 

increasing the cooling rate, leading to a decrease in the time the steel is exposed to 

sensitization temperatures.  
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3.3.3.2 Knife-line attack 

If the temperature is increased to 1299ºC, steel stabilized against chromium carbide 

formation may be susceptible to another defect known as knife-line attack [58]. This 

defect is caused by the dissolution of Ti carbides, which forms free carbon atoms. 

These atoms can combine again with chromium to form chromium carbides, at a 

high cooling rate in a narrow area near to the fusion zone  [34, 35]. 

3.3.3.3 Stress corrosion cracking (SCC) 

Stress corrosion cracking represents the most serious corrosion mechanism in metals 

and specially stainless steel. It is defined as corrosion mechanism that forms a cracks 

and could lead to an unexpected sudden failure of metals and alloys subjected to a 

tensile stress in a highly corrosive environment [35]. SCC is related to the percentage 

of Ni present in the steel - the maximum susceptibility to SCC occurs when the Ni 

percentage is between 5-20% [35]. Austenitic stainless steels are subjected to stress 

corrosion cracking under specific conditions, severe thermal cycles, where micro-

segregation of some elements like molybdenum occurs, and due to induced residual 

tensile stresses, leading to a decrease in SCC resistance.  

Working environments inside power plants are considered to be another cause of 

SCC, due to aggressive conditions such as chloride rich media, reactor water 

cleanup, and core spray. In such environments, attack in the form of pitting or SCC 

may occur [36]. This type of corrosion can be avoided by using a certain type of 

welding which induces minimum residual stresses, using ferritic or duplex stainless 

steel instead of austenitic, or by preventing sensitization. Preheating for stress relief 

leads to a decrease in stress and consequently in SCC, but on the other hand it may 

lead to sensitization if the preheating temperature is in the range of sensitization [35].    

3.3.3.4 Pitting and crevice corrosion 

A local breakdown of the passive film on the surface of stainless steel occurs at the 

sites of small pits in the protective oxide layer. This takes place under certain 

conditions involving corrosive environments and elevated temperatures. This type of 

corrosion is associated with metallurgical features such as grain boundaries [35]. The 

metal surface is subjected directly to corrosive media at these pits. This kind of 

http://en.wikipedia.org/wiki/Tensile_stress
http://en.wikipedia.org/wiki/Corrosion
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corrosion is dangerous since it is not clearly visible on the surface of the metal; it 

forms as small pinholes on the top surface.  

Crevice corrosion conditions are similar to pitting, but do not require grain boundary 

conditions for initiation. It mainly takes place in bolted structures, due to the space 

between the bolt head and surface. A potentiodynamic test was performed on 316L 

stainless steel, to determine the pitting potential as shown in Figure 3-12. The test 

compares the potentiodynamic curves for the base metal as received, and after 

welding and after heat treatment (annealing) [42]. The results show a small 

difference, between the pitting potential for the as-received and the welded samples, 

of about 0.6 V. The result also shows a reduction of around 0.4 V in the pitting 

potential for the heat treated sample, due to the formation of a large amount of 

chromium carbides, sensitized during the heat treatment, resulting in the depletion of 

chromium in some areas, which then became more susceptible to pitting. This result 

indicates that laser welding of AISI 316LTi did not significantly affect the corrosion 

properties of the base material. 

 

Figure 3-12 Potentiodynamic tests results [42] 

3.3.4 Hydrogen embrittlement 

Hydrogen is a very small atom. It can diffuse more rapidly than large atoms between 

metals atoms. The presence of hydrogen may be a reason for the fracture of metal, by 

making cleavage easier or by developing local plastic deformation. These influences 

lead to embrittlement of the metal [61]. Ferrite stainless steel has a body-centred 
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cubic (BCC) crystal structure, which means that small holes are present between the 

metal atoms, but the channels between these holes are relatively wide. Consequently, 

hydrogen has a relatively high diffusion coefficient and low solubility. In contrast, 

the austenite FCC (face-centred cubic) lattice has larger holes between the metal 

atoms but the channels between the lattice are smaller, so austenitic stainless steel 

has a higher hydrogen solubility and a lower diffusion coefficient. Consequently, 

austenitic materials tend to take longer to become embrittled by hydrogen diffusion, 

comparing to ferritic materials. 

3.3.5 Irradiation Embrittlement  

Neutron irradiation embrittlement can affect the predicted service life of pressure 

vessels in nuclear reactors. The operating condition of the reactor pressure vessel 

(RPV) is severe; temperatures of around 290°C at pressures ranging from 7 MPa in 

boiling water reactors to 14 MPa in pressurized water reactors [48]. This 

combination of temperature and pressure conditions can result in rapid unpredictable 

fracture, if the vessel steel is sufficiently brittle [48]. Embrittlement due to exposure 

to neutrons usually occurs at a vessel’s “beltline,” that is a wall closest to the reactor 

fuel.  Irradiation embrittlement is usually characterized by the increase in the ductile-

to-brittle transition temperature (DBTT). Steels with a higher proportion of copper 

and nickel will tend to be more susceptible to embrittlement. Vessels in nuclear 

reactors are exposed to neutron energies in the order of several million electron volts 

(MeV) - these high-energy neutrons are the source of embrittlement [48].  

3.3.6  Residual stresses 

Residual stresses are stresses that still affect the component after the original cause of 

the stresses (external load, heat gradient) has been removed. [62]. It arises mainly 

because of misfits (incompatibilities) between different regions of the material.  

Controlling, and understanding the behaviour of residual stresses in welding region is 

important because no external evidence appears on the components suffering from 

residual stresses, making it a particularly dangerous phenomenon. Moreover, residual 

stress can combine with other types of stresses in the body and contribute to failure.  
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A stress field is induced in the body by applying forces or displacements. The strain 

field is termed ‘compatible’ if it arises purely from elastic deformation. Such strains 

are reversible and, upon removal of the load, the body will not be subject to residual 

stress.  

When a body contains some form of inelastic strain, such as plastic flow strain, 

thermal strain or phase transformation strain, and if the elastic deformation cannot 

recover this strain to produce an equilibrium between stress and strain in all places, 

consequently residual stress field will remain [63].  

Residual stresses have different origins due to mechanical or thermal effects. In  

welding, the residual stress is mainly tensile near the weld region due to thermal 

stresses [64]. Tensile residual stresses occur within the welding processes due to 

either restraints against thermal contraction, or where the thermal contraction strain 

is greater than the yield strain of the material [65]. 

Residual stresses have a significant influence on the fatigue lives of engineering 

components. Tensile residual stresses in the surface of components are generally 

undesirable. Near surface tensile residual stress tend to accelerate the initiation and 

growth phases of the fatigue process and stress-corrosion cracking [10, 11].  

On the other hand, compressive residual stresses near a surface may lead to 

improvements in the fatigue lifetime  [11, 66]. Generally, residual stresses improve 

the operation of any object when they act in the plane of applied load in opposite 

sense.  

There is a large volume of previous investigations of residual stresses distributions in 

conventional arc welding and autogenous laser welding. However, detailed study of 

the residual stress behaviour for NGLW has not so far been much reported. There is 

only one previous study that investigated the surface residual stress distribution for a 

NGLW process without validating the results [60].  Therefore there is a knowledge 

gap in understanding the cross sectional residual stress characterisations and on how 

various welding procedures and parameters affect residual stresses in NGLW. 

Bang et al. (2010) compared the residual stress change between a 304 stainless steel 

sample welded with hybrid laser-arc welding and submerged arc welding, as shown 

in  [67] Figure 3-13. 
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Figure 3-13 Dimension of welded specimen 

The values of residual stresses were measured at 1 mm in depth and z =300mm. The 

maximum residual stress in the Z direction σzz (welding line direction) is the tensile 

stress, which occurs in the welded joint, owing to the material resistance to 

contraction produced by cooling after welding. The residual stress exceeds the tensile 

stress value - the maximum value appears at the HAZ limit. The value of the total 

residual stresses was approximately 10% lower in case of hybrid laser welding 

compared to submerged arc welding, due to the high cooling rate for the hybrid laser 

- arc welding. Outside the HAZ, the residual stresses become compressive for 

balancing as shown in Figure 3-14 [67].      

 

Figure 3-14 Residual stresses along the welding pass direction σzz,  across the the 

plate at Z = 300 mm and  the plate at Z = 300 mm and  = -1 mm 

The residual stresses in the width direction σxx, and in the thickness direction σyy, are 

found to be totally tensile and to reach the maximum value in the heat affected zones 

as shown in Figure 3-15.  
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a) Thickness direction σyy      b) Width direction σxx b 

Figure 3-15  Residual stresses in welding joint , across the the plate at Z = 300 mm 

and  the plate at Z = 300 mm and  = -1 mm 

3.3.7 Creep  

The strength of metals generally decreases with increasing body temperatures. By 

increasing the temperature the strength become more time sensitive. Creep in metals 

is defined as the slow plastic deformation under load and high temperature, and it is 

time dependent. A Creep test measures strain versus time at constant high 

temperature and constant load. Test time is typically 2,000 to 10,000 hours. Creep 

testing is very important and provides more useful information for components, 

which are under constant load or high temperature conditions like steam power plant. 

It is useful also for long term applications, which are strain limited, such as turbine 

blades. The Creep Curve is divided into three partitions as shown in Figure 3-16.  

Primary creep proceeds at a diminishing rate due to work hardening of the metal. 

Secondary creep (steady state) proceeds at a constant rate because a balance is 

achieved between the work hardening and annealing (thermal softening) processes. 

Tertiary creep in which the creep rate increases due to necking of the specimen and 

the associated increase in local stress and failure occurs [68]. Creep is much more 

hazardous in fossil fuelled power plants due to high operating temperatures. In 

contrast, in nuclear reactors, the operating temperature is around 290°C [48]. This 

temperature limit will not affect reactor structure with creep, since it is very low 

temperature comparing to the melting temperature of the materials. 

http://en.wikipedia.org/wiki/Fossil_fuel_power_plant
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Figure 3-16 Stages of creep [68] 

3.4 Residual stresses measurements 

It is important to quantify the residual stress field in a welded region using a reliable 

technique; it is considered to be a key design factor to prevent failure and manage the 

lifetime of any engineering structure [10]. However, welding residual stresses are 

difficult to predict because several complex transient phenomena are involved in the 

welding process.  

Residual stress can be measured by different techniques; however, few of these can 

offer a complete spatial distribution of residual stress. Measurement of residual 

stresses in thick section weld presents challenges [62]. There are two measurement 

concepts for residual stresses (destructive and non-destructive): the contouring 

method is a destructive method, whereas deep hole drilling is a semi-destructive 

method. Both methods, which rely on stress relaxation, can offer characterisation of 

the residual stress distribution across the workpiece [69]. X-ray diffraction and 

neutron diffraction techniques are non-destructive techniques, and will be introduced 

in the next sections. 

3.4.1 Stress relaxation technique 

This technique relies on measuring the magnitude and the direction (tension or 

compression) of released strain, by cutting the sample which contains the stress, to 

create a stress free surface. The stress is released in the form of surface deformation, 
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and is determined by measurement of the magnitude of the deformation of the cut 

surface. There are different methods of sample cutting: drilling, partitioning and 

milling, consequently the concept has limited usefulness with complex workpiece 

shapes.  

3.4.1.1 Deep hole drilling technique 

The deep-hole drilling (DHD) technique is a semi-invasive residual stress 

measurement method for thick section metallic components [70]. DHD relies on the 

measurement of strain relaxation after material removal. A small-diameter hole is 

drilled through the component. The diameter of the hole is measured accurately at 

different angular positions and equal intervals along the hole axis. A column of 

material with the reference hole as its axis is then trepanned from the specimen using 

electro discharge machining (EDM), allowing the residual stresses in the column to 

relax as shown in Figure 3-17. The diameter of the hole is re-measured using an air 

probe at the same angular positions around the reference hole. The air probe works 

by calculating the clearance between the gauge and the hole from the pressure 

required to blow air from the gauge into the gap. The residual stresses are then 

calculated from the change in diameter of the hole. 

 

 

Figure 3-17 Deep hole drilling for measurement of residual stresses [70]   

The normalised radial distortion    
̅̅ ̅̅  is related to the in-plane residual stresses σxx, 

σyy, σxy as shown in [70]. 
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        𝐔  
̅̅ ̅̅ =

 

 
[𝛔   𝐟 𝛉 + 𝛔   𝐠 𝛉 + 𝛔   𝐡 𝛉 ]                                                  (3.3)                             

                             𝐔  
̅̅ ̅̅ =

   𝛉 

  𝛉 
                                                                 (3.4)           

                                   𝛉 =   ʹ  𝛉 −     𝛉                                                    (3.5) 

where: d ( ) and dʹ ( ) correspond to the diameter of the reference hole before and 

after trepanning, and 

 f   =  1 + 2cos2   ,   g   =  1 − 2cos2   h   =  4sin2           (3.6) 

This is repeated at m different angular measurements. The previous equation can be 

formed in the matrix form as shown in : 

                      𝐔  
̅̅ ̅̅  𝛉 = −

 

 
[𝐌  𝛔 ]                                                 (3.7) 

Residual stresses can be calculated according to  

                                       𝛔 = − 𝐌  
 𝐔  

̅̅ ̅̅  𝛉                                                            (3.8) 

Where    
  is the inverse of matrix M2D. 

3.4.1.2 The contour method 

The contour method is considered one of the destructive residual stresses 

measurement techniques. The method involves four steps: specimen cutting, contour 

measurement, data reduction and stress analysis. The first step is a flat cut - which is 

very important in order to achieve good accuracy - therefore wire electric discharge 

machining (EDM) is used instead of hard cutting tools, as shown in Figure 3-18. The 

ideal cut for contour method should be zero width, and introduce no stresses, and 

allow no plasticity at the tip of the cut [71]. This requirements is practically 

impossible, however EDM skim cutting conditions is the closest technique to satisfy 

these requirements.  
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Figure 3-18 Cutting direction through weld sample [72] 

 After cutting, the relief of stress acts normal to the created surface. It causes the 

surface to deviate if the residual stress is not zero. The second step is contour 

measurement. It is preferential to use a coordinate measurement machine (CMM) 

with a contact probe, or a laser detector measurement head, in order to achieve 

sufficient accuracy. The third step is data reduction; the measured data sometimes 

contains errors due to cutting stresses or measurement conditions, poor surface 

flatness, or distortion due to welding operations. Smoothing of the measured data 

digitally in order to minimize the errors in the data is therefore crucial in order to 

achieve an accurate stress evaluation with the contour method [72]. Figure 3-19 

shows a scanned surface before and after data reduction and smoothing of the 

scanned surface. 

 

Figure 3-19 Scanned data before and after data reduction (smoothing) [72] 

The final step is stress analysis using a FE model applying the smoothed deformation 

data of the profile, with opposite sign.  
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Output results appear as shown in Figure 3-20. The tensile residual stress is 

concentrated in the middle cross section around the welding area, and a compressive 

residual stress emanates from both sides. In the right-hand section of the diagram, the 

result is not reliable due to cutting error. 

 

Figure 3-20 Residual stress profile [72] 

3.4.2 Non-destructive measuring methods 

There are two main non-destructive measuring methods; X ray, and neutron 

diffraction. Interactions between electromagnetic radiation such X Ray and 

condensed matter result in scattering from the individual atoms of a regular crystal 

structure causes an initially parallel beam of incident radiation to be diffracted from 

its original path. Diffraction angle depends on the spacing between the scattering 

atoms. Neutron beams also follow the same behaviour.  However, X-rays are 

scattered by the electron clouds of atoms, while neutrons are scattered by atomic 

nuclei. This results in weaker interaction between most of the materials with neutrons 

than with X rays. Consequently neutrons penetration capability is higher with respect 

to X ray. The penetration depth of X-rays for most of metallic materials within tens 

of microns, however it could be few centimetres in neutron diffraction [62, 73].  

3.4.2.1 Neutron diffraction 

Neutron diffraction is considered as a non-destructive measurement method for 

residual stresses. Neutrons penetrate readily into most materials, making the method 
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more efficient compared to X-ray diffraction, as neutrons are not easily absorbed, so 

can penetrate deeper into most metallic components, permitting measurement of 

lattice spacing, strain, residual stresses in thick welded cross-sections [74]. 

 

Figure 3-21 Bragg diffraction planes [75] 

Bragg explained this result by modelling the crystal as a set of discrete parallel 

planes separated by a constant parameter d, where λ is the wavelength of incident 

wave, d is the spacing between the planes in the atomic lattice, and θ is the angle 

between the incident ray and the scattering planes, as shown in Figure 3-21. The 

diffracted beam is produced when the difference in the travelled distance between 

two successive diffracted beams is equal to the wavelength, as stated by Bragg’s law: 

                                     λ/2 = d sin θ                                                        (3.9)                                                         

To derive a strain value, the lattice spacing d is determined at two positions: far from 

the welding position a reference spacing d ref, and near to the welding position at 

spacing d. The strain at any measurement point on each sample is then calculated 

from:  

                       𝜺 =
      

    
                           (3.10)      

Strain is measured in three orthogonal directions with respect to the welding 

directions A (axial), T (transverse) and N (normal). The strain components are along 

the sample axis (axial strain εA), transverse to it (transverse strain εT) and through the 

wall (normal strain εN), as shown in Figure 3-22. 

  

http://en.wikipedia.org/wiki/Wavelength
http://upload.wikimedia.org/wikipedia/commons/7/74/BraggPlaneDiffraction.svg
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Figure 3-22 Directions of strain measurement [74] 

With the three measurements of strain at each position, the residual stress can be 

calculated through a generalized Hooke’s law. 

                          𝛔 =
 

   
[  𝛆 +  

 

    
 𝛆  + 𝛆  + 𝛆   ]                  (3.11) 

                           𝝈 =
 

   
[  𝜺 +  

 

    
 𝜺  + 𝜺  + 𝜺   ]                  (3.12) 

                          𝝈 =
 

   
[  𝜺 +  

 

    
 𝜺  + 𝜺  + 𝜺   ]                  (3.13) 

Where E is the Young’s modulus and   the Poisson’s ratio                                            

3.4.2.2 X-Ray diffraction (XRD) 

X-ray diffraction (XRD) has been in use since the 1960's; XRD stress measurement 

can be a powerful tool for failure analysis or process development studies. The 

residual stresses present in a component may either accelerate or arrest fatigue or 

stress corrosion, depending on the type of residual stress [73]. XRD can be applied to 

fine-grain crystalline materials; these materials give good diffraction peaks with high 

intensity and free from interference for any orientation of the sample surface. Both 

X-ray and neutron diffraction methods measure the strain in a material from changes 

in the crystal lattice, and from this the residual stress producing the strain is 

calculated, assuming a linear elastic distortion of the crystal lattice; atoms are 

irradiated by X-ray beams or neutrons, and the scattered radiation undergoes 

interference. In certain directions the interference is constructive, whereas in other 

directions it is destructive, depending on the spacing between planes and the 

wavelength of the incident radiation.  Bragg’s law governs constructive interference 

as shown in equation (3.9).  Knowing the wave length of the x-ray beam, and 

measuring the diffraction angle 2θ using a Diffractometer as shown in Figure 3-23 , 

it is possible to determine the spacing d.  
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Figure 3-23 Circular diffractometer [76] 

In a similar way to the previously described techniques, the spacing is calculated at a 

stress-free area, and therefore the strain in the stressed area can be calculated and 

consequently the stresses can be calculated according to equation (3.10)  

The limitation of X-ray diffraction technique is the depth of penetration (tens of 

micrometers) as mentioned previously due to beam absorption [62].   

3.5 Mechanical properties of welded joints 

Welded joints are potential sites of weakness in any structures. Severe thermal cycles 

can lead to property degradation of the base materials due to the probability of weld 

defects, phase transformation, and the influence on the grain size. Welding 

parameters have a major effect on the solidification structure and geometry of the 

melting region of weldment for all welding techniques [77]. The filler materials used 

in multi-pass welding processes and the use of shielding gasses can have an influence 

on the microstructure and properties of the welded joints. Brittle sigma- phase 

propagation in stainless steel is considered as the main reason to change the 

mechanical properties of the welded joint. The ASME qualification standards for 

welding and brazing in boilers and pressure vessels include procedures for the 

mechanical qualification of welding process [45]. There are several standard 
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qualification tests for welds: QW-150 (tensile testing), QW-160 (guided-bend tests), 

QW-170 (notch-toughness tests) and QW-182 (fracture tests). 

3.5.1 Tensile test  

Tensile tests are the most common tests used to characterise welds. The tests are 

carried out on a standard test specimen; they provide information on proof stress, 

yield point, maximum tensile strength, elongation, and ductility behaviour. Weld 

beads above the parent material surface are usually removed in cases where they are 

removed in service. If failure occurs outside of the welded cross-section area, a 

specimen with a reduced cross-section may be used to measure the actual values of 

the tensile strengths at the weld joints, since weld material strength exceeds the base 

metal strength. Failure will occur at limiting strain; poor welded material ductility 

will fail first, while high ductile material will sustain the load [55].  

Benjamin et al. [78] have characterized arc-welded austenitic 316LN stainless steel  

using the tensile test. The results show improved strength for the welded region with 

respect to the base material, as shown in Table 3-2. The tensile test was performed 

according to ASTM E8M-04 guidelines, with sample dimensions as shown in Figure 

3-24.       

Table 3-2 Tensile test results for austenitic stainless steel [78] 

 

  

 

Figure 3-24 Flat tensile test sample specifications, all dimensions in mm [79]  
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Yilmaz et al [77] studied the effect of GTAW and GMAW on 316L stainless steel. 

The results show an increase in strength near to the weld bead, however the increase 

in strength is higher for GTAW due to the narrower weld pool and higher power 

concentration.  

Another study compared autogenous laser welding with tungsten inert gas (TIG)  

welding of stainless steel [80]. It concentrated on the relation between the 

microstructure and mechanical properties of the welded region in 304-grade stainless 

steel. The TIG welded joint was called (JT); it was subjected to high heat input and 

low welding speed, which causes a wider HAZ. The laser-welded joints were 

denoted by JL, and characterised by higher welding speed due to the higher power 

density, which also led to a narrower HAZ. The higher cooling rate led to the 

formation of finer grains, and resulted in higher tensile strength compared to JT. The 

results showed that the laser weld pool will be less susceptible to the micro-

segregation of some important alloying elements, and will also be less subject to Cr 

depletion region sensitization, thereby resulting in lower degradation of mechanical 

properties. Thus, laser welding shows promising properties for stainless steel elding, 

however knowledge of the NGLW technique for thick-section welding is still 

limited, and more research is needed. 

3.5.2 Bend test 

This test is carried out to evaluate the joint performance, the weld zone 

characteristics, and the ductility of the welded joint across the seam [79]. This test 

cannot be considered as a quantitative means of predicting service performance in 

bending operations. The severity of the bend test is dependent on the angle of bend, 

and also the inside diameter of the bent specimen, and of the cross-section of the 

specimen. There are three types of bending test: transverse, longitudinal, and side 

bend, along the axes of bending with respect to the welding direction [55]. Bend tests 

can be performed according to ASTM E190-92 specifications.  

The bending test rig is shown in Figure 3-25. The angle at which either fracture 

occurs or a crack initiates is recorded. The bend angle and fracture appearance 

provide a guide to the ductility of the joint and the weld quality. A previous study of 

austenitic stainless steel welded joint mechanical behaviour shows very good 
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ductility behaviour, using the bending test [78]. The samples are qualified by the 

value of angle at which crack is initiated, and how the depth and width of crack at 

full bending angle = 180º. 

 

Figure 3-25 Bending test set up [45] 

3.5.3 Impact fracture toughness test  

The impact test is a method of measuring the toughness of a material; the resistance 

of a material to fracture under dynamic loading is often critical. A test specimen is 

cut such that the longitudinal axis of the test specimen is perpendicular to the 

direction of welding, as shown in Figure 3-26. A drop weight is used to assess the 

energy absorbing characteristics of the tested sample.  

 

Figure 3-26 Impact test specimen [81] 

The most common used test is the Charpy test, where a V or keyhole notched 

specimen is cut from thick section welded plate, such that the notch is machined at 

the weld centre, as shown in Figure 3-27. This test is required for weld qualification 
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in boiler and pressure vessel component welding codes. The amount of energy 

absorbed in the fracture is recorded, and the absorbed energy is defined as the impact 

toughness of the material according to ASTM E23-05 specifications for preparing 

and testing the impact specimens. 

 

Figure 3-27 Impact test sample [55] 

Impact testing can be used in conjunction with tensile tests in distinguishing between 

different welding conditions. A welded joint may show a tensile strength equivalent 

to the parent material, whereas the absorbed Charpy impact energy for the weld may 

be less than 50% of that of the parent material.  Yilmaz et al. [77] studied the 

influence of the GTAW and GMAW welding process on 316L, and 304L austenitic 

stainless steel. The toughness was increased in the welded bead region with respect 

to base material for both techniques, and the toughness of 316L is higher than that of 

304L due to the molybdenum content. GTAW weld bead toughness is higher than 

that of GMAW for both alloys, due to the higher oxygen potential in the GMAW 

process, and higher delta ferrite percentage near to the weld bead.  

Benjamin et al. [78] studied the influence of the welding parameters of electron beam 

welding on the toughness of austenitic stainless steel. Their results show that the 

resultant toughness of the welded region is directly proportional to the cooling rate, 

due to the variation in the grain size. The toughness is reduced at lower temperature, 

mainly due to delta ferrite brittleness behaviour at low temperature. However, there 

is still a lack of accurate and reliable data on impact fracture resistance for laser 

welding processes, especially NGLW toughness behaviour. 
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3.5.4 Fatigue test 

Fatigue behaviour is a very important factor in weld bead quality evaluation, 

especially for core components. It is considered to be one of the dominant 

mechanisms in the degradation of pressure boundaries, in addition to stress corrosion 

cracking [19]. The largest number of weld failures is attributed to either the high-

cycle fatigue caused by flow induced vibration, or to fatigue in general. Fatigue 

damage is induced by cyclic variations of pressure, temperature and flow induced 

vibration, thereby reducing the lifetime of structures and components. Fatigue test 

should be performed according to ASTM standard E466-90 as shown in Figure 3-28.  

 

Figure 3-28 Dimensions of standard of high-cycle fatigue specimens 

3.5.5 Hardness Test 

Hardness is defined as the resistance of a material to localized deformation. The term 

can apply to deformation from indentation, scratching, cutting or bending, and relates 

to the ability of a material to resist plastic deformation by penetration. Welding is a 

very aggressive process; it involves intense localized heating to melt the surfaces to 

be joined, and may also involve the introduction of molten weld filler metal. The 

welding area will be subjected to rapidly changing, concentrated thermal cycles, 
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which will lead to changes in the micro-structure of the material. These thermo-

mechanical cycles significantly influence the hardness of the material. The resultant 

change depends on the type of material, and the welding technique and parameters. 

This investigation of these changes is very important in understanding the influence 

of different welding techniques on the strain hardening and phase changes at the 

welding bead and heat affected zone. The Vickers hardness test method will be used 

for hardness measurements; this consists of an indenter with diamond shape, which 

has a square base. The angle between opposite phases is 136
o
, as shown in Figure 

3-29 . Load values are 1-100 kgf, and loading time is 10 - 15 seconds. The two 

diagonals of the indent are measured after removing the load [82].  

 

 

 

 

 

 

Figure 3-29 Vickers hardness test  [82] 

F = load in (N)  

α = the plane angle of indenter  

d = mean indentation diagonal length , and defined as shown in  [82] 

 

                                            𝑑 =
     

 
 mm                                               (3.14) 

HV = Vickers hardness can be defined according to ISO 6507-1 as: 

 

                        =   1 2  
     [

 

  
]

                                                (3.15) 

Yilmaz et al. [77] studied the influence of arc welding on the hardness distribution 

across the weld and base metal of 304L and 316L austenitic stainless steel. Their 
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results show an increase of the hardness near to the welding bead for both 

techniques, however the hardness value near to the welding bead of 316L was 

approximately 210 HV, whereas for 304L it was 270 HV. The increase in hardness is 

mainly due to the multi-pass welding process used, which leads to a work-hardened 

state with dislocation density exceeding 10
10

 cm
-2

, compared with a dislocation 

density of 10
6
-10

8
 cm

-2
 in the base materials.  

Another study by Kwok et al. (2006) investigated the hardness across laser welded 

beads for austenitic stainless steels [83]. The study is based on X-ray diffraction 

spectra for the volume fractions of ferrite Cδ, for different stainless steel alloys, both 

as received (AR), and after laser welding (LW). It is clear from Table 3-3 that the 

greatest increase in the ratio of Cδ is for LW S30400, due to the welding. On the 

other hand, the sample of S31603 did not have an increase in Cδ after welding.   

Table 3-3 δ -ferrite volume fraction and micro-hardness (AR) and (LW) [83]  

 

It is clear from Figure 3-30 that the greatest increase in hardness was detected in LW 

of S30400 alloy, with an increase of about 70% from 176 HV to 301HV. This 

indicates that the increase in hardness is mainly related to presence of hard fractions 

of ferrite Cδ , and also to the refinement of grain size. This may be another reason 

why the results of Yilmaz et al. [77] show that the induced hardness of arc-welded 

304 austenitic stainless steel is higher than that the hardness values of welded 316L 

alloy. 
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Figure 3-30Hardness distribution change in welding zone [83] 

Another piece of research on austenitic 304 stainless steel welding, using a 10 kW 

fibre laser welding machine shows that, although the structure has an increased 

tensile strength due to rapid cooling and fine grain structure, the results of the 

hardness test show that there are no significant increases in the hardness when using 

argon as a shielding gas as shown in 

Figure 3-31a [84]. When nitrogen is used as a shielding gas, the hardness may 

decrease in the fusion zone, due to decreases in ferrite phase formation, as shown in  

Figure 3-31b. The NGLW technique for thick cross sections is weak in this respect, 

and not recognised previously for mechanical evaluation of austenitic stainless steel 

welding. 

  

 

 

 

Figure 3-31 hardness test samples [84] 

Koshiishi et al. [85] studied the influence of the surface hardening on the SCC in 

simulated boiling water reactor (BWR) environment. The results are shown in Figure 

3-32. It has been found that, increasing the surface hardness beyond 300 HV 

(Vickers hardness) has a significant influence on the SCC crack depth. Consequently 

it is very critical for better weld joint performance to keep the hardness distribution 

below the specified critical value for SCC propagation. 
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Figure 3-32 Relationship between SCC crack depth and surface hardness 
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CHAPTER 4. LITERATURE REVIEW ON LASER 

WELDING AND APPLICATIONS IN NUCLEAR POWER 

PLANTS   

4.1 Introduction 

High power-density welding processes are typically fusion welding methods, 

utilizing a heat source capable of producing extremely high power-density welds. In 

most modern manufacturing industries, there is a vital need to improve productivity 

without sacrificing the quality of the product. Welding speed must be increased to 

improve productivity; consequently the energy should be increased to satisfy the heat 

energy requirement for fusion welding operations. This highlights the importance of 

developing suitable high-power density welding processes [86].  

The density of the energy is often more important than the absolute source energy. 

There are two welding technologies which can be classified as high power-density 

processes: electron beam welding (EBW) and laser beam welding (LBW) [87].  Both 

processes use a very high-intensity beam as a heat source, and can operate in keyhole 

mode producing narrow parallel-side fusion welds with higher welding speeds. They 

can produce a narrower heat affected zone with minimum distortion and thermal 

contraction. The energy density can reach 10
13

 W/m
2
, whereas in conventional 

welding process (e.g. arc welding) the power density is typically 10
8
 W/m

2  
[87]. 

There are some limitations in the use of the EBW technique, due to the solidification 

and brittleness of weld, and the requirement for a vacuum chamber which results in 

greater constraints on the product size, due to the size of the available vacuum 

chamber. In addition, the method has a high operating cost [88], although new 

developments in reduced vacuum and local vacuum electron beam welding have 

overcome the need for a vacuum chamber. The vacuum level inside welding the 

chamber is around 5×10
-3

 m bar, which can result in sealing difficulties [12]. This 

equipment was not available for this PhD and hence the evaluation of EBW is 

outside of the scope of this thesis.  
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4.2 Laser welding 

Laser welding is one of the highest power density welding processes. It has the 

capability of focusing the laser beam down to a very small spot diameter (typically 

50-500 m). High precision and concentrated heat input helps in minimizing micro-

structural modifications in the weld, reducing residual stresses and distortions in the 

welded specimens. Laser welding is used on a wide scale in many industries, ranging 

from nanoscale structures to heavy industries such as nuclear and aerospace [89]. It 

could be used efficiently for welding relatively thick-section components [12].  

A laser is a coherent electromagnetic radiation with a very small divergence angle 

(almost parallel).  Therefore, the beam can be focused through an optical device such 

as a lens or mirror to increase the intensity. The focused laser beam is used to 

produce sufficient heat to cause fused welding  [90]. New generations of lasers, such 

as fibre lasers, are receiving significant attention due to their high efficiency, high 

power and improved beam quality. They can produce an ultra-high peak power 

density in the order of 10
12

 W/m
2  

[91]. This higher power density permits high weld 

penetration and high welding speed, with a very narrow heat affected zone. High 

welding speed can achieve high productivity and reliability, and decreased heat input 

to the welded joint [92]. However, more research is still required into laser welding 

techniques before they can be widely adopted by the nuclear industry [92].  

Due to decreased overall heat input per unit joint length during laser welding process 

with respect to conventional arc welding, the predicted distortion, and influence on 

the welded material properties are expressed lower. Consequently joints will be less 

subject to failures due to the different applied loads inside nuclear power plants. 

Moreover, the wavelengths of advanced laser beams are moving toward values 

suitable for delivery through fibre-optic cables, allowing improved flexibility and 

control.  

4.3 Basic laser beam characteristics  

Laser light is an electromagnetic wave; the process of stimulated emission is 

accomplished by an active medium placed between a pair of mirrors that act as a 

feedback mechanism. During each pass between the mirrors, the light waves are 

amplified by the active medium and reduced by internal losses and laser output.  The 



CHAPTER 4. LASER WELDING AND APPLICATIONS IN NUCLEAR POWER PLANTS     

65 

 

amplitude of a light beam is increased in a laser by multiple passes of coherent light 

waves through the active medium. It has certain unique properties, namely, high 

monochromaticity, coherence and directionality, compared to ordinary sources of 

light, though both are electromagnetic radiation. These properties are briefly 

discussed in the following sections.  

4.3.1 Monochromaticity  

The energy of a photon determines its wavelength through the relationship 

                                      E = hc/λ                               (4.1) 

Where c is the speed of light, h is Planck's constant, and λ is wavelength.  

Laser light consists of essentially one wavelength, having its origin in stimulated 

emission from one set of atomic energy levels. In an ideal case, the laser emits all 

photons with the same energy, and thus the same wavelength and they are in phase to 

each other, it is said to be monochromatic.  

4.3.2  Coherence   

The waves are said to be coherent when they have a defined phase relationship over a 

long length of propagation. When an excited atom at the higher energy level drops 

down to a lower energy level, a photon is emitted, corresponding to the following 

equation  

                                n (hυ) = E2 - E1,                                (4.2) 

Where υ is the frequency of the emitted photon, n is number of emitted photons, and 

E2 and E1 correspond to the higher and lower energy levels respectively. This process 

is called spontaneous emission; it is characterized by the lifetime of the upper excited 

state, at the end of which the atom spontaneously returns to its lower state, and 

radiates energy by emission of a photon. This passing photon can stimulate a 

transition from a higher level to the lower level in another atom, thus resulting in the 

emission of two photons, which is a gain as shown in Figure 4-1.  
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Figure 4-1 Spontaneous emission 

 The two emitted photons are said to be in phase, which means that the crest or the 

trough of the wave associated with one photon occurs at the same time as on the 

wave associated with the other photon. This results in the generated laser beam 

having the property of coherence.  

4.3.3 Directionality and beam divergence   

High directionality is one of the most important properties of laser. Collimation 

refers to the degree to which the beam remains parallel with distance. A perfectly 

collimated beam would have parallel sides and would never expand. Its divergence 

angle would be zero. Diffraction plays an important role in determining the size of a 

laser spot that can be projected at a given distance. 

The high degree of collimation arises from the fact that the cavity of the laser has 

very nearly parallel front and back mirrors, which constrain the final laser beam to a 

perpendicular path to those mirrors.  

Multiple reflections produce a well-collimated beam, because only photons travelling 

parallel to the cavity walls will be reflected from both mirrors. The oscillation of the 

beam in the resonator cavity produces a narrow beam that subsequently diverges at 

some angle depending on the resonator design, the size of the output aperture, and 

the resultant diffraction effects on the beam.  
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The divergence angle θo describes the directionality of the laser. Beam divergence is 

direct proportional with the wavelength, and beam waist radius wo, and beam quality 

M
2 

which will be discussed in next sections, and is defined as 

                                  θo = (M
2
 λ / π wo)      (4.3) 

4.3.4 Beam diameter   

The intensity of laser light is not the same throughout the cross section of the beam. 

This is because the cavity also controls the transverse modes, or intensity cross-

sections. The ideal beam has a symmetric cross-section; the intensity is greater in the 

middle and tails off at the edges. This is called the transverse electromagnetic mode 

(TEM 00) beam, which has a perfect Gaussian profile.  

                 𝐼 𝑟 = 𝐼   𝑒
    

                  (4.4) 

Iο   maximum intensity of the beam. 

r  radius of the beam. 

x   distance from beam axis. 

Beam diameter is defined as the distance across the beam where the intensity drops 

to a certain fraction of its maximum value. The common definitions are half intensity 

i.e. full width at half maximum (FWHM). In other words, beam diameter is the 

diameter of the laser beam cross section between points near the outer edge of the 

beam where its intensity is only 50 % of the intensity at the beam centre.  

4.3.5 Beam quality  

The use of high-power lasers in industrial applications increases  the importance of 

focussing the laser beams 'tightly' to produce highest possible radiance with 

minimum collateral damage. A dimensionless beam propagation parameter, M
2
 was 

developed in 1970. This term is a quantitative measure of the quality of the laser 

beam; better beam quality translates into better delivery of optical power to the target 

in the far field with limited diffraction. The M
2
 beam quality factor limits the degree 

to which a laser beam can be focused for a given beam divergence, which in turn is 

limited by the numerical aperture of the focusing lens. The design of optical delivery 
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systems for laser systems is highly dependent on the laser's beam quality. According 

to ISO standard 11146, M
2 

is defined as the beam parameter product (BPP) divided 

by λ / π. BPP is the product of a laser beam's divergence angle and the diameter of 

the beam at its narrowest point "beam waist".  M
2
 = 1 only occurs where a single-

mode TEM00 Gaussian beam is used. 

4.3.6 Brightness   

The radiance of laser is defined as the power emitted per unit surface area per unit 

solid angle (watts per square metre per steradian). The steradian is the unit of solid 

angle, which is three-dimensional analogue of a conventional two-dimensional 

(planar) angle expressed in radians. The radiance of a milli-watt laser is greater than 

10
6
 Watts/m

2
/steradian. It is calculated according to equation 4-1.  

 

                          The radiance    B =
   

       
      (4.5) 

Where P is the power, λ is the wavelength, M
2
 is the beam quality (assuming a 

radially symmetric beam), and C is a constant that depends on the definition of beam 

size and divergence angles [93].  

 

4.3.7 Transverse Mode 

The transverse mode of a laser output characterizes the intensity distribution of a 

laser beam in the transverse plane, which is perpendicular to the direction of 

propagation. The configuration of the optical cavity determines the transverse mode 

of the laser beam.  Transverse electromagnetic modes are called (TEM). Two indices 

are used to indicate the TEM modes – TEMpq, where p and q are integer numbers 

indicating the number of points of zero illumination (between illuminated regions) 

along the x-axis and y-axis respectively, as shown in Figure 4-2. Different 

combinations of mirrors in the process of stimulated emission, such as plane and 

curved types, have been utilized in practical lasers to control the transverse mode of 

the laser beam.  
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The lowest-order mode, TEM00, has an essentially ideal Gaussian profile with a 

certain spot size. This mode depends on the spacing and radii of the mirrors, and the 

wavelength of the light, and not on the mirror diameter, which is assumed to be very 

large, typically four to five-times that of the beam size. This spot size, called the 

"Gaussian spot size" can be estimated in terms of the cavity length L, the end mirror 

radii r1 and r2, and the wavelength. The fundamental TEM00 mode is only one of 

many transverse modes that satisfy the round-trip propagation criteria.  

The TEM00 mode is considered to be the most desirable beam mode, on the other 

hand multi-mode beams can often deliver more power with a poorer beam quality. 

Other modes may be acceptable in applications where power is the main criterion. 

 

 

 Figure 4-2 Laser beam transverse modes [94] 

4.4 Laser welding and applications in power plants  

The huge scale and complexity of reactor structures in nuclear power plants has 

placed new demands upon fabrication technology and material performance. The 

need to weld high thicknesses of different materials with severe service performance 

requirements, over extended distances, presents a tough series of challenges. Recent 

developments in laser beam welding technology can offer an ideal solution for 

welding challenges inside nuclear power plants; they can  minimize the welding 

time, control the predicted distortion and decrease residual stress, especially for 

stainless steel where the expansion coefficient is large [12, 95]. However, the 

http://www.google.co.uk/url?sa=i&source=imgres&cd=&cad=rja&docid=1XG6oNbk0k9qeM&tbnid=jMEILQ2FEz6bVM:&ved=0CAwQjRwwAA&url=http://perg.phys.ksu.edu/vqm/laserweb/ch-4/f4s3t1p2.htm&ei=0MvrUdqnOqG47QbXxYGgCw&psig=AFQjCNGnb3SVyuZCeYxz1829Z8uEASb3WA&ust=1374494032998715
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methods are limited by the available laser power. Recently, a number of high-power 

laser machines have been implemented, which also combine different welding 

techniques such as laser-hybrid welding in order to improve the welding penetration 

capability of the laser. The maximum recorded limit of stainless steel cross-section 

welding for a laser technique is in the order of 50 mm [60]. The laser technique 

requires more research in order to increase its penetration to satisfy the requirement 

to weld challenging, thick cross sections, especially in power plants and nuclear 

reactors. Generally, the huge stainless steel structures used in nuclear reactors, 

especially generation IV  designs, range from 50-80 mm thick, and are planned to be 

welded by using this technique [17, 92] . Detailed reviews of laser welding process 

will be discussed in the following sections. 

4.4.1 Advantages of laser welding 

Laser welding is one of the modern high power density welding techniques. It 

depends on a laser source, which emits a laser beam with a certain power density 

(irradiance). This power density relates to the heat energy absorbed by the material 

surface. Laser welding has a number of advantages compared to other welding 

methods:  

Laser welding process works at normal atmospheric pressure. This enhances the 

process flexibility for welding different weld sizes.  

It is a non-contact welding process, it has a parallel-sided fusion zone, narrow weld 

width and high penetration due to its high power density [96], a laser beam can be 

focused through laser optics into a small spot and can be positioned precisely over 

the required welding location [90].  

Laser welding has the ability to use a filler material in the form of a wire-feed or in 

the form of powder [90]. Increasing the welding speed is possible due to high power-

density; this leads to a decrease in the heat energy input to the workpiece, and 

consequently a narrow heat-affected zone and limited residual stresses [85]. A rapid 

cooling rate results in formation of fine solidification microstructures [90]. However, 

the high capital cost of laser welding is considered to be a disadvantage in 

comparison with conventional welding processes, but this can be mitigated through 
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the increased productivity, quality and flexibility of the laser welding process [90, 

97].  

4.4.2 Laser welding modes  

There are two basic modes for welding according to power density [43, 98].  

4.4.2.1 Conduction welding mode 

The conduction welding mode occurs when the power density is not high enough to 

cause evaporation of the melted pool; the power density is below approximately 

5x10
9
 W/m

2
. The energy is transferred into the welded material by conduction [90]. 

Absorption of heat below the surface is small, consequently a low aspect ratio (depth 

to width ratio), and a hemispherical weld bead is formed, as shown in Figure 4-3. It 

is considered to be a stable welding mode [99]. This mode cannot be used in deep 

penetration welding 

 

 

 

 

 

 

Figure 4-3   Conduction welding mode [43] 

4.4.2.2 Keyhole welding mode 

When the power density is sufficient to cause evaporation of the melted pool, it will 

form the second mode, known as keyhole welding [100, 101], as shown in Figure 

4-4. Most metals require a power density of 10
10

 W/m
2
 or greater in order to initiate a 

keyhole mode. Once the beam strikes the surface of the workpiece it tends to make a 

cylindrical shape through evaporation of the surface [102]. Absorption of heat energy 

over the surface of workpiece results in the development of the nail head shape 



CHAPTER 4. LASER WELDING AND APPLICATIONS IN NUCLEAR POWER PLANTS     

72 

 

within the keyhole, due to the widening of the bead near to the surface [103]. In 

addition, improved absorption of laser beam means temperature within the keyhole 

may reach 2 x 10
4
°C [104]. As the laser beam moves, the keyhole is translated 

through the material. Surface tension causes the molten metal to flow around the hole 

and fill in behind it. The keyhole is bent in the opposite direction to the welding, and 

the angle of this bend depends on the welding speed [105]. The wall of the keyhole 

also absorbs energy from the laser beam [98]. Since energy is transferred to the 

workpiece along the depth of the keyhole, deep penetration can be achieved [106]. 

Keyhole welding is more efficient with respect to conduction. Multiple reflections of 

the laser beam inside the keyhole lead to increased beam absorption and inverse 

Bremsstrahlung absorption by the laser induced plasma also occurs inside the 

keyhole [96], known as Fresnel absorption [105]. There is a reduction in heat loss by 

thermal conduction compared to conduction laser welding, as keyhole welding is 

considered to be a cylindrical heat source below the workpiece surface [98] .  

 

Figure 4-4   Deep penetration welding process keyhole mode [97] 

4.4.3 Plasma formation 

Plasma is an undesirable product for a laser welding process. It consists of ions and 

electrons of ionized gas and metal vapour, caused by laser beam interaction, and is 

associated with deep penetration laser welding [107]. The plasma has a three distinct 

periods: formation, growth and disappearance [108]. It is a high pressure high 

temperature ionized gas. It has two sources: metallic plasma, which consists of 

vaporized metal ions, and shielding gas plasma, which is generated by shield gas 

ionization. Metal plasma is a result of interaction between high power laser and 

metal vapours, and is evidence of keyhole welding mode formation. Metal plasma 

significantly influences the welding process [109].  
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There are two types of plasmas according to location: external plasma (plasma 

plume) and internal plasma (keyhole plasma) [107]. If the plasma is external to the 

workpiece surface, a part of the laser beam is refracted by the vapour plume. This 

changes the beam intensity distribution on the workpiece [110]. Moreover, the 

photons of the laser beam are absorbed by the electrons in the plasma through the 

inverse Bremsstrahlung mechanism [111, 112]. The laser beam may also be 

subjected to scattering by ions. Plasma formation at high welding powers is 

unavoidable, consequently, increasing the power may actually reduce the laser power 

reaching the surface [42] . At a certain power density, the plasma intensity will 

totally impede the welding process.  

Conversely, a keyhole plasma may help the energy transfer if the plasma is inside the 

keyhole, because it consists of vaporized metal ions, which are considered to be a 

good energy-transfer medium  [107, 113]. The height of the plasma plume also has a  

direct effect on laser energy absorbed by the workpiece, as shown in Figure 4-5.  

The plasma formation (ionization) is described by the Saha equation [107]:  

                                  
    

  
=

    

  

[       ]
   

  
𝑒  [

   

   
]                         (4.6) 

Ne,i,ο are the densities of electrons, ions and neutral atoms respectively, ge,i,ο are the 

degeneracy factors of electrons, ions and neutral atoms respectively, h is the Planck 

constant, me the electron mass, Te the electron temperature, Ei is the ionization 

potential for the neutral atoms, and k the Boltzmann constant. If the direction of the 

shielding gas is inclined, it will cause deflection of the plasma and decrease the 

height [42]. The interacting height of inclined plasma is smaller, consequently the 

laser energy absorbed by the workpiece is increased, and deep penetration can be 

satisfied - if h2 < h1, it will lead to Z2 > Z1 [114]. The Beer-Lambert law describes 

this relationship:   

                                             𝐼 = 𝐼  𝑒                                                        (4.7) 

where Ia and I˳ are the attenuated and the initial laser beam intensity respectively,    

μa is the absorption coefficient and Lp is the length of the plasma [115]. 

The plasma absorption coefficient for the laser beam is directly proportional to the 

wavelength. In other words, the absorption by plasma is increased by increasing the 
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laser beam wavelength. This gives a significant advantage for shorter-wavelength 

lasers for welding [116]. The wavelength of a Nd-YAG laser beam is 1.06 µm, 

whereas a carbon dioxide laser beam has a wavelength of 10.6 µm. Therefore the 

predicted plasma influence for a CO2 laser is greater than that for Nd-YAG and fibre 

lasers. 

 

Figure 4-5  Relationship between interacting plasma height and penetration [114] 

4.4.4   Laser welding parameters 

According to previous investigation for laser welding process, there are five 

significant parameters, which control the laser welding process [90, 96]. These 

parameters are: output power, welding speed, focal position spot size, and shielding 

gas. These parameters should be determined carefully to achieve complete 

penetration and produce a small heat affected zone and a good weld profile [117].   

4.4.4.1 Laser output power 

There are two types of output power delivery in laser welding processes: continuous 

wave (CW) and pulsed wave (PW). Laser power has a direct effect on the penetration 

depth, for the same welding speed for a given material. The penetration depth 

increases by increasing the laser output power, as shown in Figure 4-6. The laser 

power has more influence on the penetration in comparison with weld profile and 

heat affected zone [117]. Equation 4.8 shows the governing equation for maximum 

depth with respect to power [116] 

                                     0.483 P (1 − rf) = v w g ρ Cp Tm                                 (4.8) 
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Where 0.483P is the net laser power used for welding  taking account of conduction 

losses, rf  is the reflectivity of the surface to the laser beam, w is the weld bead width, 

g is the weld penetration, v is the maximum welding speed, ρ is the density of the 

material, Cp is the thermal capacity of the material, and Tm is the melting temperature 

of the material. Laser output power is considered, along with spot size, as the main 

parameters for transition welding from the conduction mode into the keyhole mode. 

A high-power laser delivers high energy density to the welded joint, thereby 

permitting an increase in the welding speed [118].  

 

Figure 4-6 Typical relationship between laser power and weld penetration depth at 

various speeds [118] 

4.4.4.2 Welding speed 

The welding speed has a big influence on the welding process, and also on the 

properties of the fusion zone and shape defects. Increasing the welding speed leads to 

a decrease in the penetration depth [119] as shown in Figure 4-7. 

 

Figure 4-7 Effect of welding speed on depth [118] 
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 On the other hand, as the welding speed increases, it leads to decreasing plasma 

effect. Consequently laser beam will interact directly with the workpiece surface 

[117].  The welding speed has to be optimized in order to obtain the required 

penetration with minimum heat input to workpiece. High welding speed extends the 

hot metal away from the shield gas quickly, which will expose to air contamination. 

Increasing the welding speed will lead to narrower heat affected zone and the grain 

size will not be highly enlarged in this zone with respect to other welding processes 

[120, 121]. Decreasing welding speed leads to an increase in heat input to the 

workpiece. It has also a direct effect on the keyhole stability and the porosity 

formation [122]. This issue will be discussed briefly in porosity formation section. It 

has also a big influence on the shape defects of the welded zone, such undercut due 

to high speed welding and dropout defect due to low welding speed.  

4.4.4.3 Laser beam focal position 

The focal position of a laser beam is the position of the minimum beam diameter, 

and consequently the maximum power density. The focal position in the welding 

process has an important role in achieving the required quality, and also in achieving 

maximum penetration. Several attempts have been made to define the optimum focal 

position, and most of them state that the preferred position for the focal plane for thin 

work-pieces is located at a depth of around 1 mm, in order to achieve maximum 

penetration  [116]. The focal position on the workpiece surface has the smallest weld 

width and smallest spot size, so it should be positioned where the maximum 

penetration depths and best process tolerances are required.  

The focal position should be moved deeper into the material for thicker work-pieces 

[123]. The focus position is shifted up according to plasma density by 1-2mm. The 

position of the de-focusing plane will affect the keyhole stability, and consequently 

the porosity formation. Kim. et al. (1995) studied the effect of beam defocusing 

value on porosity [124] ; they confirmed that the position of the focal point 

influences the porosity formation, especially in aluminium. The uniform weld zone 

was obtained at 3-4 mm below and above the focal plane, respectively. The optimum 

position of the focal plane will depend on the quantity of light elements in the welded 

metal, such Mg, which has a low evaporation temperature [124]. The porosity is 

increased within the focus position between 1mm above and below the workpiece 
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surface. This is mainly due to the instability of the keyhole when the beam is focused 

close to the surface as shown in Figure 4-8. 

 

Figure 4-8 Porosity formation possibility against defocusing position [124] 

A recent study was performed by Xudong. et al. (2008) [125]. They studied the deep-

penetration welding of stainless steel. A laser power of 10 kW was used, with 0.3 

m/min welding speed and 12 l/min gas flow rate, at different gas jet angles. It is clear 

from Figure 4-9 b that increasing the defocus distance will lead to increased 

penetration. The maximum penetration depth was approximately 24 mm at -13mm 

defocusing distance, and the angle of gas jet nozzle was 60°, as shown in Figure 4-9 

a. Moreover, from the same figure, we can understand the influence of the gas jet 

angle; increasing the angle will lead to an increase in the penetration depth.  

   

 

 

 

 

         

Figure 4-9 Effect of defocusing distance and angle on penetration depth[125] 



CHAPTER 4. LASER WELDING AND APPLICATIONS IN NUCLEAR POWER PLANTS     

78 

 

4.4.4.4 Laser beam spot size 

The smaller the spot size, the higher the power density. Laser optics plays an 

important role in releasing the desired spot size. The focusability of a laser beam is 

often referred to by another term, the beam product parameter (BPP) [118].  

                            (BPP) =   α  ω˳   (mm.mrad)                                ( 4.9) 

where α is half of the divergence angle and ω˳ is the radius of beam waist.                        

The smaller the value of the BPP, the better the beam quality (M
2
) [126]. A 

diffraction limited beam has an M
2 

factor of 1 and is said to be a Gaussian beam; the 

M
2
 factor determines the ability of the beam to be focused to a small spot for a given 

beam divergence angle. In addition, the initial beam diameter is inversely 

proportional to the final spot size. If the initial diameter is large, this implies a 

smaller spot size and higher energy density for a given welding speed.  

For a Gaussian laser beam TEM00, the spot size is calculated according to following 

equation. 

                                         dmin= 2.44 λf/D                                                        (4.10) 

where 

dmin is the diffraction limited spot size (focused beam diameter).                                                

f is the focal length of the lens.                                                                                                

D is beam diameter on the lens.                                                                                          

For a non-Gaussian laser beam, the following equation can be used to calculate the 

focussed beam diameter for a high order mode Tm,n  such that m or n or both ≠ zero 

[57].                                                                                                 

                               dmin= 2.44 (λf/D)(2Mmn+1)                                               (4.11) 

Where Mmn is the laser beam mode number for TEM 01 = 0.01 and for TEM10 = 0.10 

4.4.4.5 Shielding gases 

The shielding gas is a very important parameter in the laser welding process. It 

protects the workpiece surface from oxidization, and protects the laser optics from 

spatter, and from high temperature plasma which could be formed on the surface of 
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the workpiece and affects the penetration of the welding. The height of laser induced 

plasma is inversely proportional to the shield gas inclination angle, and consequently 

the penetration depth of welding [127]. Shielding gases participate in suppressing the 

plasma plume [108]. Helium has a very good thermal conductivity, and a better 

ability to suppress plasma formation as it has a high ionization potential compared 

with other shielding gasses. On the other hand, argon produces insufficient 

penetration with respect to helium [108], but its density is high and can replace 

atmospheric gases in the weld pool more efficiently than nitrogen [42]. When using 

carbon dioxide as a shielding gas, it is decomposed into carbon monoxide and 

oxygen, thus good penetration can be obtained, but the carbon monoxide gas is 

entrapped, and could be a source of porosity as shown in Figure 4-10.  Nitrogen 

enhances the penetration in comparison to argon, but it may lead to porosity 

formation due to dissociation [108].   

    

 

 

 

 

Figure 4-10   Porosity due to using CO2 shielding gas [108] 

A comparative study of helium and argon shielding gases with laser gas metal arc 

hybrid welding was performed, as shown in Figure 4-11. The result indicates that 

helium is more effective in suppressing the laser induced plasma due to high 

ionization potential [127]. In pure helium, the induced plasma was very small, but as 

the ratio of helium to argon decreases, the plasma will become more effective.   
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Figure 4-11 Plasma generated for different shielding gas [127] 

To achieve efficient shielding for thick material welding, root gas shielding must be 

used in order to achieve acceptable weld quality. Without using root gas shielding, 

the welding process becomes unstable, especially the root quality. Oxidization of the 

root side is the most likely cause of the instability, but output heat from the oxidation 

exothermic reaction may also lead to the introduction of excessive energy into the 

process [128]. 

4.4.4.6 Gas flow rate  

The gas flow rate has a direct effect on the welding operation. If the flow is too 

small, the plasma will be thicker, and consequently penetration will be lower. 

Conversely, a high gas flow rate results in increased penetration, but if the flow rate 

is too high, the keyhole will be widened, resulting in a reduction in the heat absorbed 

by the weld [57]. A recent study was performed by Xudong. et al. (2008) on the 

influence of the gas flow rate on the weld bead and the welding penetration [125]; 

using a 10 kW fibre laser, the BPP was 4.5 mm/mrad for welding stainless steel of 

30mm thickness. As shown in Figure 4-12, increasing the gas flow speed will lead to 

deeper penetration and narrower welding width, but at a certain limit the process 

becomes unstable and may transform into a cutting operation. 
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Figure 4-12 Effect of gas flow speed and penetration depth and weld width [125] 

4.4.5 Fibre laser welding 

The fibre laser is considered to be one of the new generations of lasers for industrial 

applications; it has been receiving considerable attention recently because of high 

power, high beam quality and high efficiency. It can produce extremely high peak 

power density, in the order of 10
9
 W/mm

2
. It is considered a very promising heat 

source for thick cross-section welding, with high speed and deep penetration [129].  

The first fibre laser used for material processing was in the year 2000 with a power 

of 100 W. Today, multi-kW power with lower divergence angles is available [118]. 

The active medium of a fibre laser is a core of optical fibre doped with a rare earth 

element. 

The fibre laser is type of solid-state laser, where emission of the laser beam depends 

on three main elements: The first element is the active medium, a silica-based optical 

fibre, which is core-doped with rare earth ions such erbium or ytterbium, as shown in  

Figure 4-13.  

 

Figure 4-13 Doped core clad fiber  [118] 
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The second element is the reflector, which uses two Bragg gratings, formed from a 

section of fibre core with a reflective index sufficiently different to allow it to 

operate as a reflecting mirror [118]. The wavelength of the laser depends on the rare 

earth material inside the fibre core. Ytterbium doped fibre has an emission 

wavelength of 1.07–1.08 μm, and thallium doped fibre has a wavelength of 1.8–2 

μm. The third element of the fibre laser is the pumping system, which is used to 

reach the threshold rate. The diode pumping energy is transmitted to the active doped 

fibre through multimode fibre;  Figure 4-14 shows a schematic drawing of a fibre 

laser system [118]. 

 

 

  Figure 4-14 Schematic drawing for fiber laser system[118] 

4.4.5.1 Advantages of fibre laser 

The fibre laser has a high beam quality (small beam divergence angle and focal spot 

diameter) with Gaussian transverse electromagnetic modes, and consequently a small 

beam focus diameter [129]. This leads to welds with higher aspect ratio (deep 

penetration and smaller width). The fibre laser has better overall efficiency, around 

25% [130]. Flexible beam delivery is possible, through fibre cables leading to the 

laser head, resulting in a compact size laser beam source with high reliability. Due to 

the short wavelength of 1070 nm, most materials have good absorption for this type 

of laser beam. The system has low maintenance costs, high efficiency and compact 

size. The lifetime of the diode pumped beam source is expected to be longer. 

4.5 Laser welding influences on the base material  

Laser welding has a relatively small influence on the changes in material properties, 

particularly near to the welded region, with respect to conventional welding 
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techniques. This is due to small amount of total heat input to the workpiece, resulting 

in a very narrow heat affected zone. The heat required for material fusion during the 

welding process, and also the high cooling rates associated with laser beam welding, 

affects the base material properties, such as strength, hardness, ductility, corrosion 

resistance and residual stresses components [131]. These effects are due to 

metallurgical changes such as micro-segregation, solidification cracking and grain 

growth, especially in the fusion zone (FZ) and heat affected zone (HAZ) [80]. 

Moreover, the weld cross-section shape and dimensions change due to material 

vaporization. In addition, the formation of defects in the fusion zone such as 

porosity, cracking and geometry defects such humping, spatter, dropout, etc are 

affected due to welding parameters [132].        

4.5.1 Mechanical defects 

The influence of the laser welding process on the mechanical properties of metals 

(tensile strength and hardness distribution) has been discussed in sections 3.3.9.1 and 

3.3.9.4.      

4.5.2 Defect Formation in laser welding  

Forming defects are defined as unpredicted, undesirable changes in the welded cross-

section, due to changes in specific welding parameters. These defects will deteriorate 

the weld joint performance. This section will mainly discuss the formation of these 

defects, such as porosity and cracks in the fusion zone and heat affected zone.  

4.5.2.1 Porosity 

Porosity is considered as a serious problem in laser welding. It mainly affects the 

mechanical properties of the welded zone [124].  This problem arises in deep- 

penetration welding or during welding by the keyhole mechanism. The keyhole 

suffers from unstable dynamic loads even at constant speed and constant power 

[133]. This is considered as the main reason for porosity formation [134-136]. The 

non-uniform evaporation of the front wall of the keyhole due to humping will lead to 

severe evaporation directed at the rear wall, as shown in Figure 4-15. Continuous 

vibration of the rear wall due to strong dynamic pressure of the evaporated metal 

makes the keyhole unstable [137]. 
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Figure 4-15   Interaction of laser beam with the front wall hump [138] 

Optimization of the welding speed during welding is the most significant welding 

parameter in order to gua rantee a weld bead free of porosity. Katayama [122] states 

that a lower welding speed may lead to increased porosity formation.  

Keyhole collapse takes place due to an increase in the duration of the interaction 

between the laser beam and keyhole surface [136]; the instability is caused by the 

strong melt flow at this position, as shown in Figure 4-16.  

 

 

 

 

                                                                                                                                  

Figure 4-16    Melt flow inside keyhole at low welding speed [122] 

The relationship between ablation pressure and surface tension forces controls the 

keyhole stability [134]. If the instability of the keyhole is greater than the surface 

tension of the base material, a sudden depth decrease of the keyhole will take place, 

due to keyhole bottom area collapse; typical bubble formation processes are 

illustrated in Figure 4-17. Moreover, the laser beam has a weak intensity in the 

bottom of the keyhole due to shielding by molten metal and absorption by plasma. 

This weakness will decrease the ablation pressure, and will cause the keyhole tip to 

be broken by the capillary instability [139].                 
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Figure 4-17 Porosity formation procedures during keyhole welding [134] 

4.5.2.2 Undercut 

High speed welding leads to a strong flow of molten metal within the welding pool. 

The direction of this flow toward the centre of the weld is shown in Figure 4-18a. 

High-speed welding leads to the rapid solidification of this area, forming the 

undercut defect, as shown in Figure 4-18b.  

       

                    a) Undercut shape [116]                 b) Flow direction in the welding pool  

Figure 4-18 Undercut formation [140] 

4.5.2.3 Drop out 

A decrease in welding speed will enlarge the welding pool, and may lead to a drop 

out defect, as shown in Figure 4-19. Drop out defects mainly occur because the 

ferrostatic head pressure is larger than the surface tension.    
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Figure 4-19 Defects of the welding profile (drop out) [116, 141] 

4.5.2.4 Spatter formation 

During the welding process, the laser beam strikes the surface of the workpiece. The 

molten metal is forced upward, and other ingredients are ejected to form the keyhole. 

The volume ratio between the molten metal that is pushed away when the keyhole is 

formed, and the volume pushed down, will result in spatter  [131] . The amount of 

spatter depends on a number of variables, such as vapour pressure and processing 

parameters such as power. Increasing the power will lead to an increase in the 

amount of spatter [142]. Moreover the spatter is affected largely by the incidence 

angle as shown in Figure 4-20; when the incidence angle is zero, the spatter is more 

than twenty degrees inclination forward, whereas the plume in the second case tends 

to suppress spatter formation. Increasing the welding speed severely affects the 

stability of the keyhole and the formation of spatter [84].  

 

Figure 4-20 Effect of angle on spatter formation [122] 

The formation of spatter also depends on the size of the molten zone. A large molten 

pool has slow metal flow, whereas a small pool has a fast flow, and will lead to 

increased spatter, as shown in Figure 4-21.    



CHAPTER 4. LASER WELDING AND APPLICATIONS IN NUCLEAR POWER PLANTS     

87 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-21 Relation between volume of molten zone and spatter [131] 

4.5.2.5 Humping 

Humping is mainly caused by high speed welding. An increase in the welding speed 

leads to a reduction in the flow of metal within the weld pool [143]. Once the 

humping is formed, it can be seen easily at the rear of the welding pool. The 

possibility of humping formation is increased with smaller spot diameters; it is due to 

weak melt back-flow and higher surface tension, as shown in Figure 4-22  [122].  
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Figure 4-22 Humping formation sequence [122] 

4.6 Candidate welding techniques for welding thicker sections   

4.6.1 Autogenous laser welding 

Laser welding technology is being increasingly utilized in heavy industrial 

manufacturing processes, especially those which require deep penetration. Laser 

welding technology is one of the highest power density welding techniques, due to 

the distinctive characteristics of laser beam, which can be focused into a very small 

beam spot diameter.  

Several attempts have been made to study the characteristics of thick cross-section 

welding: Penetration depths of up to 11 mm in 304 stainless steel have been achieved 

using a 10 kW fibre laser with a spot diameter of 130 µm [122]. Another study on 

welding of SUS 304 plate succeeded in achieving penetration of up to 20 mm in one 

pass using a YAG laser beam with power of 7.6 kW and a speed of 0.2m/min. [137]. 

Vollertsen et al. [144] (2008) increased the welding thickness to 20.5 mm in mild 

steel plate, with a one-pass 30 kW laser combined with an arc source. Zhang et al. 

[16]  (2011) developed recently gas jet assisted laser welding technique. He used a 

jet gas to increase the keyhole depth with no need for higher power. 10 kW fibre 

laser was used successfully for penetration into 40 mm thick plates in two passes 

from both sides as shown in Figure 4-23. N2 used as shielding gas with get flow 12 

l/min. 
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                                     (a) v= 0.3 m/min              (b) v= 0.2 m/min 

Figure 4-23 Gas jet assisted laser welding of 40 mm thick plates 

The power of the laser and the spot diameter are key factors in increasing the power 

density in order to increase the penetration of laser welding. However, increasing the 

power in some cases will not be an economical solution, and will also lead to 

increased plasma formation - at a certain power density the plasma will block the 

laser beam totally. Increasing the power may also lead to evaporation of the welded 

area, due to excessive heat input to material. In order to increase the depth of welding 

without an excessive increase in power, new candidate techniques were developed 

for improving the power efficiency of welding. One of these techniques is hybrid 

laser/arc welding, and the other is narrow-gap laser welding. Both techniques will be 

discussed in the following sections.  

4.6.2 Hybrid laser welding 

This technique is based on adding a second heat source to the laser beam during the 

welding process [145] The primary heat source could be a laser beam  such as a Nd-

YAG,  CO2 or a fibre laser [146]. The secondary heat source, from an arc welding 

system, is directed into the keyhole or into the interaction zone produced during laser 

welding. Combining arc welding with laser welding leads to an increase in the power 

density, which improves the keyhole stability [43]. The welding speed is increased 

compared to the pure laser beam welding process, and it can be observed that the 

undercut typical of high-speed laser welding is prevented [145]. This leads to 

improved weld quality, increased welding thickness, and improved process stability 
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and efficiency [146]. Two general types of hybrid laser welding exist: high power 

diode assisted laser welding, and arc-augmented laser welding (TIG, MIG or 

PLASMA) [146, 147] . 

 

Figure 4-24  Laser arc hybrid welding [148] 

4.6.2.1 Arc-Augmented Laser Welding 

In this method, an electric arc is the secondary heat source, which is integrated with 

the laser through a special head as shown in Figure 4-25. The combination of arc and 

laser beam will lead to improvements in the operation for the two heat sources. 

 

 laser head secondary heat source 

Figure 4-25  Integrated hybrid laser welding head [149]  

The welding arc consists of a discharge of electrons in an ionized medium between 

cathode and anode. It depends on the current intensity and degree of ionization of the 

shielding medium. The arc ionization increases due to a combination of the effect of 

the laser and the current intensity of the arc, which cause a decrease in the ionization 

resistance [100]. The arc created during hybrid welding is squeezed, and 
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consequently concentrates the energy since it discharges from around the narrow spot 

of the laser, as shown in Figure 4-26.    

 

Figure 4-26   Arc discharge squeeze due to laser beam [148] 

During arc-augmented laser welding, the thermionic emission is higher in the 

keyhole area, due to the presence of the laser radiation and the high temperature and 

high electron density 10
17
–10

23
/cm

2
 in the keyhole; this will improve arc stability 

even at high welding speeds [148]. The combination of the electric arc and laser 

beam has a positive effect upon laser properties - the electric arc improves energy 

transfer to the surface from the laser beam, by reducing reflection from the metal. 

The surface of most metals reflects laser light at normal temperature. The presence of 

the electric arc increases the temperature of the material, consequently the 

reflectivity is decreased and the absorptivity is improved, as shown in Figure 4-27  

   

 

 

 

 

 

 

Figure 4-27 Temperature effect on absorptivity [115] 

4.6.3 Narrow gap laser welding  

Typical weld penetration for autogenous laser welding techniques is in the order of 

1-2 mm/kW of laser power [14]. The welding of cross-sections greater than 30 mm is 
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still beyond capability of currently available laser powers. Narrow-gap laser welding 

is another laser welding technique, which depends on a multi-pass strategy with filler 

wire, based on a narrow-gap approach. It is an emerging welding technology, which 

can be applied to thick-section welds by using relatively low laser power, as 

described by Zhang et al. [60], and Starling et al. [150]. 

It is possible to use a NGLW technique with a low welding power density and high 

welding speed, to weld a thick plate, by using an optimum root gap [151]. Design of 

the gap is an important requirement in improving the welding quality. The width, and 

the  taper angle of the groove should be as small as possible to minimize the volume 

of the gap, but the groove angle should be more than the divergence angle of the 

laser beam in order keep the  laser beam and filler wire reaction point at the bottom 

of the gap [95]. According to recent research, the gap width is 1-5 mm, according to 

sample thickness, filling wire diameter and laser welding power. The taper angle is 

0-6 degrees [14, 16, 95]. Figure 4-28 shows an example of the modelling of a narrow 

gap configuration. The sample shown is 10 mm thick; the root gap width is 1 mm, 

and taper angle is 3º. It required to add 10 passes to achieve a full weld, as shown in 

Figure 4-28 b. 

 

a) Partially weld 4 filling passes           b) complete welding 10 filling passes 

Figure 4-28 Modelling for multi pass NGLW 10 mm thick sample 

There are potential metallurgical advantages associated with NGLW techniques, 

such as the effect of the filler material composition on the metallurgy and properties 

of the weld pool for laser welds. For example, Zhang effectively controlled the 

chemical composition of the filler wire to suppress solidification cracks [60]. This 

technique decreases the required tolerance tightness requirements for the welding 
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gap. Despite the advantages of multi-pass laser welding with a filler wire, it is 

considered a more complex process than autogenous laser welding, as it has more 

interrelated variables. The laser welding parameters include power, focal position 

and traverse speed. Using the multiple-pass narrow gap welding technique will add 

more parameters, which will also influence the process. These may include the filler 

wire composition, the filler wire diameter, the angle between the wire and the laser 

beam, the relative position between the wire and laser focus, and the wire feed rate. 

The combination of these factors, together with the joint gap geometry and process 

shrouding, make the process more complicated [15].  Indeed, there is often a limited 

window of acceptance for many process variables. For example, the laser beam and 

filler wire need to be aligned to within 0.2 mm inside the weld groove, and the wire 

feed rate fluctuation should not be more than ± 0.5% during a weld run, if uniform 

weld beads are to be achieved [15, 39]. 

Few studies use narrow gap techniques to investigate welding parameters and 

different gap preparations. Jokinen et al. [95] uses a Nd-YAG laser for welding 

plates with 20 mm thickness. The gap preparations are shown in Figure 4-29 a. Six 

passes were required to fill the gap. The parameters were: laser power 3 kW, welding 

speed 0.5 m/min, filler wire speed 4.5 m/min, groove angle 10º, interaction point 2 

mm below focus plane and wire inclination angle 45º. The results show an acceptable 

quality for the weld cross-section, as shown in Figure 4-29b. This indicates that the 

main variable parameter in this process is the interaction between the filler wire and 

laser beam.  

 

Figure 4-29 Cross-sections of the welds [95] 
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Zhang et al. have recently made a significant advance in NGLW, succeeding in 

welding 50 mm thick plates of austenitic stainless steel 316 by using a multi-passes 

narrow gap welding technique with a laser power of 8 kW [16]. The gap and 

configuration for the welding process is shown in Figure 4-30. 

 

                

    

               a                                                    b 

  Figure 4-30 Configuration of narrow gap dimensions [60] 

The pass for the welding root with a 15 mm thickness is performed without filler 

material. It is followed by 8 passes with a Y308L austenitic stainless steel filler wire. 

For welding the root condition, the optimum value of power is 6 kW, with speed 0.5 

m/min [17]. For the filling passes, it was found that the optimum laser power for 

good bead formation was 6 kW, the welding speed 0.4 m/min, and the filler feed 5.5 

m/min. Changing this value affected the integrity of the welding bead. If the filler 

feed rate is increased, it will lead to lack of fusion due to insufficient energy with 

respect to the wire feed; it will cause a gap between the upper welding layers and 

root cross section, as shown in Figure 4-31a, and lack of fusion due to re-melt of the 

root section due to insufficient wire feed with respect to input power (wire 

suppression) as shown in Figure 4-31b. The results of the optimum welding 

parameters are shown in Figure 4-31c.  
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a) Power suppression    b) wire feed suppression (c) good welding 

Figure 4-31  Lack of fusion in multi pass laser welding zone [16] 

Phaoniam et al. (2013) [152] studied the influence of the hot wire on the NGLW 

technique. The welding configuration is shown in Figure 4-32. 3 kW laser power was 

used with travelling speed 0.5 mm/min, wire feed rate 8 m/min, wire current 137 A, 

angle 80º
 
to horizontal direction, and argon shielding gas. The results show improved 

welding efficiency due to increased laser power absorptivity of hot wire, and 

improved deposition rate.  Low dilution and narrow heat affected zone 

  

Figure 4-32 Hot wire NGLW configuration 

4.6.3.1 Factors affecting the efficiency of narrow gap laser welding   

Salminen et al. 2010 studied the laser beam interaction during laser welding with 

filler wire [153]. The efficiency of laser welding using filler wire depends on two 
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main factors: absorptivity and melting efficiency. The absorptivity depends on the 

material, laser light wavelength and welding system; when the laser beam interacts 

with the filler wire, it absorbs part of the power. Part of the beam passes through the 

wire and part of it is reflected away. The ratio between the reflected and absorbed 

value of the laser power depends on the beam power, the wire feed rate, the wire - 

beam interaction point and the power density [153].  

Increasing the wire feed rate leads to an increase in the reflectivity, and consequently 

a decrease in the absorptivity. Preheating the wire will lead to a decrease in the 

reflectivity and improve the welding efficiency [153]. The optimum value for the 

wire feeding angle αw is= 45° - 60°, as shown in Error! Reference source not 

found.. 

 

 

 

 

    

  

Figure 4-33  Relative position between filler wire, laser beam, workpiece [153]   

Decreasing the angle will lead to losses in the reflected beam, since it is reflected 

outside of the keyhole, consequently the optimum value for this angle approximately 

45°, in order to keep most of the reflected light inside the keyhole and improve the 

total welding efficiency. The melting efficiency will be affected by the accuracy of 

the alignment between the laser beam and the wire position. The feed position error, 

transverse to the welding direction (Wy), leads to a decrease in the melting 

efficiency. For an error of 0.25mm, the efficiency of 2 mm wire is reduced by 30%, 

and 36% for a 1mm wire. The wire is usually fed to the leading edge of the keyhole 

which offers more evenly distributed filler. The wire – laser beam interaction level 

should be on the workpiece top surface or slightly below it. Salminen et al. pointed 
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out that the optimization of the process requires further research to achieve good 

welding results [153]. 

Laser power, and wire feed rate are very significant factors for the weld bead quality 

in NGLW technique. Zhang et al. [16] studied the influence of laser power intensity, 

and deposition area on the weld bead. He found a limited windows of acceptance for 

NGLW technique as shown Figure 4-34. Increasing the deposition area will lead to 

lack of fusion A (Power suppression), and increasing the laser power intensity will 

lead to lack of fusion B (wire feed suppression) as shown previously in Figure 4-31. 

 

Figure 4-34 Influence of laser power intensity and deposition area on the weld bead 

quality [16] 

4.7 Current and future applications of narrow gap technique in nuclear 

industry 

Current usage of laser welding, and particularly NGLW technique in nuclear industry 

is still limited. Despite the promising behaviour of the NGLW technique in terms of 

low heat input to the weld joint and limited power required for welding thick 

sections, it represents a challenge to satisfy good weld performance.  This is mainly 

due to high number of interacting parameters as discussed. Consequently, to produce 

weld joints without defects was the main objective for most of previous studies of 

NGLW technique[16, 95] .   
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There are a few research studies developing this technique for potential nuclear  

applications. Jokinen et al. [95] investigated the influence of the interaction between 

laser power and the wire for welding  20 mm stainless steel to develop a new joining 

method for the ITER vacuum vessel sectors with minimum defects and lower 

distortion, as mentioned in detail in section 4.6.3. 

Recent development of NGLW technique was investigated by GE Hitachi nuclear in 

Japan, which started a project to develop a NGLW technique for welding thick 

section stainless steels. They studied the usage of NGLW technique in stainless steel 

welding for current and future applications in nuclear power plants. The main 

objective was to use the NGLW technique to weld thick sections with no defects, and 

to suppress the tendency of weld joint to SCC in nuclear reactor components as 

shown in Figure 4-35 [85].  

 

Figure 4-35  Stainless steels used in (boiling water reactor) BWR power plant [85] 

The research investigated how to satisfy welded joint specifications without the lack 

of fusion and porosity. They succeeded in (2011) applying this welding technique for 

thicknesses up to 50 mm with a power 6 kW disk laser in 8 passes from both sides 

[16] as shown in Figure 4-36, and discussed in detail in section 4.6.3. Then they 

investigated the influence of the work hardened outer layer on SCC behaviour, and 

how the performance could be improved by removing this layer. However residual 

stresses were evaluated only at the surface, and the results were validated by using 

another technique [60].  



CHAPTER 4. LASER WELDING AND APPLICATIONS IN NUCLEAR POWER PLANTS     

99 

 

 

 

 

 

 

 

 

 

Figure 4-36  Narrow gap welding of 50 mm thickness stainless steel [16] 

The influence of the welding parameters on the weld bead quality and the developed 

residual stress is unknown, and needs more investigation. Optimization of the 

welding parameters for that technique to satisfy the optimum weld joint cross section 

without welding defects is still a point of weakness and needs more investigation 

[154]. Moreover, corrosion behaviour of NGLW technique and comparison with 

conventional welding processes has not yet been studied. The influence of the 

residual stress on SCC also needs more investigation.   

4.8 Summary 

Austenitic stainless steel alloy is used widely inside nuclear reactors. It has a good 

mechanical properties, and high resistance for corrosion, however it is very sensitive 

to heat input during welding process. Welding codes inside nuclear power plants 

mainly includ high heat input process due to lack of accumulated knowledge of the 

high power density welding processes.  Despite the promising potential of NGLW 

technique in terms of thick cross section welding with low heat input, and low 

expected residual stresses, it is very difficult technique due to tight requirements of 

accuracy, and high number of interacting parameters. Literature review highlights the 

gap of accumulated knowledge of that technique because a few number of articles 

explore the detail behaviour of NGLW technique.  

The workspace of the current study will concentrate on filling this gap by improving 

the knowledge base of NGLW technique in terms of optimization of welding 
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parameters to improve the weld bead quality, mechanical and microstructure 

evaluation of weld bead, residual stress study, and modelling the process to validate  

the results, and finally the behaviour in corrosion environment. 
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CHAPTER 5. EXPERIMENTAL FACILITIES, AND 

PRELIMINARY WELDING EXPERIMENTS 

5.1 Introduction  

This chapter includes details of the developed welding system components, and the 

experimental setup for the NGLW experiments. The developed fixture for the wire 

feeder nozzle to the laser head, and also the workpiece clamp configuration are 

introduced. This chapter includes also some screening and preliminary experiments for 

laser deposition by using a wire feeder. The aim of these experiments is to demonstrate 

the relationship between the laser parameters, wire feeding rate, and the homogeneity 

and size of the deposition layer; these results are critical to acceptable NGLW results 

and for further optimisation. 

5.2 Experimental equipment and facilities   

The NGLW technique is based upon a multi-pass concept, using a filler wire. The 

system used in this project is shown in Figure 5-1. It consists of the following facilities:  

    

Figure 5-1 Experimental work set up 

(1- Laser head, 2- Stage moving axis, 3- Wire feeder fixture, 4- Wire feeder nozzle) 

A continuous wave (CW) IPG fibre laser, model YLR-1000-SM Ytterbium with 1 kW 

power. The fibre laser uses a coaxial shielding nozzle, and can emit a beam in the near-
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infrared spectrum at 1060 - 1080 nm wavelength, with a beam quality factor M
2
 < 1.07. 

The beam is delivered via an optical fibre, with a fibre core diameter of 14 µm, to the 

output lenses, and focused to a minimum spot size of 70 µm in diameter using a 190.5 

mm focal-length lens. 

A two dimensional stage provides X-Y axis control of workpiece movement, and a third 

stage with an axis in the Z direction, controls the laser head movement as shown by the 

red arrows in Figure 5-1.   

5.3 Experimental system setup  

NGLW weld bead quality depends significantly on the accuracy of alignment between 

the laser beam nozzle and the wire feed nozzle and the wire position with respect to the 

focal position, in order to achieve acceptable results with the NGLW technique. Sun et 

al. [15] stated that the laser beam and filler wire need to be aligned to within 0.2 mm 

inside the weld groove. The gap width in the NGLW technique is very narrow, and is 

dependent on laser power and wire diameter [14, 95, 153]; consequently the designed 

fixture should be flexible, and provide accurate relative alignment between the laser 

beam and the wire inside the narrow gap. The implemented fixture shown in Figure 5-1 

has 3 translational degrees of freedom in the X, Y, Z directions, and there is a rotational 

degree of freedom, to control the angle between laser beam and wire feed direction, as 

shown in the black arrows in Figure 5-1. 

5.4 Stainless steel wire deposition screening experiments  

The first set of experiments investigated the influence of the welding parameters such as 

laser beam power, wire feed rate and traverse speed, considering two responses; the 

weld bead (solidification zone) geometry (width - height), and homogeneity of the 

deposition layer. These experiments are important for determining windows of 

acceptance of each welding parameter, which can meet acceptable weld bead quality 

and size requirements. These parameter ranges will then be the key targets for 

optimization of the NGLW technique welding parameters in the next set of experiments.  

The experiments for wire deposition were performed with the test configuration shown 

in Figure 5-2, where N is the standoff distance, α is the angle between wire and laser 
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beam (set at 45° according to previous recommendations for best weld quality in [154]), 

and H and W are the height and width of the bead, in mm.    

  

Figure 5-2 Configuration of deposition experiment 

5.4.1 Influence of wire feed rate on bead size - homogeneity  

These experiments were designed to examine the influence of the wire feed rate on weld 

bead size and homogeneity. The experiments were performed with a laser nozzle 

diameter of 6mm, and a wire diameter of 0.8 mm. Argon was used as the shielding gas, 

with a flow rate of 30 l/min. The base material and wire were AISI 316L stainless steel.  

Weld bead homogeneity is defined according to:   

𝑊𝑒𝑙𝑑 𝑏𝑒𝑎𝑑 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦 % =
                          

                        
 1             (5.1) 

Length of continuous bead is defined as following: 

 =  
𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜  𝑏𝑒𝑎𝑑  𝑒𝑔𝑚𝑒𝑛𝑡  + 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜  𝑚𝑎 𝑖𝑚 𝑚 𝑏𝑒𝑎𝑑  𝑒𝑔𝑚𝑒𝑛𝑡

2
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Figure 5-3 Bead homogeneity definition  

Total length of bead segments: L1 + L2. 

Length of maximum bead segment: L1. 

The results of these experiments show that an increase in the wire feed rate leads to an 

increase in the height of the deposition and a decrease in the clad width, as shown in 

Table 5-1. The weld bead homogeneity increased with wire feed rate increases, up to a 

peak value, after which it degraded dramatically. 

Table 5-1 Wire feed influence on bead size- homogeneity  

 

Increasing the wire feed rate led to an increase the laser power required for a proper 

fusion; moreover, the percentage of reflected power will be increased [153], 

consequently the depth of penetration of the deposition layer into the base metal is 

decreased. Decreasing the penetration of base metal will lead to an increase in the 

deposition layer height.  

Increasing the wire feed rate to 25 mm/s without optimizing the laser power resulted in 

a reduction in the welding efficiency, due to non-homogeneity between wire feed rate 
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and power required for proper fusion, consequently homogeneity of the deposition pass 

is interrupted. The homogeneity was decreased as the wire feed rate was decreased 

below certain values as shown in Table 5-1. Decreasing the wire feed to 10 mm/s or less 

was noted to generate a discontinuous deposition layer with higher error margins, as 

shown in Figure 5-4. The size of the homogenous welding bead is small at low wire 

feed rates, due to the wire deposition rate being insufficient to achieve a continuous 

deposition. The size of the homogeneous welding bead increases gradually as the wire 

feed rate is increased, until it reaches a peak value at 17 mm/s, but it then starts to 

decrease again due to insufficient power in the wire to allow the formation of a 

homogeneous bead with proper fusion; as a consequence, the bead is interrupted, 

causing unsatisfactory bead homogeneity .   

 

Figure 5-4 Wire feed influence on bead size 

5.4.2 Influence of traverse speed on the bead size - homogeneity  

The second set of experiments was designed to study the influence of the welding speed 

on bead size and homogeneity. The results show that the speed of the welding is 

inversely proportional to the deposition height and width; increasing the speed led to a 

decrease in the height and width of the weld bead, since the energy delivered per unit 

length was decreased. The penetration of the sub-layer was also decreased, as was the 

delivered wire volume per unit length; both of these factors led to decreasing the 

deposition height and width, as shown in Figure 5-5. 

 



CHAPTER 5 EXPERIMENTAL FACILITY, PROCDURES PRELIMINARY WELDING EXPERIMENTS 

107 

 

Table 5-2 Welding speed influence on bead size- homogeneity  

No 
Stand of 

N[mm] 

Power 

[w] 

Focus 

[mm] 

Traverse 

speed [mm/s] 

Wire 

feed rate 

[mm/s] 

 

Homogeneity  

% 

W 

[mm] 

H 

[mm] 

1 10 950 10 4 17 46 2.27 1.19 

2 10 950 10 6 17 71 2.1 1.04 

3 10 950 10 8 17 84 2.02 0.85 

4 10 950 10 10 17 95 1.96 0.61 

 

The tolerance values (shown by the error bars) for the width and height graphs were 

decreased by increasing the welding speed, due to improvement in homogeneity and 

continuity of the bead, as shown in the homogeneity diagram in Figure 5-5 b.  

 

Figure 5-5 Speed influence on deposition bead size- homogeneity 

5.4.3 Influence of power on the bead size – homogeneity 

This set of experiments was designed to examine the influence of the laser power on the 

size and homogeneity of the weld bead. The experimental results are shown in Table 

5-3. 

Table 5-3 Power influence on bead size- homogeneity  

No Stand of 

N[mm] 

 

Power 

[w] 

Focus 

[mm] 

traverse speed 

[mm/s] 

 

 

Wire feed 

rate  [mm/s] 

 

Homogeneity 

% 

 

W 

[mm] 

 

H [mm] 

1  10 950 10 10 17 98 1.8

5 

1.12 

2    

2 

10 800 10 10 17 95 1.5

3 

1.22 

3 10 700 10 10 17 91 1.4

4 

1.28 

4   

4 

10 600 10 10 17 77 1.3

9 

1.37 
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The graphical representation of the results is shown in Figure 5-6; it shows that as the 

laser power increases, the weld bead width generally increases, but the deposition pass 

height reduces due to the increase in base metal penetration with the increases in the 

laser power. This leads to a decrease in the height of the deposition, as shown in Figure 

5-6, and consequently an increase in the width.  The homogeneity of the weld bead is 

improved at high power as shown in Figure 5-6 b, due to an improvement in the fusion 

efficiency of the wire and improves the heat transmitted to the sub layer for a proper 

fusion between layers. It is therefore recommended that laser powers ≥ 700W are used 

to improve the weld bead homogeneity.   

 

Figure 5-6 Power influence on cladding height- width 

5.5 Challenges of NGLW with stainless steel  

Some challenges were highlighted during the preliminary experiments for the multi-

pass NGLW process. The next section will describe these challenges, and will present 

techniques developed to minimize their influence.   

5.5.1 Surface oxidation 

 Surface oxidation is considered as a critical challenge for the multi-pass NGLW 

technique, due to the difficulty of shielding when welding in an open environment. 

Shielding inside a narrow gap is more difficult; back shielding of the root surface must 

be efficient to protect the surface during multi pass welding process, otherwise The 

welding surface will suffer from severe surface oxidation, as shown in Figure 5-7a. 
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Figure 5-7 Bead surface shielding 

5.5.1.1 Improving shielding efficiency  

Special techniques were implemented for improving experimental results (bead surface 

shielding – Bead surface uniformity) as shown in Figure 5-7b. 

a- Increase the coaxial laser nozzle diameter – used diameter (d= 6mm).  

The use of a larger-diameter nozzle may affect the life of laser lens by causing an 

increase in back-reflection from the welding surface; however the use of a larger nozzle 

is very important in improving the shielding efficiency. An increased nozzle diameter 

leads to a more stable gas flow and a decrease in gas turbulence over the shielded 

surface - consequently the shielding efficiency is improved. An increased nozzle 

diameter will also increase the protected area over the shielded surface, and a decrease 

in the pressure of the shielding gas over the surface during the welding operation.  

b- Shielding gas showering tube 

A new design of shielding gas shower tube was developed to improve the shielding 

efficiency (specially for NGLW); it consists of a thick metal tube, with a longitudinal 

groove machined along its main axis, connected to the shielding gas, and sealed at the 

other end. A special small fixture was designed to align the tube in the right position 

just behind the laser nozzle.    Figure 5-8 shows a schematic and photograph of the laser 

nozzle, filler wire nozzle and shielding gas shower tube. The shielding efficiency was 

improved dramatically by using this configuration, as shown in Figure 5-7b.  
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       a) Real configuration                                    b) schematic drawing 

   Figure 5-8 Shielding gas shower tube construction 

1-Shielding gas shower tube 2- laser nozzle 3- Filler wire nozzle 4- Welding joint fixture 

 c- Back shielding fixture 

Back shielding of the root surface is very important in order to provide full protection of 

the welded joint; it was achieved with a specially designed fixture, which provided a 

proper shielding gas flow for the back surface during the welding process, especially 

during the welding of the root pass. The fixture was designed with an internal chamber, 

which was connected to shielding gas input tube. It directed the gas to the lower surface 

of the workpiece during the welding process, shown by the black arrows in Figure 5-9. 

 

Figure 5-9 Back shielding fixture 
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5.5.2 Under-cut 

Under-cut defects are mainly caused by improper filling of the upper pass of multi-pass 

laser welds, as shown in Figure 5-10 . The main reason for this improper filling is a 

non-optimized combination of welding parameters, particularly the welding speed, 

deposition rate, or if the width of the weld bead is not covered by the width of the 

narrow gap. This problem will be considered in the optimization criteria described in 

the statistical model in the next chapter.  

 

 

 

 

 

 

Figure 5-10 Undercut for upper welding pass 

5.5.3 Lack of fusion to the side wall 

This defect is mainly due to improper wire delivery system, and narrow gap 

configuration. These two conditions may lead to inaccurate positioning of the wire in 

the centre of the gap and result in this defect. Straightening of the wire and accurate and 

flexible clamping are very important to guarantee appropriate wire delivery. 

 

 

 

 

 

Figure 5-11 Lack of side fusion in welding   
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5.5.4 Lack of fusion between layers 

A lack-of-fusion defect is mainly caused by the use of an incompatible combination of 

values of laser power and wire feed rate. If the laser power is suppressed, it will be 

insufficient for proper melting of the wire, and for fusion with the sub–surface, as 

shown in Figure 5-11, and Figure 5-12. Optimization of the welding factors (power, 

wire feed rate and welding speed) is a key in order to achieve optimum gap filling 

without a lack of fusion.    

  

Figure 5-12 Lack of fusion 

5.5.5 Distorted welding gap  

This defect is mainly due to the high thermal expansion coefficient of the material being 

welded, and increases with the number of filling passes. Non-optimum gap design with 

respect to laser beam can lead to severe heat influence on the narrow gap side walls 

during multi-pass welding - consequently the gap size will be affected. Distortion of the 

workpiece is due to insufficiently rigid clamping during the welding operation. In the 

preliminary experiments, the initial gap width was 1 mm with parallel sides. The gap 

contracted to a width of 0.705 mm after three welding passes, as shown in Figure 5-13. 

This defect may be minimized by increasing the welding speed to decrease the heat 

input to the welding gap, or by decreasing the number of filling passes. In addition, the 

gap should be prepared with a ‘V-shape’ cross section, with a small angle, instead of 

with parallel sides, and clamped with a suitably rigid fixture. Figure 5-13 b shows the 

recommended gap configuration for welding 10 mm thick samples using the NGLW 

technique, using the system discussed in section 5.3.  
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           a) Closed gap                   b) Optimum gap configuration for 10 mm thick plates 

Figure 5-13 Narrow gap configuration  

5.6 Summary 

In this chapter an experimental setup for evaluating the NGLW technique has been 

introduced; the setup includes facilities and developed systems designed to improve the 

welding performance. This chapter also includes the results of preliminary screening 

experiments for wire deposition, intended to specify the working range windows for 

different welding parameters to achieve an acceptable weld bead with high 

homogeneity. Finally this chapter describes the main challenges which affect the multi- 

pass NGLW technique, and the facilities developed to overcome these challenges.    
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CHAPTER 6. DESIGN OF EXPERIMENTS AND 

STATISTICAL MODELLING OF NGLW OF 316L STEEL  

6.1 Introduction 

Narrow gap laser welding is a very promising technique for thick- section welding, due 

to its low heat input and high production efficiency, compared to conventional arc 

welding techniques.  As a consequence, it produces low distortion and reduced levels of 

residual stress [60]. Traditionally, very thick section welding has been achieved with 

submerged arc welding and other high-productivity welding processes. In the power 

generation industry, oscillating narrow-gap GTA has also been employed, using a 

welding gap of typically 8-15 mm in width; the use of narrow-gap TIG weld 

configuration dramatically reduces production times and overall heat input with respect 

to conventional arc welding [155]. This trend underlines the need to better understand 

the behaviour of ultra-narrow-gap (< 5 mm) laser welding, including the influence of 

discrete laser welding parameters, and also their interactions, on weld bead quality. The 

quality of a weld joint is directly influenced by the welding parameters, and it can be 

characterised in terms of properties such as weld bead geometry, mechanical properties 

and distortion [156, 157]. 

The NGLW technique is considered to be more complex than autogenous laser welding, 

due to a larger number of interacting parameters, including laser parameters, narrow-

gap shape, and wire feeding nozzle parameters. The required positional and alignment 

accuracy between the system components further increases the complexity of this 

technique [15].   

A great deal of previous research has focussed on the behaviour of single-pass 

autogenous laser welding; for example, Manonmani et al. [158] and Benyounis et al. 

[96] investigated the influence of laser autogenous welding parameters on the weld-

bead geometry. Torkamany et al. [159] studied the influence of the welding parameters 

on the quality of the weld bead, and the keyhole behaviour in bead-on-plate welding. In 

contrast, investigations regarding NGLW are not frequently conducted. It has been 

stated previously that the NGLW technique is still in need of more research effort in 

order to achieve better optimization of the welding parameters [153, 154] . Due to 
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complex parameter interactions in the NGLW, one parameter at a time experimental 

approach cannot provide their interactions and sensitivity to their variations, thus 

difficult to optimise the process.  In this chapter an design of experiment and statistical 

modelling technique was used to better understand the parameter interactions in NGLW 

of 316L stainless steel sheets and to optimise the welding parameters and procedures.  

Reisgen et al.  applied a statistical modelling approach to the study of single-pass 

autogenous laser welding of steels to optimise the process parameters. Clearly, 

statistical modelling is a useful approach for the study of multiple parameter 

interactions. This chapter aims to establish a statistical model to understand and control 

multiple process parameter interactions and to achieve optimum welding parameters for 

ultra-narrow-gap (< 2 mm, not previously reported) multi-pass laser welds. The 

influences of laser power, welding speed and wire feed rate on the integrity of the weld 

bead, the gap bridgability (lateral fusion),  weld bead overlap factor, surface oxidation, 

welding efficiency, and weld joint strength have been studied and optimised for material 

thicknesses ranging from 5 to 20 mm, and with the maximum laser power limited to 1 

kW. It is hoped that the general findings arising from this study will be applicable to 

welds made in much thicker sections of material, using higher laser powers. 

This work will be followed by detailed investigations of the weld joint properties 

(tensile strength, fatigue strength, fracture toughness, bending strength, corrosion 

resistance, stress corrosion cracking, microstructure and residual stress), and the results 

will be compared with those of arc welding of similar material thickness, to give a full 

understanding of the behaviour of the NGLW weld bead with respect to other welding 

techniques. 

6.2 Design of experiments and statistical modelling approach 

Statistical modelling is one of the most efficient tools for developing a relationship 

between processing parameters and a particular response, whilst requiring a minimal 

number of experiments [156, 160]. The main objectives of using this approach are: 

1- To establish a relationship between control factors and responses, which can predict 

the response values for given values of the control factors. 

2- To determine individual and interacting significance of the factors on the responses. 



Chapter 6 NGLW technique optimization by statistical modelling 

116 

 

3- To identify the optimal welding parameter and procedures to achieve peak 

performance of the response according to required optimization criteria. 

6.2.1 Response surface method (RSM) 

Response surface methodology (RSM) is one of the most commonly applied statistical 

modelling methods; it was introduced by Box and Wilson [161] in 1951. RSM is aimed 

at reducing the cost, time, and complexity of different analysis methods such as the 

finite element method or CFD analysis, and their associated numerical noise, to design 

optimization methods. RSM can be used in the development of adequate functional 

relationships between a response of interest, y, and input variables denoted by xi, xj, as 

shown in equation (6.1), which has the general form of a polynomial:    

Y =  𝛆 +∑  𝛃 
 
     +∑ ∑  𝛃    

 
         +∑  𝛃  

 
     

 +𝛃                         (6.1) 

Where, εο is a random experimental error, β is a vector of p unknown coefficients, β0 is 

the response at the centre point; i is the coefficient of the main linear components; ij is 

the coefficient of the two linear factor interactions, and ii the coefficient of the 

quadratic factor. RSM can be used to predict the response behaviour, with sufficient 

accuracy, inside the working ranges of the factors to be investigated. This technique had 

been used successfully with autogenous laser welding in order to investigate the 

relationship between welding parameters and the output weld bead responses  [96, 158]. 

It has also been used for optimizing the welding process parameters. However, 

statistical modelling for NGLW to control the weld bead behaviour through the welding 

parameters has not been found in any previous work.  

The scheme of the implemented NGLW model is shown in Figure 6-1.  It consists of 3 

variables and 6 responses, and the data flow direction through the model is shown.  

Modelling starts by creating a design matrix according to operating variables with 

defined limits. The response is evaluated at each design point of the experimental 

matrix. A control model is created for each response, and the overall model is modified 

using analysis of variance (ANOVA) statistics [162, 163]. Finally, a numerical and 

graphical optimisation process is carried out to obtain results according to the 

optimisation criteria.  
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Figure 6-1 Statistical modelling and optimization process 

6.2.1.1 Modelling Approach 

A sub-method of RSM, called central composite design (CCD) was used to develop a 

second order polynomial model, which can also be used to optimise the responses of 

interest in the process. The CCD is three or five level experimental plan. It can fit 

second order polynomial with high accuracy, and represent a good accuracy for process 

optimization. CCD can be represented graphically by a cube for representing three 

factors as shown in Figure 6-2. It consists of 3 types of design points, central, axial, and 

factorial. [164].   

 

Figure 6-2 Central composite design points  

The experimental design depends on applying one run or more at each point of the 

design matrix. For k factors, there are 2
k
 factorial points, 2k axial points, and one central 
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point. The centre point is separated by α, to the axial points, and separated by unit to 

factorial points [164].  

The value of α is always specified in coded values. If α = 1, the design will be a surface 

design, since the axial points will be on the surface of the design cube, and the factors 

have 3 levels at (-1, 0, 1). In contrast, if α has a value greater than 1, the axial points will 

be outside of the design cube and two levels are created at –α, α. Consequently the 

factor will run at five different levels (-α,-1, 0, 1, α), according to Figure 6-2. 

The working range for each factor was established by preliminary screening tests. These 

screening tests were carried out by varying one of the process parameters at a time to 

identify the working ranges for acceptable welding quality, as presented in Chapter 5. 

From the results of the screening experiments, the ranges for process parameters for the 

design of experiments and statistical modelling were selected as shown in Table 6-1.   

Table 6-1 Factor levels and process parameter ranges 

Variable Level 1 

(-α) 

Level 2 

(-1) 

Level 3 

(0) 

Level 4 

(1) 

Level 5 

(α) Power [w] 775 802.5 857.5 912.5 940 

Speed[mm/s] 6 7 9 11 12 

Wire feed rate mm/s] 15 17 21 25 27 
 

The model was used to establish a relationship between the control variables and the 

responses. It was also used to determine the significant individual and interacting 

factors, and to optimize process settings, to achieve optimum performance according to 

specified optimization criteria.   

6.2.2  Model validation 

The adequacy of the implemented models is tested using analysis of variance (ANOVA) 

statistics [162, 163]. The ANOVA results show the significance of the models, which 

were tested against regression data using the same statistical package.  An F-test was 

applied on each term of the model to measure the significance levels; it compares model 

variance with residual (error) variance. If the two values are close, the ratio will be close 

to one, and it is less likely that any of the factors have a significant effect on the 

response.  The F-test is calculated from the model mean square value divided by the 

residual mean square. The ‘lack of fit’ represents the variation of the actual data around 

the fitted model; if the ‘lack of fit’ is insignificant according to the F-test results, this 
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implies that the model fits the data. R
2
 and the adjusted R

2
 values are the other two 

criteria, used to indicate the adequacy of a fitted regression model [165]. R
2
 is a measure 

of the variation around the mean, and the adjusted R
2
 value is a measure of the variation 

around the mean of the adjusted model terms (significant terms only). “R
2
 adj.” is 

calculated according to equation:  

                                 𝑹   
 =

     

     
+   − 𝑹                                          (6.2) 

Where p is the number of model parameters and n is the number of experiments. The 

values of R
2 

and adjusted R
2
 for the models ranged from 86:99% and 78:97%. These 

values indicate that the models can be used to navigate the design space. The adequate 

precision parameter measures the signal-to-noise ratio for each model. A ratio greater 

than 4 indicates that the model has an acceptable signal [157]. The adequate precision 

values range from 11.8 to 22.5 for the models. Scatter diagrams were also used for 

regression. Perturbation curves and response surface graphs were derived for each 

model. 
 

6.3 Results and Discussion 

A set of 17 multi-pass narrow-gap laser welding experiments was performed, with 

different welding parameters according to the design matrix shown in Table 6-2. The 

statistical software package ‘Design-Expert V.0.0’ (Stat-Ease, Minneapolis, MN, USA) 

was used to code the variables and to establish the design matrix, based on a 5-level 

experimental plan. The number of experiments required to establish a model are 

calculated as follows: 

Number of factorial points = (2)
k
 = (2)

3
=8 points  

Number of axial points = 2k = 2*3 =6 points. 

Such that, k number of factors is equal to 3. 

Repetition at centre point = 3 times. Total number of experiments = 8 +6+3=17 

experiments. 
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Table 6-2 Design matrix of statistical model  

 

The investigated material thickness was 5 mm. Figure 6-3 shows some of weld bead 

cross sections related to different welding parameters. The following output responses 

were evaluated for each weld bead to complete the design matrix as mentioned in Table 

6-2: overlap shape factor, number of filling passes, bead width or lateral fusion, 

integrity of weld bead, weld joint strength, and surface chemistry. The output results of 

the experiments were qualified and described through 6 models. Each model defines a 

specific quality response for the welding joint, as will be discussed in the next sections.  
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Figure 6-3 Various bead geometry according to table (6.2) 

6.3.1 Lateral fusion (Gap Bridgability) model 

The first model is concerned with lateral fusion, which is defined as the ability of the 

weld bead to fill the prepared gap without leaving voids. The better the lateral fusion is, 

the higher the gap bridgability will be, but if the weld bead is too wide, productivity will 

decrease. Establishing a suitable value for the lateral fusion will also improve the 

mechanical properties (i.e. strength) of the welded joint. At this stage of the 

investigation, the objective of this model was to maximize the lateral fusion, in order to 

develop an efficient welding process, as well as to achieve mechanically sound welded 

joints.       

6.3.1.1  ANOVA of the models (scatter diagrams) 

The lateral fusion model and the verification are shown in the Analysis of Variance 

statistics in Table 6-3. The ANOVA (F test) results indicate that the wire feed rate A, 

the laser power B, the welding speed C, and the interaction of the wire feed rate and the 

speed, AC, C
2
 are significant process parameters. The second-order effect B

2
 is an 

insignificant model term, such that R
2
 =96%, adjusted R

2
 = 91%, and Adeq. Precision = 

14.65.  
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Table 6-3 ANOVA table for gap bridgability 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Block 4589.55 1 4589.55    

Model 4.012E+00

5 

9 44582.6

8 

19.64 0.0009 Significant 

A-Feed 86777.78 1 86777.7

8 

38.23 0.0008  

B-Power 37977.68 1 37977.6

8 

16.73 0.0064  

C-Speed 1.961E+00

5 

1 1.961E+

005 

86.37 < 0.0001  

AC 35511.12 1 35511.1

2 

15.64 0.0075  

B
2
 10931.13 1 10931.1

3 

4.82 0.0706  

C
2
 

 

18872.48 1 18872.4

8 

8.31 0.0279  

Residual 13620.20 6 2270.03    

Lack of Fit 12162.20 5 2432.44 1.67 0.5262 Not significant 

Pure Error 1458.00 1 1458.00    

Cor Total 4.195E+00

5 

16     

 

The values in Table 6-3 represent adequate signals from the model with respect to noise 

influence, and they can be used to navigate the whole design space whilst maintaining 

good correlation between the measured and fitted values of the weld bead width. The 

scatter diagram plots the measured values of the response against the fitted values from 

the model, as shown in Figure 6-4. Most of the points have a small deviation from the 

diagonal line, which corresponds to perfect agreement between the measured and the 

predicted values. This indicates a good fit for the developed model [165].  

 

Figure 6-4 Validation graph - comparison of predicted gap bridgability with measured 

values 
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6.3.1.2 Model results and discussion 

The perturbation plot for the gap bridgability model is shown in Figure 6-5. It illustrates 

the overall influence of the control parameters (A is wire feed rate, B is the power, and 

C is the welding speed. The X axis shows the value of the factor in coded form, and the 

Y axis represents the value of the response (i.e. the bead width). As the traverse speed 

increases, the weld bead width (lateral fusion) reduces. Increases in power and wire feed 

rate both lead to increases in lateral fusion. The average value of the bead width was 

around 1.9 mm at a speed of 7 mm/sec and a wire feed rate of 25 mm/sec. Increasing the 

welding speed to 9 mm/s, and decreasing the wire feed rate to 21 mm/s resulted in the 

average value of the bead width decreasing to 1.6 mm. Increasing the power simply 

increases the energy delivered per unit length, leading to more lateral melting, and 

consequently increases in bead width.  Figure 6-5 shows a macrograph for the weld 

bead in both conditions. Decreasing the speed and increasing the wire feed rate are the 

key considerations for improving the gap bridgability, due to increased wire deposition 

rate per unit length. 

 

Figure 6-5  Perturbation curve for gap bridgability model 

The model reveals that the welding speed has a strong influence on the bead width, 

while the wire feed rate has a stronger influence on the bead height. The response 

surface graph is shown in Figure 6-6. It indicates that the bead width is more sensitive 
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to changes in wire feed rate at low speeds (e.g. speed= 7 mm/s).  The bead width is also 

more sensitive to changes in welding speed at higher wire feed rates, such as 25 mm/s. 

These results confirm the general trends for the model as shown in the perturbation 

curve.   

 
 

Figure 6-6 Response surface for gap bridgability model 

6.3.2 Weld integrity model 

6.3.2.1  ANOVA investigation for integrity model 

The weld integrity was defined as a factor describing the ability of the weld bead to fill 

the welding gap. It was defined as 1 minus the volume fraction of voids with respect to 

the total weld bead area. The objective of the weld integrity model is to maximise this 

factor for improved strength and a more homogeneous weld bead. The ANOVA results 

for the weld integrity model indicate that the welding speed C, the interaction between 

the welding speed and the wire feed rate AC, the interaction between laser power and 

speed BC, as well as A
2
 C and A

3
, are significant terms as shown in Table 6-4. The ‘lack 

of fit’ is insignificant, and the other model validation measures are given as R
2
 =89%, 

Adjusted R
2
 = 84%, Adeq. Precision 13.5. This result implies a good ratio between 

model signal and noise.  
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Table 6-4  ANOVA table for integrity of weld 

Source 

sum of 

squares df 

mean 

square 

f 

value 

p-value 

prob > f  

Block 0.19 1 0.19    

Model 711.23 5 142.25 17.20 0.0001 Significant 

  C-speed 312.50 1 312.50 37.79 0.0001  

  AC 50.00 1 50.00 6.05 0.0337  

  BC 50.00 1 50.00 6.05 0.0337  

  A
2
C 98.00 1 98.00 11.85 0.0063  

  A
3
 248.73 1 248.73 30.08 0.0003  

Residual 82.70 10 8.27    

Lack of 

Fit 

70.20 9 7.80 0.62 0.7627 Not significant 

Pure Error 12.50 1 12.50    

Cor Total 794.12 16     

 

The scatter diagram corresponding to Table 6-4 is shown in Figure 6-7; most of the 

points lie close to the diagonal line corresponding to agreement between measured and 

fitted values. Thus, the model for weld integrity describes the data effectively within the 

design space. 

 

Figure 6-7 Validation graph for the weld integrity model – a comparison of measured 

and predicted values 
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6.3.2.2 Model results and discussion 

The weld bead integrity increases directly with welding speed, and to a lesser extent the 

laser power, while decreasing with increases in the wire feed rate. Measurements 

obtained from polished macrographs indicate that, at high welding speeds (12 mm/sec), 

the integrity reached 93 %, while it was only 75 % at a welding speed of 7 mm/sec, as 

shown in Figure 6-8. 

 

 

 

 

 

 

 

 

 

 

             

 Figure 6-8 Perturbation curve for the integrity of the weld bead  

The response surfaces for the weld integrity model are shown in Figure 6-9; two 

significant interactions can be seen. The first interaction is between the welding speed 

and laser power; the integrity of the weld bead can be improved by increasing both the 

laser power and the welding speed, and the integrity is more sensitive to changes in 

speed, as shown in Figure 6-9 a. The second interaction is between the welding speed 

and wire feed rate; Figure 6-9 b shows the integrity of the weld bead, which can also be 

improved by decreasing the wire feed rate at a high welding speed. At low welding 

speeds, the values of the integrity are generally smaller compared to those at higher 

welding speeds. This result agrees with that found by Salminen et al. *** [154] - they 

observed that increasing the power would improve the weld integrity and reduce the risk 

of imperfections for narrow gap laser welding technique. 
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(a) welding speed – laser power                   (b) wire feed rate – welding speed 

Figure 6-9 Response surface graphs for the integrity of the weld bead 

6.3.3 Overlap shape factor model 

The profile of the beads within the gap has a significant influence on joint quality, with 

it being desirable to have overall fusion profiles that are approximately straight on each 

side of the gap. If the profiles of individual beads are such that the overall fusion 

profiles deviate significantly from a straight line, then the probability of voids forming 

between individual beads will increase. This model controls the overall shape of the 

fusion boundary through calculating an overlap shape factor, D, which is defined as 

follows: 

                        D= (douter - dinner)/2                                           (6.3) 

where douter is the maximum weld bead width and dinner is the minimum weld bead 

width. Definitions of these values are shown in detail in Figure 6-10. The dark black 

lines show the weld bead geometry, with D1 and D2 representing higher and lower 

values of weld bead overlap shape factor respectively. The diagram in Figure 6-10a 

schematically represents a high overlap shape factor, while Figure 6-10b shows a low 

overlap shape factor. The objective of this model is to minimize the overlap shape 

factor, in order to achieve a continuous and near-straight fusion profile on each side of 

the weld, since such overall profiles decrease the likelihood of void formation between 

passes.  
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 (a) High overlap shape factor     (b) Low overlap shape factor (target shape) 

Figure 6-10 Overlap shape factor 

6.3.3.1 ANOVA investigations for overlap model 

The analysis of variance for the overlap shape factor model indicates that the wire feed 

rate, A, the laser power, B, and the welding speed, C, are significant factors. 

Furthermore, interactions between the wire feed rate and the laser power, AB, and wire 

feed rate and the welding speed, AC, and second order terms A
2
 and C

2
 are also 

significant, as shown in Table 6-5. Model validation measures are given as R
2 

=98%, 

adjusted R
2
 = 96%, and Adeq. precision = 22.4. The ‘lack of fit’ is not significant.   

Table 6-5  ANOVA table for overlap shape factors 

Source 

Sum of 

Squares df 

Mean 

Square 

F 

Value 

p-value 

Prob > F  

Block 711.26 1 711.2605    

Model 90600.13 7 12942.88 67.64308 < 0.0001 significant 

A-Feed 14860.88 1 14860.88 77.66711 < 0.0001  

B-power 1200.5 1 1200.5 6.274148 0.0367  

C-speed 48050 1 48050 251.1227 < 0.0001  

AB 1953.125 1 1953.125 10.20758 0.0127  

AC 6328.125 1 6328.125 33.07255 0.0004  

A
2
 12770.13 1 12770.14 66.74029 < 0.0001  

C
2
 8007.74 1 8007.742 41.85069 0.0002  

Residual 1530.72 8 191.3407    

Lack of Fit 1218.22 7 174.0323 0.556903 0.7779 not significant 

Positions of 

void formation 
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The analysis of variance for the overlap shape factor model indicates that the wire feed 

rate, A, the laser power, B, and the welding speed, C, are significant factors. 

Furthermore, interactions between the wire feed rate and the laser power, AB, and wire 

feed rate and the welding speed, AC, and second order terms A
2
 and C

2
 are also 

significant, as shown in Table 6-5. Model validation measures are given as R
2 

=98%, 

adjusted R
2
 = 96%, and Adeq. precision = 22.4. The ‘lack of fit’ is not significant.    

 

Figure 6-11 Validation graph (predicted vs. measured values) for the overlap shape 

factor 

6.3.3.2 Influence of variables on overlap shape factor 

The influences of the process parameters on the overlap shape factor are shown in 

Figure 6-11. The speed (C) is inversely proportional to the overlap shape factor, while 

the wire feed rate (A) is directly proportional, and the Power (B) is also inversely 

proportional to the overlap shape factor, but with less significance. The value of the 

overlap shape factor decreased to 80 μm at a welding speed of 9 mm/s, and a wire feed 

rate of 21 mm/s. However, decreasing the welding speed to 6 mm/s and increasing the 

wire feed rate to 25 mm/s led to the overlap shape factor increasing to 190 μm. 
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Figure 6-12 Perturbation curve for the overlap shape factor 

The experimental results for the overlap shape factor experiment indicate that the 

welding speed has a more significant effect than the wire feed rate. Increasing the 

welding speed or decreasing the wire feed rate leads to a decrease in the wire deposition 

per unit length [153]. There are two significant interactions in this model, between the 

laser power and the wire feed rate, and between the welding speed and the wire feed 

rate - these are represented by the response surface graphs in Figure 6-13. The overlap 

shape factor is more sensitive to the wire feed rate than the laser power, as shown in 

Figure 6-13a, and it is more sensitive to the welding speed than the wire feed rate, as 

shown in Figure 6-13b. The overlap shape factor can be improved (i.e. it can be 

reduced) by increasing the welding speed and decreasing the wire feed rate. 
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     (a) Laser Power [W] – wire feed rate[mm/s]     (b) Wire feed rate – welding speed [mm/s]  

Figure 6-13. Response surface graphs for overlap shape model. 

6.3.4 Number of filling passes model 

This model was developed to study the number of filling passes that are required to fill 

the gap. The objective of the model was to investigate the influence of the welding 

control parameters (i.e. power, wire feed rate, traverse speed) on the number of filling 

passes required. The optimization objectives were to minimize the number of passes in 

order to decrease the total heat input to the weld, and to increase productivity.  

6.3.4.1 ANOVA investigation for number of filling passes model  

The analysis of variance for the number of filling passes model indicates that the 

welding speed C, and the interactions AC, ABC, A
2
B, and A

3
 are significant model 

terms. The ‘lack of fit’ is insignificant, as shown in Table 6-6. Validation measures for 

the model are given as R
2
 = 87 %, adjusted R

2
 = 81 %, and Adeq. Precision = 14.2. 

These values show that model has a good signal-to-noise ratio. 
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Table 6-6 ANOVA table for number of filling passes 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Block 0.27 1.00 0.27    

Model 8.08 5.00 1.62 13.77 0.0003 Significant 

C-speed 1.62 1.00 1.62 13.80 0.0040  

AC 1.13 1.00 1.13 9.58 0.0113  

ABC 1.13 1.00 1.13 9.58 0.0113  

A
2
B 1.13 1.00 1.13 9.58 0.0113  

A
3
 3.09 1.00 3.09 26.31 0.0004  

Residual 1.17 10.00 0.12    

Lack of Fit 0.67 9.00 0.07 0.15 0.9705 Not significant 

Pure Error 0.50 1.00 0.50    

Cor Total 9.53 16.00     

 

The scatter diagram shown in Figure 6-14 represents the validation results of the 

developed model. The results indicate that the model can describe the response data 

reasonably well within the design space - all of the values of actual response against 

model predicted values are close to the diagonal line, as shown in Figure 6-14.    

  

Figure 6-14 Validation graph for the number of filling passes model – (predicted 

numbers of filling passes against measured values) 
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6.3.4.2 Results of model and discussion   

The perturbation plot for the number of filling passes is shown in Figure 6-15. It can be 

seen that the laser power had a very small influence on the number of filling passes. The 

wire feed rate and welding speed were more significant factors with respect to power. 

Consequently, increasing the wire feed rate and decreasing the welding speed would be 

an effective strategy for decreasing the number of filling passes within the windows of 

acceptance for the parameters. The effect is shown in Figure 6-15, through a 

comparison of the optical images obtained from the two weld cross sections.   

   

Figure 6-15 Perturbation curve for number of filling passes model 

Six passes were needed to fill the gap with a welding speed of 11 mm/s, a wire feed rate 

of 17 mm/s, and a laser power of 802 W (the gap height is 5 mm), while only four 

passes were needed with a welding speed of 7 mm/s and a wire feed 25 mm/s. The 

number of passes decreased due to the decrease in speed and the increase in the wire 

feed rate, which led to an increase in the quantity of wire deposited per unit length and, 

consequently, the average height of each pass. The response surface representation for 

the significant interactions between the welding speed and the wire feed rate is shown in 

Figure 6-16. This indicates that the welding speed has more significant influence on the 

number of filling passes at low wire feed rates.  On the other hand, at high wire feed 

rates, the welding speed has less significant influence on the number of filling passes.   
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Figure 6-16 Response surface graph for the number of filling passes model 

6.3.5 Surface chemistry integrity (free of oxidation) model 

This model predicts the degree of surface oxidation. The surface chemistry integrity is 

defined in equation (6-4). The surface oxidation level was quantified according to the 

surface colour, using the surface oxidation chart in Table 6-7 [166]. The heat tint or 

temper colour is caused by the progressive thickening of the surface oxide layer upon 

heating. The colours that arise can be used as an indication of the temperature to which 

the steel has been heated.  

Surface chemistry integrity (Free of Oxidation) % = 100% – Surface Oxidation %  (6.4) 

Table 6-7  Surface oxidation colour chart [19] 

Colour Temperature C° Surface chemistry integrity% 

silver - 100% 

pale yellow 143.3 95% 

dark yellow 187.7 90% 

brown 198.8 85% 

purple brown 215.5 80% 

dark purple 232.2 77% 

blue 282.2 75% 

dark blue 315.5 70% 

 

In order to introduce the surface chemistry integrity evaluation technique, two different 

examples for surface oxidation levels are presented: the first example is of a weld near 
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to blue in colour, as shown in Figure 6-17a, while the second is bright silver in colour, 

as shown in Figure 6-17b. According to the surface oxidation chart the surface 

chemistry integrity (% free of oxidation) levels are 75% and 100% for the blue and 

silver surfaces respectively.   

 

 

                                                 
      

 

 

 

 

Figure 6-17 Surface oxidation levels 

(a) 75% free of oxidation bead surface     (b) 100% free of oxidation bead surface 

 

6.3.5.1 ANOVA table for weld surface oxidation model and validation 

The analysis of variance for the surface oxidation model indicates that the welding 

speed, C, the laser power, B, and the interactions AB, AC, A
2
,B

2
,A

2
B, and AB

2
 are 

significant model terms. The ‘lack of fit’ is insignificant as shown in Table 6-8. The 

output values of R
2
 = 95 %, Adjusted R

2
 = 86.8%, and Adeq Precision = 12.2 indicate the 

adequacy of the regression fit to the data.  

Table 6-8 ANOVA table for weld surface chemistry integrity (% free of oxidation) 

Source Sum Of squares 

squares 

DF mean 

square 

F 

value 

p-value 

prob > f 

 

Block 50.44 1 50.44    

Model 671.67 10 67.17 10.89 0.0083 Significant 

B-power 50.00 1 50.00 8.11 0.0359  

C-speed 112.50 1 112.50 18.25 0.0079  

AB 50.00 1 50.00 8.11 0.0359  

AC 12.50 1 12.50 2.03 0.2138  

A
2
 124.09 1 124.09 20.13 0.0065  

B
2
 26.97 1 26.97 4.37 0.0907  

ABC 12.50 1 12.50 2.03 0.2138  

A
2
B 60.50 1 60.50 9.81 0.0259  

A
2
C 18.00 1 18.00 2.92 0.1482  

AB
2
 200.00 1 200.00 32.44 0.0023  

Residual 30.83 5 6.17    

Lack of Fit 18.33 4 4.58 0.37 0.8261 Not significant 

Pure Error 12.50 1 12.50    

Corrected  Total 752.94 16     
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The scatter diagram for the surface chemistry integrity model shows that the measured 

points generally fall close to the diagonal line representing perfect agreement between 

the measured and fitted data, as shown in Figure 6-18.   

 

        Figure 6-18 Validation graph for the surface chemistry integrity model 

6.3.5.2 Results of model and discussion  

Increasing the wire feed rate until the centre design point leads to a reduction in the 

surface oxidation, but the trend is reversed when the wire feed rate is increased further, 

as shown in Figure 6-19. Increases in welding speed and reductions in laser power will 

lead to a decrease in the heat input to the welded joint, and consequently the 

temperature of the workpiece surface will be reduced below the critical temperature 

before the weld bead leaves the area protected by the shielding gas. This will reduce the 

thickness of the oxidation layer on the upper weld surface.  
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Figure 6-19 Perturbation curve for surface chemistry integrity model 

The use of the shielding gas shower tube that was introduced earlier in this work led to a 

reduction in surface oxidation. The technique allows prolonged shielding of the weld 

surface outside of the region that is in the vicinity of the coaxial laser gas nozzle. 

Response surface graphs for the significant interactions when the shower tube is used 

are shown in Figure 6-20. The first significant interaction is found between the welding 

speed and the wire feed rate: at a low welding speed of 7 mm/s, the surface chemistry 

integrity was increased to 80% at a wire feed rate of 21mm/s, at a higher welding speed 

the surface chemistry integrity was increased up to 90% at wire feed rate = 21 mm/s, but 

then it decreased as shown in Figure 6-20a. The second interaction is found between the 

laser power and the wire feed rate: the surface chemistry integrity was improved at high 

powers by decreasing the wire feed rate, and at low powers the surface chemistry 

integrity was improved until the wire feed rate reached 21 mm/s, then it decreased again 

as shown in Figure 6-20b. Thus increasing the welding speed improves the surface 

protection by decreasing the amount of heat which enters the joint during the welding 

process.  
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             (a) Speed-feed surface graph                (b) Power-feed surface graph 

Figure 6-20 Response surface graphs for surface chemistry integrity model 

6.3.6 Cross weld tensile strength model 

The NGLW technique is a multi-pass method; this is difficult to implement in practical 

applications due to the narrow width of the required welding gap and the resulting tight 

accuracy constraints. Moreover, the quality of each welding bead is strongly influenced 

by the quality of the previous one, as defects can accumulate; consequently, achieving a 

homogeneous and high tensile-strength joint is challenging. The strength of the joint is 

an important response in the evaluation of joint quality. Despite the importance of the 

joint strength evaluation in the application of NGLW, it has not been reported as an 

evaluation variable in previous NGLW studies. A new sub-model will be included in 

the statistical model, which investigates and optimizes the strength behaviour of the 

NGLW technique. The quality of the welding will be evaluated according to the 

strength of the weld joint with respect to welding parameters.  

6.3.6.1 ANOVA investigation for tensile strength model 

The analysis of variance shows that the result of the tensile strength model is 

significant, and that ‘the lack of fit’ is not significant, as shown in Table 6-9. The wire 

feed rate A, welding speed C, and interactions AB, B
2, 

C
2
 are significant model terms. 

Validation measures for the model are given as R
2
 = 90.8% , Adjusted R

2
 = 86.2%, 
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Adeq. Precision = 14.6. These results indicate that the model can represent the strength 

data point in the design space with a good accuracy and minimal impact of the noise.   

 Table 6-9 ANNOVA table for weld tensile strength model 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Block 1682.542017 1 1682.54    

Model 45514.61989 5 9102.92 19.87 < 0.0001 significant 

A-Feed 22472 1 22472 49.07 < 0.0001  

C-speed 6498 1 6498 14.18 0.0037  

AB 10153.125 1 10153.12 22.17 0.0008  

B
2
 5136.41084 1 5136.41 11.21 0.0074  

C
2
 2073.572183 1 2073.57 4.521 0.0592  

Residual 4579.308681 10 457.93    

Lack of 

Fit 

3329.308681 9 369.9237 0.29593

8549 

0.9008 not significant 

Pure 

Error 

1250 1 1250    

Cor Total 51776.47059 16     

6.3.6.2 Model validation 

The strength model has been validated through the scatter diagram as shown in Figure 

6-21a - the predicted and actual results values are following 45º diagonal. This result 

indicates that the model represents a near-perfect fit to the real data points. The output 

significant response surface is shown in Figure 6-21b. The tensile strength is increased 

by increasing the power and decreasing the wire feed rate  

 

 

 

 

 

 

(a)      (b) 

Figure 6-21 Tensile strength model validation and response surface  
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6.3.7 Model governing equations and multiple objective optimisation 

6.3.7.1 Statistical models 

The statistical models developed in this work are shown in equations (6.5) – (6.10) in 

coded factors form. The governing equations for the models include individual and 

interaction control factors. The empirical equations given below can be used to predict 

the process-parameter interactions, and their influences on the process quality 

responses.  

Weld width = 1716.3 +83.32 * A+ 55.12 * B - 125.24 * C – 66.63 * A * C +  

                                          + 36.10 * B
2
 + 47.43 * C

2
                                                            (6.5)                

Integrity of welding bead =84.39 + 8.33 * C- 2.50 * A * C + 2.50 * 

                        B * C - 5.83 * A
2
* C - 2.84 * A

3
                                         (6.6) 

Overlap shape factor = 92.03+ 34.48 * A - 9.8 * B - 62 * C+15.63 * A * B -  

                                                  28.13* A * C+ 39.45 *A
2
 + 31.45 * C

2
                               (6.7) 

Number of filling passes = 5.27 + 0.36 * C - 0.38 * A * C- 0.37 * A * B * C 

                                                    + 0.38 *A
2
 *B - 0.32 * A

3
                                                              (6.8) 

Surface chemistry integrity (free of oxidation) % = 84.71 - 3.33 * B + 5 * C  

                                - 2.5 * A * B+ 1.25 * A * C – 3.79 * A
2
+1.77 *  B

2 
+  

                               1.25 * A * B * C+ 4.58 * A
2
* B – 2.50 * A

2
* C  

                                               – 5 * A * B
2
                                                                                  (6.9) 

Tensile strength = + 526.85 - 42.40 * A + 22.80 * C - 35.63 * A * B  

                                                      24.38 * B
2
 + 15.49 * C

2                                              (6.10) 

6.3.8 Multi-objective Optimization  

According to the results of the models, improving one response may cause another to 

deteriorate; for example, increasing the welding speed will improve the weld bead 

integrity, the surface chemistry integrity and the overlap shape factor, but it will also 

increase the number of passes required to complete the weld. This conflict can be 

resolved using a multi-objective optimization process, the objective of which is to find 

values for the factors that simultaneously achieve the specified optimization criteria for 

all of the responses. Statistical optimization is achieved through a dimensionless 

objective function, called desirability. The desirability function approach involves 
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transforming each response, Yi, into a dimensionless value, di, between 0 and 1. It can be 

calculated according to optimization constraints as follows:  

For maximizing constraints; 

di = 0 if response < lower limit.  

di = 0 if response > upper limit. 

0 ˂ di ˂ 1 as response varies from low to upper limit. It is calculated using:  

 

               =
                     

𝑹                                                 
                                  (6.11) 

A higher di value indicates that the response value is more desirable, the goal of 

optimization is to find a good set of conditions that will meet all of the goals [167]. 

Each criterion (maximization or minimization) has a specific importance factor 

according to its direct influences on the final weld bead quality [156]. This value is 

specified for each optimization criterion. The weld bead integrity model is given the 

highest importance due to its importance on the final quality of the weld bead, while the 

number of filling passes is given a lower importance level, because the main objective is 

to improve weld quality. The strategy for optimization was to start at a random point, 

and proceed up through the steepest slope to reach the peak point (maximum or 

minimum) according to the optimization criteria. In order to satisfy the multi-objective 

optimization requirements, the overall desirability is defined by the geometric mean of 

all individual desirabilities. It ranges from ‘0’ for the least desirable settings and ‘1’ for 

the most desirable process. Equation (6-12) represents the overall desirability function, 

where: ξ is the total desirability using the geometric mean of individual desirability, n is 

the number of responses, and di is the i
th

 response desirability value [156].       

                                                                                        (6.12)                    

6.3.9 Optimization criteria and results  

The goal of the optimization process is to maximize lateral fusion (weld gap 

bridgability), maximize the integrity of the weld bead (minimize porosity), minimize the 

overlap shape factor, minimize the number of filling passes, maximize the surface 

𝛏 =    

 

 = 
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chemistry integrity (% free of oxidation), and maximize the weld joint strength. The 

desirability shape function is shown in Figure 6-22. It is improved by increasing the 

laser power and decreasing the wire feed rate. The desirability has two peak regions, but 

the maximum value is limited to a small range at laser power = 912.5 W, welding speed 

= 9.5 mm/s and wire feed rate = 18.01 mm/s. 

 

Figure 6-22 Desirability shape function 

According to the optimization results the value achieved for the total desirability is 85 

%. The weld bead integrity and the surface chemistry integrity are 90 %, and the 

average lateral fusion value is 1698 μm. The overlap shape factor is 60.4 μm. Details of 

the maximum desirable solution and the response values are represented in Table 6-10 . 

Table 6-10  Multi-objective optimization results 

 

Wire Feed 

[mm/s] 

Power 

[W] 

Speed 

[mm/s] 

Width 

[mm] 

Bead 

integrity

% 

Surface  

chemistry 

integrity % 

Number of 

passes 

Overlap shape 

factor[μm] 

Strength 

[MPa] 
Desirability 

% 

18.01

 1

7.03 

 1

7.00 

912.5 9.5 1698 

 

90 90 6 60.4 623.5 85 
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6.3.9.1 Graphical optimization – an operating window development 

Graphical optimization can define regions where the process parameters simultaneously 

meet the different optimization criteria. The critical responses can be overlayed on a 

single contour plot, and such a plot is referred to as an overlay plot. The graphical 

optimization displays the area of feasible response values in the factor space [156]. The 

limits for the optimization constraints are specified according to the numerical 

optimization results. Figure 6-23 shows the overlay plot for all of the models according 

to the optimization constraints. The yellow area highlights the optimum conditions, for 

which all criteria are satisfied simultaneously. This region corresponds to the following 

optimization limits; integrity of the weld bead ≥ 85%, surface chemistry integrity (free 

of oxidation) ≥ 85%, overlap shape factor ≤ 75 µm, bead width ≥ 1700µm, number of 

filling passes ≤ 5, and tensile strength ≥ 550MPa . According to the graphs, a high laser 

power and a low wire feed rate provide the optimum condition for each individual 

constraint. The intersection area for all constraints is consistent with the numerical 

optimization results shown in Figure 6-22. 

 

              Figure 6-23 optimum overlay plot considering all constraints 
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6.4 Verification experiment for the model results 

The reliability of the modelling was evaluated through new sets of welding experiments, 

using the optimum welding parameters related to maximum desirability solution as 

shown in Table 6-10. The weld bead shape related to the optimum welding parameters 

is shown in Figure 6-24. The output responses were compared to the predicted values by 

the models for the same conditions to validate the model results. The width of the weld 

bead was measured at five positions in order to measure the average lateral fusion.  

Average lateral fusion = [(1747) + (1780) + (1708) + (1693) + (1648)]/5=1715 μm 

Average overlap shape factor =  

              [(1700- 1596)/2 + (1556-1460)/2+(1880-1675)/2+(1712- 1581)/2]/4 = 67.4 μm 

The integrity percent can be calculated by calculating the area of voids or ‘miss–

integrity’ in the total weld bead area; The area of the miss-integrity      0.3mm
2 

, the total 

welding bead area   12 mm
2
, and the percentage of miss-integrity = 2.5%. Consequently, 

the output of the optimum integrity percent is 97.5%. The number of passes required for 

filling the gap was six, as shown in Figure 6-23. 

 

 

 

 

 

 

 

 

 

Figure 6-24   Optimum bead cross section 

The surface color was golden yellow as shown in Figure 6-25. According to the surface 

oxidation colour chart, the corresponding surface chemistry integrity is 95%.  
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Figure 6-25 Optimum condition surface bead colour 

A stress-strain curve was developed to evaluate the weld joint relative to the optimum 

welding parameters for a standard tensile samples with gauge length = 30 mm. The 

results were compared to base material and another welded joint with different welding 

parameters as follows: wire feed rate = 17 mm/s, power = 802.5 W, and traverse 

speed=7mm/s, and to. The actual ultimate tensile strength for the welded joint produced 

with optimum parameters was 625 MPa, and the failure occurred in the base metal, as 

shown in the stress-strain curve in Figure 6-26.  

A sample welded in non-optimum conditions was produced, and failed in the weld 

region with an ultimate tensile strength of 555 MPa. The predicted value of strength 

under non-optimum welding parameters was 551 MPa, due to the lower value of 

predicted weld bead integrity, 83%. Mechanical behaviour of the welded joint will be 

investigated in details in the next chapter. 

 

Figure 6-26 Stress strain behavior of different welding conditions 
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The values predicted by the model for each response, and the experimental values, are 

compared in Table 6-11 in order to evaluate the reliability of the modelling. The model 

achieved an average accuracy of more than 96%.  

Table 6-11 Comparison of measured and predicted responses 

 

6.4.1 Model verification with different thicknesses 

The verification test for the optimum results was extended to the welding of thicker 

sections. The optimum parameters from the model were used for welding 10 mm and 20 

mm thick AISI grade 316L stainless steel plates with a gap width of 1.5 mm. Figure 

6-27a shows the resulting weld cross-section for the 10 mm thick weld - ten passes were 

required to fill the gap. There was no evidence of a lack of fusion, or oxidation between 

weld passes, the average overlap shape factor was 85 µm, with the average lateral 

fusion value being 2 mm. Figure 6-27b shows the resulting weld cross section for the 20 

mm thick weld. Twenty two passes were required to fill the gap. The average overlap 

shape factor was 57 µm, with the average lateral fusion value being 2 mm. All results 

have been validated against ISO 13919-1 for laser welding. 
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                                   a - 10 mm cross section                    b- 20 mm cross section     

Figure 6-27 Narrow gap welding of thick sections  

6.5 Statistical modelling for autogenous laser welding  

The experiments described previously were developed to weld without a back plate, as 

shown in Figure 6-27. The shape and detailed dimensions for the developed welding 

cross section of the NGLW technique is shown in Figure 5-13. The NGLW welding 

process consists of two welding techniques; the first pass is an autogenous laser welding 

pass (without wire feeding), to create the gap as shown in Figure 6-28a; this is followed 

with a multi-pass filler wire welding technique. Figure 6-28b shows the welding after 2 

filling passes.  

 

 

 

 

 

   

 

    

 

 a) First pass autogenous laser welding          b) multi filling pass with wire  

Figure 6-28 Narrow gap laser welding configuration 
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Another statistical model experimental set was implemented for optimizing the 

autogenous laser welding pass parameters, and bead on plate. The optimization 

responses were: weld bead homogeneity, penetration depth of the welding, and surface 

cleaning against oxidation. The control parameters were: power, welding speed, gas 

flow rate, and focus position.   

6.5.1 Levels of variables  

Table 6-12 Factor levels 

 

Variable  
Level 1  

(-α)  
Level 2  

(-1)  
Level 3  

(0)  
Level 4  

(1)  
Level 5  
(α)  

Focus position[mm]  -1  0  5  10  11  

Power[w]  565  600  775  950  985  

Speed[mm/s]  3.5  5  12.5  20  21.5  

GFR [l/min]  3.5  5  12.5  20  21.5  

 

Due to the number of factors involved, the number of axial design points was 8, and the 

factorial design points were 16, and an additional centre design point. Two runs were 

applied at each point, except for the central point where four runs were applied in order 

to produce better confirmation; the total number of experimental runs was 52. All of the 

constructed models follow the same procedures as discussed in detail previously for the 

NGLW statistical model. 

6.5.2 Criteria for optimization and results 

The optimization targets were based on three criteria according to the previously 

discussed models: maximize the penetration depth, maximize the weld bead integrity 

(percentage free of porosity), and maximize the surface cleaning.  

According to the optimization criteria Table 6-10 , shows the first solution for the 

optimum parameters related to maximum desirability. 

Table 6-13 Optimization results 

Parameter 

/ Response 

Focus 

[mm] 

Power 

[W] 

speed 

[mm/s] 

GFR 

[l/min] 

Width 

μm 

Depth 

[μm] 

bead 

integrity 

% 

Surface 

cleaning 

% 

Desirability 

% 

Value 0.00 950 30 15 1423 2120.8 88.9 83.21 0.87 
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Figure 6-29 a shows the desirability function shape; the desirability is improved at focus 

distances near to zero, and at high power in order to get the maximum power intensity. 

The improvement range was limited due to increased optimization criteria, and in 

particular this highlights the importance of the depth, and weld bead homogeneity 

criteria.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-29 Desirability shape function  

The result of the optimum parameters for bead on plate welding is shown in Figure 

6-30a, and for autogenous laser welding is shown in Figure 6-30 b. Both results show 

more than 2 mm penetration depth with approximately no porosity.  Figure 6-27 shows 

the final results for the combined welding without back plate and with optimum 

parameters. The root pass is fully penetrating 1.5 mm depth with no evidence of 

porosity or lack of fusion for 10 mm and 20 mm thick samples. 
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        a) Bead on plate          b) Autogenous laser butt weld  

Figure 6-30 Bead shape for optimized welding without wire  

6.6 Summary  

This chapter described the development of a statistical model for the control and 

optimisation of welding parameters for the NGLW technique for different thicknesses.   

The over-all weld bead quality is evaluated through predefined responses.  

The model demonstrated the significance of the welding control factors (power, wire 

feed rate, and welding speed), on the quality evaluation responses such as; number of 

filling passes, overlap shape factor, weld joint strength, weld bead integrity, surface 

chemistry integrity, and weld bead width. 

The results of the multi objective optimization show that, increasing the power and 

decreasing the wire feed rate at high speed will improve the overall desirability 

function. The optimization results have been validated by graphical optimization. The 

results of both methods show a very good correlation. 

The optimization results of the model have been verified with different thickness plates 

5, 10, 20 mm. The present investigation has clearly demonstrated that significant 

improvements in weld quality can be achieved through the use of statistical modelling 

and multi-variable optimization. 

Finally, a statistical model was developed to control and optimize autogenous laser 

welding for the root pass. The optimization results show that, increasing the power at 

high welding speed will satisfy a required penetration for root pass with no evidence of  

porosity or lack of fusion. 



Chapter 7 Welding processes microstructures and mechanical behaviour 

151 

 

CHAPTER 7. COMPARISON OF MICROSTRUCTURES 

AND PRODUCTIVITY OF NGLW, GTAW, COMBINED 

AND AUTOGENOUS LASER WELDS 

7.1 Introduction 

In this chapter the developed macrostructures and microstructures for the different 

welding techniques considered are presented, with special attention being paid to the 

multi-pass GTAW and multi-pass NGLW techniques. The heat input was calculated for 

each welding technique in order to understand the relationship between the heat input 

and welding parameters of the welded joint, and the developed microstructure. The 

productivity of each welding technique is discussed. The influence of welding 

parameters and developed microstructure on the mechanical properties of each welded 

joint was investigated.  The influence of welding strategy (one side welding, and two 

sides welding) on the productivity of welding technique is introduced.   

7.2 Welding techniques   

In this chapter, four different welding techniques will be considered: 

1- Autogenous laser welding will be applied for thicknesses of (3, 10, 20) mm.   

2- NGLW will be applied for thicknesses of  3, 5, 10 and 20 mm.  

3- GTAW will be applied for thicknesses of  3, 10 and 20 mm. 

4- Combined laser and arc welding of 10 mm 

7.2.1 Welding of 3 mm thick plates 

7.2.1.1 Autogenous laser welding of 3mm thick plates 

An optimization process for autogenous laser welding parameters was reported in 

Chapter 6. The optimization criteria were to improve the weld homogeneity and to 

maximize the penetration depth. The optimum parameters (results of optimization) was 

used for the welding of 3 mm-thick plates with a 1 kW fibre laser as shown in Table 

7-1.   
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Table 7-1 welding parameters 

 

 

 

 

 

 

The joint preparation is shown in Figure 7-1 a. The welding bead is shown in Figure 7-1 

b. The average bead width was 522 μm at the surface and 316 μm at the root; two passes 

were used. The weld was seen to be homogeneous with no porosity.  

The energy transfer efficiency (ETE) is the ratio of power absorbed by the weld joint, to 

the total laser power. The recommended ratio for low-speed laser welding is 0.15 for 

conduction mode, and 0.5-0.65 for keyhole mode [168, 169] % .  

Total Heat input =  𝑁 𝑚𝑏𝑒𝑟 𝑜   𝑎  𝑒   Energy Transfer Efficiencies  

                                                
     

             
   [J/mm]                                        (7.1) 

If the weld was performed with a single welding technique, the heat input per each pass 

can be calculated as following: 

                          Heat input per pass = 
                 

                
                             (7.2)    

Consequently:  

Total heat input for autogenous laser welding technique for welding 3 mm thickness 

(two laser passes) = (2 x 0.5 x 1000/30) = 33.33 J/mm.  

Heat input per pass = 
     

 
  = 16.66 J/mm  

 

 

 

 

 

 

Welding variables 

Power [w] 1000 

Speed [mm/s] 30 

GFR [l/min] 15 

Focus [mm] On surface 
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          a) Joint prepare (flat face)              b) Weld bead shape 

 Figure 7-1 Optimum welding cross section (Autogenous laser welding 1 kW power) 

7.2.1.2  NGLW of 3 mm thick 316L plates  

Three passes were required for filling the gap using this technique; the first pass was the 

root pass, using the autogenous laser welding condition, followed by two filling passes 

with the filler wire.  

 

 

 

 

 

a) Joint preparation            b) Weld bead shape 

Figure 7-2 NGLW of 3 mm thick 316L stainless steel 

The parameters used for the root and filling passes were selected from the optimized 

results for autogenous laser welding and filling passes models defined in the previous 

chapter. Figure 7-2 shows the weld joint preparation and weld bead shape. The welding 

results show no weld defects (porosity or lack of side fusion). The heat input during the 

welding process is calculated as follows: 

NGLW heat input = 0.5* [(1000/30) +2 (912/9.5)]= 109 J/mm 
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   Table 7-2 Welding parameters  

Root pass autogenous welding variables  

Power [w]  1000 

Speed [mm/s]  30 

GFR [l/min]  15 

Focus [mm]  On surface 

Standoff distance[mm]  8 

Filling passes NGLW variables   

Power [w]  912  

Speed [mm/s]  9.5  

GFR [l/min]  30  

Wire Feed [mm/s] 18  

Standoff distance [mm]  8  

 

 

 
7.2.1.3 GTA welding of 3 mm thick 316L plates 

The preparation for the GTA welded joint is shown in Figure 7-3. Two welding passes 

were required for filling the prepared gap. Figure 7-3 shows the welding bead results, 

with weld bead sizes ranging from 3168 μm at the root to 4440 μm on the upper surface.  

 

  

 

 

 

 

 

Figure 7-3 Joint preparation and bead shape for GTA welding 

The GTA welding parameters are shown in Table 7-3. Average value for energy transfer 

efficiency (ETE) of GTA welding is 75% [170].        

Heat input to the GTA welding =   0.75[   
      

    
  +

      

   
 ] = 0.75[351.88+ 364] = 536.9 J/mm.  

Table 7-3 GTA Welding variables 

Volt 
Current 

[A] 

Wire 

feed[mm/s] 

traverse 

speed [mm/s] 

Gas flow 

rate [l/min] 

8.5 77 3.1 1.86 12 

9.1 84 2.84 2.1 12 
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7.2.2 10 mm thick 316L plates welds  

GTA welding, NGLW and autogenous laser welding techniques were carried out on a 

sheet thickness of 10 mm. Two strategies were investigated; single side welding and 

welding from two sides. 

7.2.2.1 Welding strategy from one side  

Figure 7-4 a shows a schematic drawing of the weld joint preparation of NGLW 

technique, and Figure 7-4 b shows the joints preparation for the GTA welding 

technique. The autogenous laser welding was a face-to-face butt weld. 

 

 

 

 

 

            (a) NGLW                           (b) Arc welding                (c) Combined welding  

Figure 7-4 Joint preparation for welding 10 mm thick plates 

 

     a- NGLW             b - GTA welding             c-Autogenous    d- Combined laser- GTA 

Figure 7-5 Bead cross section of 10 mm thickness welding 1 side 

Figure 7-5 a shows the weld bead cross section for the NGLW optimum condition, 

which is discussed in detail in chapter 6. Figure 7-5 b shows the GTA welding bead. 

Twelve passes were required for the GTA welding technique to fill the gap with the 

following parameters: average voltage 11 - 11.5 V, current 120 - 140 (A), wire feed rate 

260 mm/min, average traverse speed 128 mm/min, and gas flow rate 10 l/min. Figure 

7-5 c shows the weld cross section for the autogenous high power laser welding 
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(HPLW) technique. The weld was completed in one pass with a power 7.5 kW fibre 

laser and a speed of 8.5 mm/s. Combined laser-arc welding technique is a new welding 

technique. The objective of the study was to improve the productivity using limited 

laser power for welding root passes and decrease the number of GTA welding filling 

passes. 4 passes only were required to complete the combined welding gap plus 2 laser 

welding passes for the root as shown in Figure 7-5 d. Developed stress, productivity, 

heat input, and distortion behaviour of this technique will be evaluated and compared to 

other welding techniques in the following chapters. Table 7-4 shows the heat input to 

the weld bead for the four techniques.  

Table 7-4 Heat input for 10 mm welding techniques 

Welding technique No of pass Heat Input to weld joint [J/mm]/pass 

GTAW  12  604 

NGLW  (1 root + 9 filling)  47 

 Autogenous HPLW  1 450 

Combined laser arc   

 

2 passes(laser) +    4 filling 

passes (GTAW) 

Laser GTAW 

17 415 

 

7.2.2.2 Welding strategy from both sides 

 
      a – NGLW  b- combined laser and arc welding       c - GTA welding 

Figure 7-6 Bead cross section of 10 mm thickness welding from 2 sides 

Three different welding techniques were investigated for welding the 10 mm-thick 

plates from both sides; the methods were NGLW, combined arc and laser welding, and 

GTA welding, as shown in Figure 7-6. Joint preparation for the welding processes was 

similar to the previous single-sided strategy shown in Figure 7-4. However, the root 
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shape for the two-sided process was in the middle of the joint, and gap machining was 

also from both sides. 

The weld joint required three passes from each side, plus the root pass, for completion 

using the NGLW technique, whilst it needed three passes from each side for the GTA 

welding technique, and two passes from each side for the combined laser-arc welding 

technique. The heat input for each welding technique is mentioned in Table 7-5.   

Table 7-5 Heat input for 10 mm thickness plates 

Welding technique No. Of passes Heat Input to weld joint 

[J/mm]/ pass GTAW  6  511 

NGLW 6 51 

Combined laser  arc welding  2 laser root passes +            

2 filling GTAW  18 laser   361 GTAW 

7.2.3 20 mm thickness welding evaluation study 

Five different welding techniques were evaluated for a plate thickness of 20 mm. Figure 

7-7 a and b show GTA and NGLW welded samples respectively, which were produced 

with the two-sided welding strategy and Figure 7-7 c and d show samples welded with 

GTA welding and NGLW, respectively, produced with the one-sided welding strategy. 

Finally, a 2-sided HPLW sample is shown in Figure 7-7e. 

 

 

 

 

 

 

 

 

     

Figure 7-7 Welding techniques for 20 mm thick plates 

(a) Two sided GTA welding, (b) Two sided NGLW, (c) one side GTA welding, (d) one side 

NGLW (e) Two sided autogenous laser welding 
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The results are shown in Table 7-6. The welding parameters for NGLW technique 

following the optimization results as mentioned in chapter 6. HPLW parameters similar 

to 10 mm thick plates welding as mentioned in section 7.2.2.1. The average welding 

parameters for arc welding process were: average voltage 10 – 10.4 V, current 110 – 

120 (A), wire feed rate 260 mm/min, average traverse speed 130-140 mm/min, and gas 

flow rate 10 l/min.   

Table 7-6 Heat input for 20 mm thickness plates 

Welding technique Number of passes 
Average 

heat input/ pass[J/mm] 

GTA (2 sides) 34 305 

NGLW (2 sides) 20 42 

GTA (1 side) 52 388 

NGLW (1 side) 23 48 

HPLW (2 sides) 2 450 

7.3 Microstructure  

Figure 7-8 shows the microstructure of samples welded with GTA welding, NGLW, 

autogenous high power laser welding, and autogenous low power laser welding. There 

is a visible difference in the microstructure and dendrite spacing for each welding 

technique. The developed microstructures are dependent on alloying elements, 

solidification behaviour, and thermal cycles in different welding processes. The 

solidification and microstructure have a direct influence on the mechanical properties, 

corrosion behaviour and hot cracking behaviour of the weld bead, as will be disused in 

detail in the following section. 

The laser weld fusion zones, NGLW~ 2 mm and autogenous laser welding 1-5 mm are 

significantly narrower than those for the GTAW fusion zone (10-50 mm). These 

different widths and fusion areas are attributed to the different welding speeds and heat 

inputs in the different welding methods, and different requirement for joint preparation 

(width and slope of the gap).  

Columnar dendrites extend from the fusion boundary to the weld centre, with different 

dendritic spacing, as shown in Figure 7-8. The equiaxed dendrite region is developed in 
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the centre of the fusion zone, with different sizes according to heat input and cooling 

rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

     (a)                    (b)                     (c)               (d) 

Figure 7-8 Optical micrographs of different welding techniques 

(a)GTA   (b) NGLW   (c) 7.5kW laser welding    (d) 1kW autogenous laser welding 
 

 

The microstructure of the autogenous HPLW sample has the highest directionality of 

the columnar region at weld bead boundary, around the axis of the laser beam, as shown 

in Figure 7-8c. This is due to solidification of the weld metal at higher cooling rates, 

compared to that of conventional GTA welding [80]. The NGLW technique exhibits a 

special directionality in the columnar region of the weld bead at the centre of each bead, 

and an equiaxed structure region is developed in the weld bead centre, with a finer 

dendritic spacing with respect to GTA, as shown in Figure 7-8b.   

Low power, high speed autogenous laser welding shows a high directionality of the 

columnar region around the axis of the laser beam with the finest microstructure and 

very narrow equiaxed region in the weld centreline as shown in Figure 7-8 d. 
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Figure 7-9 SEM micrographs for different welding processes 

 

Figure 7-9 shows a SEM-magnified microstructure for different welding techniques. 

The average dendrite spacing in GTA welding is equal to 10-15 µm, as shown in Figure 

7-9 a.  

The sample prepared with NGLW has a slight change in the dendrite arm spacing. The 

finest arm spacing is seen in the root passes. The dendrite spacing  gradually increases 

(becoming coarser) towards the upper surface weld bead, due to different cooling rates 

between the initial passes at the root, and the final passes near to the weld top surface. 

Generally, the average dendrite spacing range is 3-8 µm, which is larger than the value 

for autogenous laser welding, as shown in Figure 7-9 b.  

The welding speed and power of laser welding have a significant influence on the 

dendritic structure of autogenous laser welding [171]. Figure 7-8 c and d show 

autogenous laser welding with a power of 7.5 kW and a speed of 8.33 mm/s, and at a 

power of  1 kW with a speed 30 mm/s, respectively.  The measured secondary dendrite 

arm spacing is very fine and was estimated to be 2–4 µm, as shown Figure 7-9c, while 
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for the 1 kW power laser welding the dendrite spacing increased to 4-10 µm as shown 

in Figure 7-9 d. 

7.3.1 Heat Affected Zone (HAZ)  

There is no apparent transition zone and HAZ near to the fusion boundaries in 

autogenous laser welding and NGLW. Due to high welding speed and low heat input to 

the weld joint, as shown in Figure 7-10, the cooling rate is increased; the grains in the 

HAZ region have no time to grow. Therefore the HAZ is very narrow. On the other 

hand, the HAZ in GTA welding is very large as shown in Figure 7-10 b, due to lower 

welding speed and high heat input, and low cooling rate. This leads to an increase in the 

size of the grains near to the welding bead, which leads to the formation of the HAZ; 

the HAZ width in GTA welding is 150-450 µm, depending on the welding parameters 

and sequence of welding passes.  

                  (a) NGLW                                       (b) GTA welding               (c) Autogenous laser welding 

Figure 7-10 HAZ of different welding processes    

7.4 Cost and productivity of different welding techniques 

 Welding productivity is the measure of efficiency of the welding process. The general 

definition of the welding process productivity or efficiency is the output divided by the 

input to the process. The output could be the number of products, profit. The input 
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could be the time of the process, and the cost of the process which includes the man 

hour required for operation, labour wage and consumables and welding joint preparation 

(simple or complex). The most common definition of the productivity is the number of 

output products per unit time.  

The labour and overhead portion of the actual cost of welding is generally between 60 

to 70 percent of the total cost [172]. Consequently decreasing the processing (welding) 

time and joint preparation time will improve the productivity of the process.  

The 10 mm thick plates welding were evaluated for different welding processes 

productivity in terms of productivity and cost. In order to calculate the welding time for 

10 mm thick sample for each welding technique the welding speed and length of 

welding pass have to be defined. The sample dimensions are the same for all welding 

techniques as shown in Figure 7-11. 

 

 

 

 

 

 

 

Figure 7-11 Welding specimen dimensions 

The welding time was calculated for the autogenous HPLW, NGLW, combined arc 

laser welding, and GTAW welding techniques according to next equation.  

        Welding time =  (length  of welding pass /  speed) * number of passes 

The following section will investigate a case study for evaluating the productivity of 

different welding techniques in terms of processing (welding) time.   
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7.4.1 Productivity of one sides welding strategy  

(Case study for welding 10 mm thick plate) 

a) Autogenous HPLW 

The welding for 10 mm plate thickness with high power laser welding technique was 

done in one pass, as shown in Figure 7-5, using the following parameters: 

Welding speed = (8.33 mm/s), number of passes is one pass. 

Welding time = (150 / 8.33) = 18 (s/item). 

b) NGLW 

Root pass parameters - welding speed = 30 mm/s, number of passes =1. 

Filling passes parameters - welding speed = 9.5 mm/s, number of passes 9.  

Total welding time = ((150 / 9.5) x 9) + ((150/30) x 1) = 147 s/item. 

c) Combined laser-arc welding 

The welding bead shape is shown in Figure 7-5 d. 

Two root laser welding passes with welding speed = 30 mm/s. 

4 GTA welding filling passes with welding average speed = 1.9 mm/s. 

Total welding time per item = (150 / 1.9) * 4 +   (150/30) * 2 =   325 s/item. 

d) GTAW 

Welding speed = 2.1(mm/s), number of passes is 12 passes. 

Welding time = (150 / 2.1) * 12 = 857.142 (s/item). 

Joint preparation for HPLW is considered as the most simple amongst the techniques 

considered; both GTAW and NGLW need special preparation for the joint, as shown in 

Figure 7-4. Consequently the shortest total welding times will be for HPLW, then 

NGLW and finally GTAW. Alignment of the workpiece for HPLW may require more 

time, but it is insignificant in comparison with much shorter preparation time; a better 

alignment fixture could be designed to decrease or eliminate this time, especially for 

mass-production. 
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7.4.2 Productivity of two sides welding strategy 

a) NGLW  

The weld needed two root passes with autogenous parameters, and 3 filling passes from 

each side, as shown in Figure 7-6a. The filling pass parameters were: welding speed = 

9.5 mm/s and number of passes = 6. The root pass had a welding speed = 30 mm/s, 

number of passes = 2.  

Total welding time per item = ((150 / 9.5) x 6) + ((150 / 30) x 2) = 104.73 s/item 

b) GTAW 

The weld joint needed 3 filling passes from each side, as shown in Figure 7-6 b, with 

the following parameters: 

Average welding speed = 2.05 mm/s, number of passes = 63. 

Total welding time per item = (150 / 2.05) x 6 = 439 s/item. 

c) Combined laser-arc welding  

The weld joint is shown in Figure 7-6 c. The welding passes were performed with two 

root laser welding passes with welding speed = 30mm/s, and 4 filling passes were 

performed with welding speed = 2.55 mm/s.  

Total welding time per item = ((150 / 2.55) x 4) + ((150/30) x 2) = 245 s/item. 

Combined laser-arc welding represents an improvement in the welding time with 

respect to GTAW, due to the use of laser welding for a high-speed root pass. The main 

advantage for the technique is improved productivity without need for a very high 

power laser. The two-sided strategy generally shows an improved welding time, and 

consequently improved productivity with respect to the single-sided strategy. The time 

reduction for two-sided NGLW is 29% with respect to one side strategy and 49% for 

both two-sided GTAW, and 24% for combined laser arc welding, as shown in Table 

7-7.   
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Table 7-7 Welding time evaluation for different welding strategies 

Process 

NGLW GTAW 
Combined 

Laser-arc welding 

1 side 

strategy 

2 sides 

strategy 

1 side 

strategy 

2 sides 

strategy 

1 side 

strategy 

2 sides 

strategy 

Welding time / s 147 104.7 857.1 439 325 245 

Time reduction of 

2-sided strategy  

compared to one side 

29 % 49 % 24 % 

7.5 Summary  

This chapter includes a microstructure evaluation for NGLW, GTAW, autogenous laser 

welding, and base material. It also investigates the productivity of each welding 

technique in terms of welding time, and the influence of the welding strategy on the 

productivity.  

The results show that, autogenous laser welding shows the finest dendritic micro 

structure with respect to other welding technique. 

Both NGLW and autogenous laser welding show a very small heat affected zone with 

respect to GTAW. 

The productivity of autogenous laser welding is the highest with respect to other 

welding technique. 

NGLW productivity is higher than productivity of GTAW for all welding strategies. 

Productivity of two sided welding strategy has a better productivity with respect to one 

side strategy.
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CHAPTER 8. MECHANICAL ASSESSMENT OF 

NARROW GAP LASER WELDING OF 316L STAINLESS 

STEELS 

8.1 Introduction    

Austenitic stainless steel alloys are widely used materials in both high and low 

temperature industrial applications, due to their superior corrosion resistance and 

mechanical properties  [77, 173]. These alloys are also used extensively in heat-resistant 

structural components in power generating and chemical industries, as a result of their 

metallurgical stability, excellent corrosion resistance, and good creep and ductility 

properties at elevated temperatures. AISI type 300 series stainless steels are the most 

widely-used structural alloys for cryogenic applications because they also exhibit 

excellent mechanical properties such as high strength, ductility, and fracture toughness, 

as well as low magnetic permeability[18]. 

The welding process has a very significant influence on the material properties. The 

metallurgical influences of cold working and thermal aging during the welding process 

can degrade mechanical properties such as ductility, strength, fracture resistance, 

hardness. The cooling rate during the welding process influences the ferrite percentage 

at the weld bead region, which has a significant effect on the mechanical characteristics 

of the base material [18, 78]. Some previous studies have investigated the influence of 

GTAW on the mechanical behaviour of the austenitic stainless steel [77]. However the 

detailed mechanical properties of NGLW technique have not been previously 

investigated in much detail.  

This chapter presents a study on the influence of welding parameters and procedures on 

the mechanical properties for 316L steel welds.  A comparison was made with the base 

material properties, in order to investigate the advantages and disadvantages of each 

welding technique.  The NGLW properties were also compared to the results for 

material joined with GTAW. The mechanical evaluation includes tensile strength, 

bending strengths, toughness, fatigue, and hardness measurements, of the different 

welds and the base material. 
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The welding parameters were derived from the optimization results of the statistical 

model as discussed in detail in the previous chapter. Specimens for tensile strength, 

fatigue, bending, and Charpy tests were extracted from the welded workpiece, according 

to relevant ASTM standards. Figure 8-1 shows the position of different testing samples 

with respect to the weld bead.  

 

 

 

 

 

 

 

 

Figure 8-1 Position of testing samples with respect to weld bead 

8.2 Stress strain performance of different welding techniques (Tensile 

testing) 

Tensile testing samples were prepared for the base material, and also for the different 

welding techniques. The welded parameters are according to optimum conditions [14], 

discussed in details in the previous chapter. Three separate tensile test specimens were 

prepared for each welding technique in order to minimize errors and improve the 

reliability of the results. The samples were prepared according to ASTM E8M-04 

guidelines [174] as shown in Figure 8-2. The samples thicknesses were 3 mm, and the 

strain rate was 0.02 mm/s.  
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Figure 8-2 Dimensions of sub-size tensile specimen, all dimensions are in ‘mm’ 

The results of tensile tests of all NGLW samples showed failure in the base metal, not in 

the weld itself. This result is related to the optimum welding parameters for the NGLW 

technique according to previous statistical model results. The failure of the GTA 

welding technique was also in the base material.  

 

 

 

 

 

          

 

 

 

 

 

 

Figure 8-3 Tensile testing samples for NGLW technique 

Figure 8-4 shows a decrease in the strain for NGLW and GTAW compared with that of 

the base material. The failure strains were 41%, 44%, and 43% for autogenous laser 

welding, NGLW, and GTAW respectively, while the base material shows a total strain 

70% at failure as shown in Figure 8-4.  

The values of the ultimate strength for both welding techniques were higher in 

comparison with the strength of the base metal.  
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The values of the weld strength for the GTAW technique were investigated previously 

for AISI 316L stainless steel; the average tensile strength results were 582-640 MPa 

[175]. The results of the ultimate tensile strength for base metal, GTAW, autogenous 

laser welding, and NGLW are 607, 632, 621, 670 MPa respectively, as shown in Table 

8-1.  

 

Figure 8-4 Cross-weld stress strain curve for different welding techniques 

Different welding thermal cycles lead to phase transformation i.e. a change of the ferrite 

to austenite ratio.  Improving the power density in laser welding leads to an increase in 

the welding speed, consequently decreasing the heat input to the weld joint. A higher 

laser welding speed lead to a finer grain size in the welded region compared to that of 

GTAW.  

X-ray diffraction (XRD) analysis was used for investigation of the ferrite percentage in 

the weld beads. The results show that the average ferrite percentage was 3.64% for the 

GTA welding bead, and 1.5 % for NGLW, and in autogenous laser welding it was less 

than 1%. A previous study investigated the influence of delta ferrite on the weld joint 

strength [176]; the results indicated that the influence of small delta ferrite content 

variation in the specimens of the different welding techniques had a little impact on the 

joint strength, due to the smaller difference in delta ferrite percentage.  

The grain size refinement in laser welding was found to have a more significant effect 

on the stress-strain behaviour than the delta ferrite percentage, as shown in Figure 8-4.  
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Grain boundaries are considered as pinning points impeding further dislocation 

propagation. The lattice structure of any adjacent grains has a different orientation. It 

requires more energy for a dislocation to change directions from grain to the adjacent 

one. Decreasing the grain size will increase the number of direction change and 

consequently impede any progress of any dislocation. 

Table 8-1 Tensile testing results 

Materials 
Filler 

materials 

Welding 

methods 

Ultimate 

Tensile 
strength, 

σu, (MPa) 

Yield 

strength,σy, 

(MPa) 

% 
elongation 

316L ER 316L 

NGLW 670 385 44 

Autogenous 

laser weld 
621 382 41 

GTAW 632 375 43 

Base (316L) 607 302 67 

8.3 Bending test  

The bending test is a destructive test to measure the weld quality and ductility of the 

weld region; the test is performed in accordance with ASTM E190-92. The testing 

instrument was an Instron compression tester with a capacity of 2000N, as shown in                          

Figure 8-5. The span distance was 40mm, the plunger diameter was 10mm with a 

compression rate of 2mm/min, and the bending angle was 180º. The bending test at 

room temperature showed no cracks or defects for all joints made with NGLW and 

GTAW. Two further samples were polished with 2500 grit sandpaper before performing 

the bending test, in order to show clearly any defects which may have been initiated in 

the weld region during the testing, as shown in                          Figure 8-5. These results 

indicate that the two samples prepared using NGLW and GTAW were free of defects 

and had reasonable ductility. 



CHAPTER 8. MECHANICAL ASSESSMENT OF NARROW GAP LASER WELDING OF 316L STAINLESS STEELS 

171 

 

 

                                (a)     (b) 

                                              Figure 8-5 Bending test  

a) Instron compressing tester    b) GTAW-NGLW bending samples 

Figure 8-6 shows the bending test results for the different welding techniques; side- 

bending test and face-bending test results for NGLW of 10mm-thick plates are shown in  

Figure 8-6a. Results for autogenous laser welding, GTAW and NGLW for 3mm-thick 

samples are shown in Figure 8-6 b, c, d respectively. All of the welded samples had a 

180
o
 bending angle. The optical microscope monitoring of the samples show no defects 

or cracking appeared, which implies that they represent a sound weld with very good 

ductility behaviour.   

 

Figure 8-6 Bending test results for different weld samples 

(a)Face –side bend of 10 mm NGLW thick plates (b) Autogenous laser weld of 3 mm thick 

plates (c) GTAW of 3 mm thick plates (d) NGLW 3 mm thick plates 
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8.4 Fatigue test results 

The influence of NGLW and GTAW on high-cycle fatigue behaviour was studied, and 

the results were compared to base material properties. The influence of delta ferrite on 

the fatigue properties was investigated also at cryogenic temperatures, in order to 

evaluate the long-term reliability of each welding technique, for use in the manufacture 

of power generation plant.  

Fatigue tests were conducted according to the guidelines given in ASTM E 466; the test 

specimen is shown in Figure 8-7. The thickness of the sample was 3 mm. All testing 

was done with a 100 kN capacity servo-hydraulic tester, an MTS Instron, model 4507. 

Testing was performed with a sinusoidal cyclic load at a frequency of 10 Hz. The load 

ratio R, that of minimum to maximum load was 0.2. The equivalent fatigue strength 

specified for AISI 316L stainless steel, in the rolling direction = 430 MPa. The 

experimental results for base material were very similar to previously investigated 

results [19]. The average measurable fatigue life in the present study was restricted to 

1.5x10
6
 cycles due to limitations related to long-term testing.  

 

 

 

 

 

 

 

 

 

Figure 8-7  NGLW fatigue specimens   
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All the samples welded with both the NGLW and GTAW techniques generally showed 

a high resistance to fatigue stress - the fatigue specimens failed at the weld bead. This 

failure may be due to micro-defects in the weld, or deterioration of the weld region 

strength. The results show a slight shift of S-N curve of the base material as compared 

to previous investigations for 316L [177] toward lower levels of cycles for all 

investigated welding techniques, however this shift is considered insignificant. The 

endurance limit for the NGLW technique was 422 MPa, and for GTAW it was 415 

MPa, and 403 MPa for autogenous high power laser welding as shown in Figure 8-8. 

HPLW represents the lowest endurance limit due to presence of micro-voids, which act 

as stress concentration sites in fatigue tests and cause lower fatigue resistance. The 

fatigue crack initiation sites could be at very small blowholes or defects, which may be 

very difficult to detect [19].  

The presence of micro-voids on the results was minimized by the use of an ultrasonic 

detector for evaluating the welding defects. Moreover, the welding parameters of the 

NGLW technique were optimized according to the statistical model results in [14], to 

decrease the influence of voids on the results . 

 

Figure 8-8 Fatigue behaviour for different welding techniques 

A previous study for AISI 316L stainless steel indicates that the weld-pass interfaces are 

the most critical place for crack initiation, but the influence of δ delta ferrite on the 
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high-cycle fatigue properties was not clear [177]. The results of NGLW experiments 

show that most of the delta ferrite phases are concentrated at the weld-pass interface 

boundaries, as shown in Figure 8-9. Change in delta ferrite concentration is believed to 

be another reason for crack initiation, due to decreased toughness and a low ductile- to-

brittle transformation temperature.  

 

Figure 8-9 Delta ferrite phase concentration areas in welding bead pass 

8.4.1 Surface fracture behaviour of welding techniques–base material 

Figure 8-10 shows the fracture surface results for NGLW, GTAW, HPLW, and base 

material. None of the tested specimens for different welding techniques or base material 

showed any evidence of brittle behaviour; no flat or smooth polygonal grain facets 

(“rock candy”) are detected on the surface of the tested samples. This indicates that all 

of the fracture surfaces of the different samples exhibited ductile behaviour, with 

different extents.  

Room temperature fracture tests for three different samples were observed under SEM; 

this revealed failures for the base material and GTAW samples in familiar ductile 

‘dimples’ due to the close proximity of voids, which merge with the fracture surface 

[178, 179]. The fracture surface for base material samples showed a more complicated 

fracture surface, with many small inter-granular facets and very fine and small dimples; 

the GTAW samples also showed the same behaviour, but with slightly coarser dimples. 

Consequently, both samples exhibited ductile fracture by coalescence of micro voids, 

and a fracture micro-mechanism of ductile dimpled [179]. The fractures in the 

autogenous HPLW samples had relatively coarse dimples, and ductile tear ridges. This 

fracture behaviour indicates a reduced ductility with respect to the base material and 

GTAW techniques. The results of the fracture surfaces confirm the previous results for 
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the reduced ductility of welded samples with respect to base material, which has been 

discussed in tensile testing section as shown in Table 8-1.  

 

Figure 8-10 Fracture surface results 

8.5 Hardness evaluation  

The influence of NGLW, autogenous laser welding, and GTA welding on the hardness 

distribution across the weld joint is investigated. The cyclic hardening of material 

during welding process will be compared with these techniques. The extent of any 

work-hardening has a significant influence on the susceptibility of the welded joint to 

stress corrosion cracking [180]. The hardness of the welded specimens was determined 

using a Vickers micro-hardness tester. The load applied was 300g, and the loading time 

was 10 s. The hardness distributions are shown in Figure 8-11. The welding parameters 

for the three welding techniques are discussed previously in Chapter 7. The hardness of 

the NGLW sample had two peak values of ≈ 210 HV; the position of these peaks was 

approximately 1-2 mm from the welding centre line. The value of the hardness sharply 

decreased down to a steady value. The total hardened width was 10 mm. The hardness 

of the GTA–welded sample had a peak value of 264 HV, and a total hardened width of 

80 mm.  
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Figure 8-11 Hardness profile across different welding processes 

Autogenous laser welding with low laser power, and high speed has the most broad 

hardness distribution in comparison to the other welding techniques; the peak hardness 

value was 185 HV. This was mainly due to the high welding speed of 0.5 m/min 

consequently it had no accumulated plastic strain due to multi-pass welding processes. 

There are two main reasons for increased hardness in the GTAW weld fusion zone. An 

increased delta ferrite phase percentage in the GTA weld bead, compared to that of 

NGLW[83]. The second reason is the accumulated plastic strain due to multi-pass 

thermo-mechanical influence [181].    

In order to investigate the influence of the power and number of passes on the hardening 

behaviour of the NGLW technique, the hardness measurement was repeated for a 

NGLW specimen of 10 mm thickness with higher power 4 kW, welding speed 12 mm/s 

and filling passes 4 passes. Figure 8-12 shows the NGLW beads for different 

parameters. The average width of the weld beads was ~ 1 mm for low power higher 

number of passes, however it was ~ 1.75 mm for high power lower number of passes. 
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     (a) Power = 1kW, speed = 9.5 mm/s       (b) Power = 4kW, speed = 12 mm/s   

Figure 8-12 NGLW 10 mm thick plates with different parameters 

The peak value of the hardness was increased to 225 HV, and the hardened width region 

increased to 20 mm as shown in Figure 8-11. The results show that the power of the 

NGLW technique has a more significant influence on the width and magnitude of the 

hardened region than the number of filling passes. 

8.5.1 Micro-hardness characteristics of two-sided welds 

The distribution of hardness was investigated for the two-sided welding strategy. The 

results show M-shaped distributions for hardness in all cases (10 and 20 mm thick 

samples made with NGLW and GTAW processes) as shown in Figure 8-13. The 

welding parameters and number of filling passes were mentioned in detail in Chapter 7. 

The peak hardness values for the GTA welds in the 10 and 20 mm thick samples were 

approximately 255 and 260 HV respectively. The location at which the peak hardness 

arises is closer to the weld centreline for the 10 mm thick sample, being approximately 

5 mm away in comparison to an offset of approximately 8 mm for the 20 mm thick 

sample.  

The peak value of the hardness for the 10 mm thick NGLW sample with optimum 

welding parameters (according to results of optimization in chapter 6) was 

approximately 195 HV, while it is approximately 220 HV for the 20 mm thick NGLW 

sample. The peak hardness was offset from the centreline by approximately 2 mm at 

both thicknesses, as can be seen in Figure 8-13.  

The hardening peak of the two sided welding strategy for the 10 mm, 20 mm thick 

plates is lower than the peak of the one side welding strategy for both welding 



CHAPTER 8. MECHANICAL ASSESSMENT OF NARROW GAP LASER WELDING OF 316L STAINLESS STEELS 

178 

 

techniques. The overall hardening behaviour for NGLW shows a lower peak, and width 

of hardening region with respect to GTAW.   

 

Figure 8-13 Hardness distributions for 10 and 20 mm thick two-sided NGLW and 

GTAW samples. 

8.6 Estimation of Cumulative Plastic Strains in 10 mm Thick Welds  

The thermo-mechanical cycling that occurs during multi-pass NGLW and GTA welding 

is sufficient to produce plastic strain [182]. This could lead to the rupture of the 

protective oxide film and, if a crack is initiated, a sustained tensile stress at the crack tip 

is likely to lead to crack propagation [183]. Plastic deformation has a significant 

influence on the susceptibility to SCC for “L grade” austenitic stainless steels [182]. 

Consequently, an investigation into the influence of plastic strain upon the hardness was 

carried out in order to assist in estimating the cumulative plastic strains across the 

welded joints. A set of tensile tests was carried out on coupons extracted from the 

parent material, with the tests being terminated at progressively increasing levels of 

plastic strain (1%, 3%, 5%, 9%, 15%, 30%, 70 % point of failure). The hardness values 

across the samples were recorded. The results reveal a similar trend to that reported by 

Katayama et al. [182]. Figure 8-14 shows the plastic strain – hardness relationship in the 

stainless steel parent material. Each point on this graph was obtained by taking the 

average value of hardness, as measured on three separate tensile test specimens, for 

each value of strain. The plotted relationship was then used to relate the hardness that 

was measured at each point across the welded joint to an estimate for the cumulative 

plastic strain at that location. 
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In Figure 8-11 the maximum value across the 10 mm thick NGLW one side strategy 

was 210 HV. This value would correspond to an estimated cumulative plastic strain of 8 

% according to the data shown in Figure 8-14. The maximum value across the 10 mm 

thick GTAW sample was 260 HV. This value would equate to an estimated cumulative 

plastic strain of 19%. These results would suggest that the accumulated plastic 

deformation (or cold work) for the GTA welding process is higher than that in the 

NGLW. It could be inferred, therefore, that the GTA welding technique produces joints 

that will be more susceptible to SCC than the NGLW technique. This inference can be 

drawn from the combination of the higher residual stresses and the higher apparent level 

of plastic strain in the GTA weld. The double-sided welding strategy was also 

investigated using the same approach. According to the peak values of hardness shown 

in Figure 8-13, the accumulated values for plastic strain were lower for two-sided 

welding. For the 10 mm thick specimens the estimate for the accumulated plastic strain 

was 5% for NGLW while it was 15% for GTA welding.  

 

Figure 8-14 Variation in Vickers Hardness (HV0.3) with homogeneous strain in tensile 

coupons extracted from AISI grade 316L base material. The peak hardness values for 

the 10 mm thick single-sided, double sided NGLW and GTA welding techniques are 

highlighted to give an indication of the accumulated cold work. 
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These results suggest that a double-sided welding strategy will lead to lower levels of 

accumulated plastic strain. Clearly, there are limitations associated with the above 

analysis. For example, the plastic strain - hardness relationship in Figure 8-14 was 

established based on the results of uni-axial tension tests, which had been carried out on 

coupons that were machined from material that was nominally homogeneous. In 

contrast, welded joints are heterogeneous and they are often associated with highly tri-

axial stress states. Nevertheless, this analysis provides a useful qualitative comparison 

of the extent to which plastic strain is induced with each welding technique. 

8.7 Fracture toughness test 

Toughness is defined as the ability of a metal to deform plastically and to absorb energy 

in the process before fracture; in considering this definition, emphasis should be placed 

on the material’s ability to absorb energy before fracture. Charpy V-notch impact 

toughness tests were conducted for the base material, NGLW and GTAW samples, 

according to ASTM E23 procedures. The dimensions of the samples were 55x10x10 

mm, with notch depth of 2 mm, and the specimen length was oriented perpendicular to 

the length of the weld, with the notch at the weld centre line, as shown in Figure 8-15. 

 

  
 

        a standard dimension                b) position of testing section  

Figure 8-15 Charpy V-notch impact samples 

The results of the Charpy impact test for different welding techniques are shown in 

Table 8-2. The average toughness of the optimum condition NGLW sample was 

141.33J. This toughness value is very close to the base material toughness value. The 

GTAW sample represents slight lower toughness behaviour with respect to both NGLW 

and base material samples - the average GTAW toughness value was 134.3J. Decreased 

Position of welding 

bead 
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ductility of the welded joints is considered the main reason of the decreased toughness 

behaviour for both GTA welding, and NGLW joints.  

Table 8-2 Results of the impact test for the different welding techniques. 

Sample ID 
Consumed energy 

[ Joule] 
Notch toughness 

[J/cm^2] 

Base(1) 147 183.75 

Base(2) 142 177.5 

Base(3) 145 181.25 

 Average Base  144.6 180.3 

GTAW(1) 138 160  
GTAW(2) 132 165  
GTAW(3) 135 168  

Average GTAW  134.3  164 

NGLW(1) 136 170 

NGLW(2) 145 181.25 

NGLW(3) 143 178.75 

Average NGLW 141.3 176.6 

 

8.7.1 Fractography 

The test specimen was sectioned in the direction of the crack extension, and the crack 

extension path was examined with a scanning electron microscope (SEM). Figure 8-16 

displays the fractograph surfaces for impact tested specimens of the base material, 

GTAW, and NGLW joints. The fractographs invariably show dimples; these results 

indicate that all the test specimens failed in a ductile manner, as fracture by dimples and 

coalescence of micro voids and the fracture micro mechanism is indicative of ductile 

fracture. Finer dimples were observed in the base material joints and for the GTA 

welding technique, compared with the NGLW technique, which shows that the failure 

mode has a higher ductility behaviour in the base material than for GTAW [179], and 

even higher than for NGLW. The main reason for this is cold working which affect the 

ductility behaviour of the weld joint, and cause the precipitous decrease in tearing 

resistance[18]. These results are consistent with the previous fracture surface results of 

tensile testing for the different welding techniques.   

The laser welding technique represents marginally improved toughness for the weld 

region, compared to GTAW. This is probably associated with the increased strength of 
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the laser weld due to the rapid cooling rates refined microstructure, and the ferrite 

content and its morphology, as will be discussed in the next section. 

                                     

            (a) Base material                (b) GTAW     (c) NGLW 

Figure 8-16 Fractography of impact Charpy impact test 

8.7.1.1 Influence of ferrite on the toughness  

The delta ferrite content of a material, and its morphology, has a significant influence on 

weld toughness, especially at low temperatures [176]. Delta ferrite has a body-centred-

cubic structure in the ferromagnetic phase; it is found in some of the most commonly 

used stainless steels in the 300-series, such as 316 and 308; its content depends on the 

alloy composition and the welding technique used. A small delta ferrite percentage in 

the welding bead often tends to reduce hot-cracking, which mainly occurs in some 

austenitic stainless steel weld metals. A small delta ferrite percentage has also been 

suspected of decreasing low-temperature weld toughness because of the low 

temperature brittleness of body-centred-cubic materials; the atomic structure provides a 

decreased ductility due to fewer planes for flow of dislocations. According to the XRD 

analysis for the percentage of the ferrite in the weld beads, GTA weld bead region has 

3.64 %, and NGLW has 1.5% as will be mentioned in detail in Chapter 11.  

The ferrite morphology is of interest for toughness behaviour [176]. The isolated 

patches of ferrite morphology as a result of laser welding may have a less harmful 

influence toughness than the semi-continuous network morphology found in GTAW, 

which offers a path for crack propagation as shown in Figure 8-17.       
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 a) Semi continuous network GTAW  b) isolated fine patches of ferrite NGLW 

Figure 8-17 Delta ferrite morphology for welding techniques 

8.8 Summary  

This chapter includes a comparative study of the mechanical behaviour of NGLW, 

GTAW and autogenous laser welding. The results show that there are no absolutely 

favourable welding techniques, however laser welding offers some advantages 

compared with conventional GTA welding for thick cross section welding, due to the 

narrower weld fusion zone, narrow HAZ, and potential improved strength with respect 

to the base material. Tensile test results show a decreased failure strain for all welded 

joints; however the ductility and ultimate strength of the NGLW joint are higher than 

for the GTAW joint. Face and side bending tests were conducted to evaluate the weld 

bead soundness and ductility. All welded joints show a slight reduction in the fatigue 

performance with respect to base material. The accumulation of plastic strain due to 

thermo-mechanical cycling in GTA welding was higher than for NGLW, and a double-

sided welding strategy led to lower levels of hardening in comparison to a one-sided 

welding strategy, for both welding processes. Charpy testing showed decreased 

toughness of the laser and GTA welded samples, with respect to the base material.
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CHAPTER 9. MEASUREMENT OF RESIDUAL   

STRESSES IN MULTI-PASS WELDS 

9.1 Introduction  

Fusion welding processes generally involve material melting, phase transformations, 

and multiple thermal cycles. In the welding of thick components, localised heating or 

cooling cycles can lead to large thermal gradients. The non-uniform expansion and 

contraction of the material, when coupled with the material constraint in the bulk of a 

component, introduces misfit strains into the parts being welded. If these misfit strains 

are modest, they can be accommodated by the elasticity of the material; however if the 

misfit  strains become too large to be elastically absorbed, localised plastic deformation 

is induced, which leads to the development of residual stresses. Significant residual 

stresses may therefore reside in the vicinity of the weld region after the component has 

reached thermal equilibrium [184].  

Residual stresses can play a significant role in accelerating or delaying many failure 

processes [185, 186].  Residual stresses in welded joints are usually tensile in the fusion 

zone and heat-affected zone. Tensile residual stresses are of particular concern because 

they can contribute to fatigue crack development in a structure even under compressive 

cyclic loading [187]; they are also considered to be the main reason for the initiation 

and propagation of stress corrosion cracks (SCC) in austenitic weldments [180]; in 

addition, the kinetics of defect growth can be affected by residual stresses.  Therefore, 

significant research effort has been directed to understanding the development of 

residual stresses in power plant welds [188]. 

The safe operation of a nuclear power plant is strongly dependent upon the application 

of robust structural integrity assessment procedures. The residual stresses arising due to 

welding operations can be critical in affecting the structural integrity of a power plant. 

Tensile residual stress in engineering structures generally has an undesirable effect on 

structure life time; it may be combined with the operating load of the component, or 

become in itself a source of crack initiation, especially for thick sections [10].  
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There are significant technical challenges associated with measuring residual stresses in 

thick-section welds [62]; without an accurate knowledge of the welding residual 

stresses, it is likely that conservative or incorrect assumptions will be made, which can 

ultimately limit the economical lifespan of power plants. 

AISI 316L stainless steels are frequently employed in nuclear power plants, because 

they have a high resistance to SCC. The development of plastic strain and cold working 

in the vicinity of a welded joint can have a significant influence on the resistance to 

degradation by SCC in stainless steels [182]. Indeed, time-temperature-sensitization 

curves tend toward shorter times with increasing levels of cold working [189]. Thus, 

while the control and minimisation of residual stresses in welded joints is critical in 

designing against failure, and in improving the lifetime of engineering structures [181], 

residual stress mitigation techniques, such as shot peening, laser shock peening, and 

low-plasticity burnishing [190], can be difficult to apply to large components, and they 

will lead to increased cold working at the surface of the material. 

Laser welding is an effective, low-distortion joining process, due to its combination of 

high welding speeds and low heat input to the weld joint. The development of residual 

stresses in autogenous laser welds has been investigated previously [67, 191]. However, 

multi-pass NGLW can also be an efficient process for the welding of thick-section 

components; Zhang et al.[60], and Starling et al. [150] demonstrated thick-section 

welding using a NGLW approach, and Zhang et al. [16] studied the feasibility of 

applying this technique to the welding of 50mm thick stainless steels using an 8kW 

laser. In another study, Salminen et al. studied the interaction of filler wire with the 

laser beam in a narrow-gap laser welding process *** [153, 154]. Despite NGLW being 

a very promising technique for thick-section welding, detailed through-the-depth 

residual stress investigations have not been reported in previous studies, although Zhang 

et al. [60] have investigated surface residual stresses by using the X-ray diffraction 

technique. 

The aim of this chapter is to investigate the development of through-thickness residual 

stresses in NGLW of AISI 316L stainless steel. Three different measurement techniques 

are used for residual stress evaluation; contour method, X-ray diffraction, and neutron 

diffraction were carried out on the same specimens for the purpose of validation. In this 

study, the use of the NGLW technique for thicknesses up to 20mm were investigated, 
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and the results were compared with the residual stresses in conventional GTA welds for 

the same thickness. The influence of the welding strategy on the induced residual stress 

and the distortions associated with each technique were also compared. The influence of 

the power and number of passes on the induced residual stress are examined.  

9.2 Contour method  

The contour method is a stress-relaxation based technique for 2-D, cross-sectional 

residual stress evaluation; this technique is derived from Bueckner’s superposition 

principles [192, 193]. Figure 9-1 presents an illustration of the main principles; they 

state that internal stresses are, in part, equal to the load required to revert the material to 

its original state. This superposition principle assumes that the material behaves 

elastically during the relaxation of residual stress.  

Where 

Residual stress distribution (A) = Stress relieved half (B) + Force required to return   

       deformed surface to original values (C).   

        σ(A)(x,y,z) = σ(B)(x,y,z) + σ(C)(x,y,z)                         (9.1) 

However, the created surface due to cutting is stress free σ(B) (x,y,z) = zero [193]. 

Consequently, the stress inside the sample will equal to force required to return it back 

to original value. 

 

Figure 9-1 Bueckner’s principles [71, 193]. 

The contour method involves measuring the deformations that occur, due to the 

relaxation of stresses, when a component is cut in order to evaluate the residual stresses 

that existed within the component before the cut has been done. This method allows to 

measure the component of residual stress that acts in a direction normal to the plane of 

the cut, over the expanse of the cut surface – i.e. it provides a two-dimensional map of 

Stress released surface after cutting 
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residual stresses. The potential of the contour method was demonstrated on a 12-pass 

GTA weld, where complex stress variations were captured across the weld cross-section 

[194]. The results obtained with the contour method were in acceptable quantitative 

agreement with the outcome of non-destructive measurements based on X-ray 

diffraction. Many researchers, including Kartal et al. [195], Withers et al. [196] and 

Edwards et al. [5], have used this technique successfully for the evaluation of the 

residual stresses in various welds. Although the contour method is destructive, it has the 

potential to measure a full cross-sectional profile of residual stresses in a relatively 

cheap and time-efficient manner [192].  

It can determine an arbitrary cross-sectional area map of residual stress directly from cut 

profiles without the need for time-consuming inversion techniques. A limitation of the 

original contour method is that only one residual stress component can be determined, 

however there are recent studies that expand the contour method application to include 

measurement of multi-components of residual stresses [193, 197].   

9.3 Contour method Procedures   

 

 

 

 

 

 

 

 

 

Figure 9-2 An overview of the steps in the contour method for residual stress 

measurement 
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There are three main steps used to evaluate residual stress using the contour method 

[198] as shown in Figure 9-2. The first stage involves cutting the workpiece under study 

in to two parts at the plane of interest for residual stress measurement. The cutting 

process is mainly by using a skim cut with electric discharge machining (EDM), as the 

technique must not apply additional stresses during the cutting process [192] - EDM 

represents the best technique to create the free-surface cut. 

The second step is surface profile scanning to determine the deformation due to stress 

relaxation. The contours of the two opposing surfaces created by cutting are measured 

by using contouring measuring machine (CMM) or non-contact laser scanner.  

The third step is to pass the data to a finite element model for processing the scanned 

surface data (cleaning noise, smoothing the scanned surfaces and averaging data). Once 

this is completed, the data is ready to be used to calculate the residual stress values in 

the opposite sign to the surface scanning, as will be discussed later in more detail.   

9.4 Experimental procedures for the contour method measurements 

9.4.1 EDM skim cutting 

In order to carry out contour method measurements, the stresses that are introduced to 

the surface during cutting should be minimised. The material removal process must not 

introduce stresses of sufficient magnitude to affect the measured displacements, and 

must make a precisely straight cut without removing any further material, and without 

causing plastic deformation. The EDM method is the closest to ideal [192].  

  

 

 

 

 

 

 

 

 

Figure 9-3 EDM wire cutting machine 

 



CHAPTER 9. MEASUREMENT OF RESIDUAL STRESS IN MULI-PASS WELDS 

189 

 

Quality of the EDM cut made has a significant and direct influence on both accuracy 

and resolution of the contour method [198]. The cutting of the samples examined here 

was done by using a GF Agie Charmilles “F1 440 ccs” wire EDM, as shown in Figure 

9-3 a  250 µm diameter pure brass wire was used as a cutting tool, and “Skim cut” 

settings were applied (minimum applied voltage with minimum cutting speed) to ensure 

minimum stresses were introduced to the surface during the cutting process, and to 

ensure the minimum possible recast layer [199].          

9.4.2 Laser scanning of the cut surface 

 

 

Figure 9-4 Nano laser scanner for relaxed surface scanning  

A laser scanner with a non-contact laser head was used for scanning the EDM cut 

surfaces.  The profile of each surface was scanned with scanning pitch of 10 µm space 

by using a nano laser scanner head, as shown in Figure 9-4. The scanned profiles 

showed small deformations due to the relaxation of residual stresses; for example, the 

dashed line in Figure 9-5 represents the edge of the work piece before distortion due to 

the welding process. The induced distortion is clear in Figure 9-5 , which shows that the 

sample has “butterfly” distortion.  The contour data for all points on the surface were 

scanned and saved in the form of z = f (x, y). The scanning was then repeated on the 

other half of the work piece, before the data were input to a stress analysis module in 

ABAQUS 6.12-2, in order to calculate the residual stresses. 
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Figure 9-5  A scanned surface profile for a GTA weld. 

9.4.3    Data processing  

The raw displacement data for the two halves of the cut were averaged, in order to 

remove any sources of anti-symmetric error sources as will be discussed in detail in 

next section. 

The next step was to smooth the data, through the creation of a least-squares spline 

curve fit, to improve the sensitivity of final results of residual stress, and eliminate 

errors associated with cutting stresses, and from the measurement conditions. This step 

is crucial if an accurate evaluation of stresses is to be achieved with the contour method 

[72]. Figure 9-6 shows examples of both rough and smoothed scanned surfaces. 

 

 

 

 

 

 

            Figure 9-6  Contour maps of (a) rough surface contour (b) smoothed spline fit. 

Smoothing 
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Stress analysis is the final step. The smoothed spline surface was input to a finite 

element (FE) model to create displacement boundary conditions. The material is 

assumed to have isotropic elastic properties. An arbitrary plane was defined, which 

represented the initial cut surface, and this was assumed to be perfectly flat. The stress 

field on the cut surface was calculated as a function of the deformation distance (with 

the opposite sign), using appropriate material properties for AISI 316L stainless steel. 

The Young’s modulus of the material was assumed to be 193 GPa, with a Poisson ratio 

of 0.3. The mechanical boundary conditions (restraint) were imposed to avoid motion of 

rigid body. The FE model was developed using ABAQUS 6.1-CAE.   

9.4.4 Challenges and error sources in the contour measurement process 

Cutting of a stressed body into two halves can result in asymmetric surfaces, which 

consists of symmetric and anti-symmetric contour portions [198] as shown in Figure 

9-7. There are several reasons for developing anti-symmetric surfaces such as, shear 

stress in the cut body, a crooked cut, movement of the cut plane due to stress relaxation 

and asymmetric restraint during the cutting operation (eg. clamping one half of the 

component during EDM cutting process) [71, 198]. The influence of the anti-symmetric 

surfaces can be reduced or removed by averaging the two mating cut surfaces. 

Clamping on both sides during cutting has a significant influence on decreasing the 

source of most anti-symmetric errors helping to ensure a straight pass of the cutting 

direction [71, 200].   

The sources of symmetric surface contour features are: local cutting irregularities (wire 

over burn), wire vibration, and stress induced due to the cutting process. These errors 

could be avoided by using proper parameters for EDM cutting process. Cutting tip 

plasticity is violating the assumption of elastic stress relaxation. Bulge error is mainly 

due to tip cut deformation and stress relaxation, which affects the width of the cut. An 

FEM study showed that both plasticity and bulge errors are generally small when 

clamping the specimen during cutting [201]. 
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 Figure 9-7 Asymmetric surface contour (symmetric and anti-symmetric) portions [71] 

A rigid fixture has been designed with a suitable longitudinal through-groove for 

clamping the workpiece during the EDM wire cutting process to prevent misalignment 

of the cutting pass, due to stress release, as shown in Figure 9-8.  

Any sources of symmetric or non-symmetric deformation, which could not be recovered 

partially or totally by optimizing EDM cutting conditions or the averaging process or by 

using a rigid clamp will contribute directly to uncertainties in the residual stress 

measurement by the contour method [198]. There are disturbances of the cut width near 

to the cutting edges. The EDM cut width may flare out at the wire entry and wire exit 

interfaces [71]. This can be considered a source of uncertainty for the contour method 

near to the edges of the cut. 

  

 

 

 

 

 

 

 

Figure 9-8 Rigid clamping fixture during EDM cutting 
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9.5 Results and Discussions  

The 2D residual stress profiles through the thickness of the welds were compared in 

order to understand the influence of the different thermal cycles on the residual stresses. 

The investigation will include different thicknesses 3, 10, and 20 mm. The influence of 

the welding strategy (i.e. one-sided or two-sided welding) and the degree of constraint 

were also investigated. The influence of the power and number of filling passes for 

NGLW technique is also investigated.  

9.5.1 Residual stress investigation for 10 mm thick samples  

9.5.1.1 Residual stress in 10 mm thick single-sided GTA weld  

Figure 9-9 shows the distribution of longitudinal residual stresses for the single-sided 

GTA weld. The residual stress distribution is approximately symmetrical about the weld 

centreline. The stresses in the vicinity of the weld centreline are highly tensile, with the 

peak tensile stress being close to 500 MPa in magnitude. The peak stresses occur at a 

location 2 mm below the top surface of the weld, and the stresses decay gradually with 

increasing distance from the weld centreline. It is not surprising that the peak tensile 

stresses occur closer to the upper surface of the specimen, since this is the side of the 

specimen from which heat was applied during welding. Twelve weld passes were 

required to fill the weld groove, as can be seen in Figure 7-5 b. The width of the area 

with a tensile residual stress is approximately 75 mm, and the butterfly distortion angle 

was 3.9 º as shown in Figure 9-9.  

 

Figure 9-9  Residual stress distribution for 10 mm thick single-sided GTA weld (in 

MPa) 
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9.5.1.2    Residual stresses in 10 mm thick NGLW   

Figure 9-10 shows the distribution of longitudinal residual stresses for the single-sided 

NGLW sample. It can be seen that the residual stresses for the NGLW are lower than 

those for the single-sided GTA weld, and the residual stress distribution is 

approximately symmetrical about the weld centreline. The stresses in the vicinity of the 

weld centreline are tensile, but the peak tensile stresses are closer to 300 or 350 MPa in 

magnitude, and they occur approximately 3 mm below the upper surface of the 

specimen on the weld centreline. Four passes were required to fill the lower half of the 

groove, while six passes were required to fill the upper half, as can be seen in Figure 7-5 

a. The tensile stresses decreased rapidly with distance from the weld centreline, and 

compressive stresses were measured over significant areas of the measurement plane. 

There are three reasons for the decrease in the magnitude of residual stresses in the plate 

joined using NGLW. Firstly, the laser is a high power-density heat source with a very 

small spot diameter (the spot size was approximately 70 µm). Secondly, the welding 

speed (590 mm/min) was very high compared with that for the GTA weld (130 

mm/min), and finally the average width of the weld groove was very small (~ 1.5 mm) 

as can be seen in Figure 7-4 a. As such, the volume of filler metal required to fill the 

groove with laser welding is lower than for GTA welding. Consequently, the number of 

passes and the cumulative heat input to the weld were lower for laser welding than for 

GTA welding. The width of the tensile region was approximately 15 mm for the NGLW 

technique, and it decreased towards the upper surface as shown in Figure 9-10. The 

magnitude of the stresses was close to zero toward both edges of the specimen, and the 

butterfly distortion angle was 1.8º. A detailed comparison of the results for each 

welding process is presented in the next section.  
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   Figure 9-10  Residual stress distribution (MPa) for a single-sided NGLW joint. 

9.5.1.3 Residual stresses 2 mm below the top surface for 10 mm thick 

GTA weld and NGLW 

Figure 9-11 shows a comparison of the residual stress profiles for the NGLW and GTA 

welding processes, measured along a line 2 mm below the upper surface with the 

contour method. The results suggest that the NGLW technique induces lower residual 

stresses over the entire width of the specimen. The maximum tensile stress for the 

NGLW was 310 MPa. The tensile stresses for this process decayed sharply with 

distance from the weld centreline, to a value close to zero, at a distance of 

approximately 10 mm from the weld centreline. 

The peak tensile residual stress for the GTA weld was 520 MPa, and the width of the 

tensile region was approximately 60 mm. The tensile stresses at the weld centreline 

were approximately 40 % lower for the NGLW sample than for the GTAW sample. 

Figure 9-11 shows that the distribution of residual stresses is approximately 

symmetrical about the weld centreline for both processes, with peak stresses occurring 

at the weld centreline, and with the stresses gradually decreasing until they become 

compressive further from the weld centreline, which is in agreement with results of 

previous studies of GTA welding [186].   
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Figure 9-11. Residual stress distributions 2 mm below the top surface of the 10 mm 

thick specimens for the NGLW and GTA welding processes 

The analysis of the residual stress distribution in the mid-section, for both techniques, 

shows the NGLW technique also exhibits a lower stress distribution as shown in Figure 

9-12. The tensile stresses at the weld centreline were approximately 70% lower for the 

NGLW sample than for the GTAW sample. The peak value for GTA welding is 450 

MPa, whereas it is 150 MPa for NGLW. The width of the tensile region is 60 mm for 

GTA welding, whereas it is only 20 mm for NGLW. 

 

Figure 9-12 Residual stress distribution at mid-depth for NGLW, and arc welding 

9.5.1.4    Residual stress distribution on the weld centreline 

The variation in residual stress values along the weld centreline, as measured with the 

contour method, was investigated as shown in Figure 9-13. The red and blue arrows 

highlight the locations of the measurement lines, and the direction corresponding to an 

increase in the distance parameter on the horizontal axis, for the GTA and NGLW 
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samples respectively; there are similar features in the residual stress distributions for 

each sample. Starting from the lower surface of each sample, the residual stress 

increases up to an initial peak value, which is approximately 550 MPa for the GTA 

weld and 250 MPa for the NGLW. With increasing distance from the bottom surface, 

the stress decreases to approximately 100 MPa for NGLW, and 150 MPa for the GTA 

weld, at mid-section. In both samples, the stresses then increase again to the second 

peak, which is approximately 500 MPa for the GTA weld and approximately 400 MPa 

for the NGLW. Finally, the stresses decrease in both samples towards the top surface, 

having values of approximately 330 MPa for the GTA weld and 125 MPa for the 

NGLW. Overall, the average residual stress values are significantly lower in the 

NGLW. 

 

Figure 9-13 Variation in residual stresses along the weld centreline for the NGLW and 

GTAW samples 

9.5.2 Stress validation using X-Ray diffraction 

Residual stress evaluation of welded joints is a complicated process, due to the severe 

thermal cycles involved, coupled with welding restraint, which can cause the workpiece 

to have multi-axis strain components; in addition, phase transformation during 

solidification can cause further complexity. Consequently it is very important to 

validate the results of the stress distribution analysis across the welded joint.               

Despite X-ray diffraction being an efficient technique for residual stress evaluation 

[202], limited penetration is considered a significant limitation when used with thick 
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samples [62, 73]. X-ray diffraction will be used for measuring the residual stress 

distribution of the NGLW technique at the surface only. The results will be compared to 

the contour method of residual stress distribution for the NGLW technique, in order to 

validate the results of the technique.   

 

 Figure 9-14 Proto-I XRD, residual stress instrument  

The Proto i XRD residual stress instrument was used for residual stress evaluation on 

the surface of the welded samples as shown in Figure 9-14. The longitudinal residual 

stresses on the upper surface of the NGLW specimen, as measured by the contour 

method and XRD, are depicted in Figure 9-15 - the highest value of tensile stress at the 

upper surface was 190MPa. 

 

Figure 9-15 Comparison of residual stress profiles at top surface of 10 mm thick NGLW 

plate, as measured with the contour method and X-ray diffraction. 
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Figure 9-15 shows that there is good agreement between the stresses measured with the 

two measurement techniques. It is evident that both techniques capture similar 

distributions for the longitudinal stresses, with the maximum tensile stresses coinciding 

with the weld centreline. The stresses quickly become compressive with increasing 

distance from the weld centreline, and then decay towards the far edges of the specimen. 

There are small discrepancies in the stress values on the left hand side of the plot. These 

discrepancies may have arisen, in part, due to the distortion of the welded specimen, which 

may have affected the accuracy of the XRD measurement on this side of the sample, 

however, the results achieve acceptable agreement across the welded joint.  

9.5.3 Influence of welding strategy on the induced residual stress 

The results that have been discussed thus far were all based on welding from a single 

side.  When welding was performed from both sides as shown in Figure 7-6  the NGLW 

technique needed 4 passes from each side to fill the gap, with the same parameters that 

were used for the single side welding, and the GTA welding needed 4 passes from each 

side to fill the gap. The combined welding needed 2 root passes with autogenous laser 

welding and 2 filling passes with GTAW from each side. 

The joint preparation for the welded joints was similar to the single-sided weld 

preparations. The results for the three welding techniques show approximately symmetrical 

residual stress profiles with respect to weld centreline. The magnitude of the residual 

stresses is noticeably lower for the NGLW technique, the tensile region is very narrow, with 

a width < 5mm, and there are two peaks of tensile residual stress on the weld centreline. 

The peak value for NGLW is 300-350MPa, as shown in  Figure 9-16 a. The residual stress 

distributions for the GTA weld reveal highly tensile peaks, with a magnitude of 500MPa, as 

shown in Figure 9-16 b. In contrast, the width of the tensile region for GTAW is 

approximately 50mm.  

Combined laser GTA welding demonstrates a lower stress distribution in comparison with 

GTAW. The peak value is 450MPa, and covers a very small area, outside of this area, the 

stress is decreased to zero, and then becomes highly compressive in a very small width - 

especially in the mid-section - due to low heat input in the mid-section, as shown in Figure 

9-16 c.       

The two-sided welding strategy resulted in a decrease in the number of passes required to 

fill the gap for all welding techniques; on the other hand it, requires accessibility to both 
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sides of the weld joint. This strategy has a significant influence on reducing the magnitude 

of the residual stresses for the NGLW method, but the influence was insignificant for the 

GTA welding technique. Finally, it can be seen that using the two- sided welding strategy 

leads to a reduction of the distortion angle to almost zero for both welding techniques. 

  

 

a) 

 

b)  

 

c) 

 

a- NGLW              b- GTA welding            c- Combined laser-GTA welding 

Figure 9-16 Residual stress distributions in 10 mm thick plates for two-sided welding 

strategy (MPa) 

9.5.4 Influence of restraint on induced residual stresses 

This part of the study investigates the influence of the degree of restraint on the nature 

of the longitudinal residual stresses in the weld joints. Figure 9-17 shows the residual 

stress distributions for unrestrained NGLW and GTA welds made from one side. These 

results show approximately symmetrical residual stress distributions with respect to the 

weld centreline. The NGLW residual stress distribution is shown in Figure 9-17 a. The 

peak residual stress value is 450 MPa. The distortion angle is 9.5 º and the width of the 

tensile residual stress region on the weld surface is very narrow, around 10 mm. The 

GTA welding residual stress distribution is shown in Figure 9-17 b. The peak residual 

stress value is ~ 550 MPa, and the distortion increased dramatically to 37.2 º. The 

combined laser arc welding technique shows a lower stress peak and lower distortion. 

The peak value is 450-550 in a very limited region, while the distortion angle is 

decreased to 13 º as shown in Figure 9-17 b.  
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The overall influence of the restraint is not significant for the peak value of the 

longitudinal component of residual stress for both NGLW, and GTAW. The average 

increase of the stress is ~ 50 MPa compared to restrained conditions. The significant 

influence is expected in the transverse component of residual stress, and is expected to 

be more significant in GTAW due to the dramatic increase in distortion angle found for 

the unrestrained cases as shown in Figure 9-17. Although decreasing the level of 

restraint results in an increase in the residual stress peaks, the NGLW technique still 

leads to a significantly lower peak, and smaller tensile regions compared to those 

produced by GTA and combined welding.  

 

  a)   

 

b) 

  

 

 

c)    

           a) NGLW          b) combined laser GTA welding      c) GTA welding    

Figure 9-17 Residual stress profiles for 10 mm thick unrestrained plates 

9.5.5 High power autogenous laser welding 

One pass high power autogenous laser welding was performed on 10 mm-thick plates. 

The residual stresses were evaluated for the weld cross-section, using the contour 

method. The welding parameters were: power = 7.5 kW, welding speed = 10 mm/s. The 

results show a high tensile peak of around 650 MPa at the weld bead region, as shown 

in Figure 9-18. High- power input with relatively low speed, and the high thermal 

expansion coefficient of the stainless steel is the main reason for the increased stress 

associated with this technique. The residual stress behaviour by using contour method 

has sources of uncertainties for the results near to the edges, however it is believed to 

Distortion angle=37.2º  

Distortion angle=9.5º  

Distortion angle=13 º   
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have an acceptable accuracy for the general behaviour of the stress distribution across 

the welding joint on the basis of quality evaluation with respect to other welding 

techniques. Moreover the stress distribution across the weld sample will be validated by 

using a neutron diffraction technique in the next sections. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-18  Stress profile for one pass autogenous laser welding for 10 mm thick plate  

9.5.5.1 Influence of the welding parameters on the residual stress 

distribution of autogenous high power laser welding 

The influence of the power and speed has been investigated for the residual stress 

distribution of the high power autogenous laser welding for 10 mm thick plates. The 

welding parameters changed as following; power has been decreased to 5 kW, and 

welding speed has been increased to 16 mm/s. According to experimental investigations 

these parameters were sufficient to satisfy a full penetration of 10 mm thick plates. The 

longitudinal stress distribution across the weld specimen has been evaluated. The results 

show that both the peak stress value and width of the tensile region have been decreased 

as shown in Figure 9-19 .  

A comparison between residual stress distributions for the two welding parameters at 2 

mm below the top surface is shown in Figure 9-20. The results show that the peak stress 

value for high power, low speed was ~ 625 MPa and the width of the tensile region was 

~ 50 mm. These values decreased to ~ 420 MPa peak stress, and 40 mm tensile region 

width at lower power 5 kW, and higher welding speed = 16 mm/s as shown in Figure 

9-20. The results show that the welding power and the welding speed has a more 
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significant influence on the stress peak as it decreased by 33% however the width of the 

tensile region decreased by 20%.  

 

Figure 9-19 Stress profile for one pass autogenous laser welding for 10 mm thick plate 

low power – high speed 

Consequently it is recommended, in terms of induced residual stress, for autogenous 

laser welding to use lower laser power with high speed sufficient to satisfy a full 

penetration.  

 

Figure 9-20 Residual stress profile at 2 mm below the top surface of different welding 

parameters for autogenous high power laser welding technique 

9.5.6 Investigation of residual stress for 3mm thick sheet  

Welding 3 mm thickness sheets has been carried out using NGLW, autogenous laser 

welding, and GTA welding. Details of welding parameters for each technique are 
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mentioned previously in chapter 7. There are limitations for the quality of the results of 

contour method for thin cross-sections, however it will be used for comparative 

evaluation between different welding processes. Figure 9-21a shows a profile of the 

residual stress across a GTAW bead. Figure 9-21 b, c show residual stress values across 

NGLW and autogenous laser welded samples. The results show peak residual stress 

value (≈ 300 MPa) along the upper surface of the weld joint for both NGLW, and 

autogenous laser welding cases. The peak value of GTAW is ~ 350 MPa and on the 

surface of the welding joint. Distortion of both laser welding techniques samples is 

approximately equal to zero, however the distortion angle for the GTA welding sample 

is 4 º as shown in Figure 9-21 a.   

 

                     (a) GTAW          (b) NGLW     (c) Autogenous laser welding           

Figure 9-21 Residual stress profile of 3 mm thick sheet 

Figure 9-22 shows a comparison between the stress profiles for the three welding 

techniques 1 mm below the top surface. The width of the tensile region was ~ 10 mm 

for autogenous laser welding, and ~ 20 mm for NGLW, and ~ 40 mm for GTAW.   It is 

very clear from the three profiles that the three techniques have approximately the same 

peak; however the width of the tensile region is greater in GTAW as shown in Figure 

9-22. Generally the autogenous laser welding technique represents the narrowest tensile 

region with respect to other welding techniques. That is mainly due to high traverse 

speed during the welding process. 



CHAPTER 9. MEASUREMENT OF RESIDUAL STRESS IN MULI-PASS WELDS 

205 

 

Figure 9-22 Residual stress distribution at 1 mm below the top surface for 3 mm thick 

sheet 

9.5.7 Investigation of residual stress for 20 mm thick samples 

9.5.7.1 Welding strategy from one side  

Contour method steps were repeated for evaluating 20mm-thickness singled-sided plate 

welds, with 23 passes required to fill the welding gap as discusses in detail in section 

6.4.1, while 52 passes were required to fill the GTA weld gap, as shown in Figure 7-7. 

The residual stress distribution is shown in Figure 9-23. 

 

                                         (a) NGLW  (b) GTAW 

 Figure 9-23 Residual stress profiles for 20 mm thick- 1 side welding strategy 
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9.5.7.2 Welding strategy from two sides  

Figure 9-24 shows the residual stress map across the 20mm thickness samples welded 

using NGLW, GTA welding and HPLW techniques. The NGLW technique needed 9 passes 

from each side to fill the prepared gap, while the GTA welding needed 17 passes from each 

side to fill the gap, and HPLW need 1 pass from each side to weld the joint.  

The colour maps clearly show that the results for both HPLW and NGLW techniques 

exhibit lower stress behaviour in terms of peak value and width of tensile region with 

respect to GTA welding. The peak stresses arise in the light red coloured areas, which 

indicate stresses in the range from 300-400MPa, as shown in Figure 9-24 a.  

The peak value of stress for GTA welding is in the dark red colour, which is equivalent to 

400-500MPa, as shown in Figure 9-24b. The peak value of HPLW is almost 300:400MPa 

except a very small region has increased stress over 400 MPa at the side of second welding 

pass as shown in Figure 9-24 c. Distortion is almost zero since the welding followed the 

two side welding strategy. The stress map of each welding technique is very close to the 

map corresponding to the two-sided technique for the 10 mm thick samples. This indicates 

that the welding strategy (one-sided versus two-sided) has a more significant effect on the 

induced residual stresses than the thickness of the samples.  

 

                   a- NGLW stress profile    b- GTA welding stress profile   c - HPLW 

Figure 9-24 Residual stress profiles for 20 mm thick double-sided welds 
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9.5.8 Influence of the laser power and number of filling passes of NGLW 

on the induced residual stress across the weld joint 

In order to investigate the influence of the power and the number of passes on the induced 

residual stress of a welded joint, another experimental work has been done with 4 kW fibre 

laser, and 1.2 mm wire diameter. The welding parameters were; power = 4 kW, welding 

speed = 12 mm/s, standoff distance = 108 mm. The specimen needs 4 filling passes. The 

longitudinal stress has been evaluated. Figure 9-25 shows the stress profile. The peak stress 

value is ~ 600 MPa, and the distortion angle = 2.4 º. The stress behaviour shows a more 

aggressive behaviour with respect to low power, high number of passes as discussed 

previously in section 8.5.1.2 

 

  
Figure 9-25 Longitudinal residual stress profile for NGLW of 10 mm thick plate-   

power = 4000 kW, speed = 12 mm/s 

 

The stress distribution of NGLW 10 mm thick plates with high power 4 kW, low 

number of passes 4 passes is compared to the stress distribution of 10 mm thick plates 

with low power = 1 kW, and 10 filling passes.  

Figure 9-26 shows the stress distribution at 2 mm depth from the top surface for both 

welding conditions. The peak stresses position is at the weld bead centreline with 

approximately symmetric behaviour. The peak value for 4 passes welding parameters ~ 

300 MPa. The stress value was increased to 600 MPa for high power laser welding as 

shown in Figure 9-26. There is no significant influence of the laser power increase on 

the width of the tensile region. 

The results show that the residual stress distribution for NGLW is more sensitive to 

laser power than number of welding passes. Laser power has a high significant 
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influence on the peak value of the developed residual stress; however it has less 

significant influence for the width of the tensile region as shown in  

In terms of the residual stress behaviour of welding, it is recommended to use low 

welding power with a higher number of passes. However it will lead to an increase in 

the number of passes required to fill the welding gap. The influence of the power and 

number of passes on the developed hardness is investigated in detail in chapter 7. 

 

Figure 9-26 Residual stress distribution for NGLW 10 mm thick plates using              

different power- number of filling passes  

9.6 Neutron diffraction investigations 

Despite X-ray diffraction being an efficient technique for residual stress analysis, its small 

penetration depth is considered as a significant limitation for using this technique for thick 

sample evaluation - the penetration depth of X-rays for metallic components is < 10µm 

[73]. The penetration capability of a neutron beam is higher than that of X-rays in most 

metallic components [74]; consequently it will be used for the measurement of lattice 

spacing, strain, and residual stress validation in thick welded cross-sections. Residual 

stresses will be determined in terms of lattice parameter measurements made by neutron 

diffraction in three orthogonal directions.  

Experiments were done at the Strain Analyser for Large and Small scale engineering 

Applications (SALSA), ILL, Grenoble, France. The overall schematic design of the 

instrument is shown in Figure 9-27, and the real experimental setup is shown in Figure 

9-27 b. The system uses a monochromatic neutron beam having a wavelength of 1.7Å to 
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perform strain measurements. In the strain scanning setup, a position sensitive detector 

(PSD) is fitted, which records a single diffraction peak.  

Elastic strains in the specimen cause changes in lattice spacing, and result in changes of 

scattering angle; by measuring these small changes in the scattering (Bragg) angle, it is 

possible to obtain the elastic strain in the lattice by using Bragg law, and hence the bulk 

strain in three orthogonal directions [203].  

The investigations of residual stress in polycrystalline austenitic stainless steel alloys is in 

the 3,1,1 plane [203] , with a peak average angle of 99.8º. Bragg reflections are considered 

as the optimum choice in this plane because the reflections exhibit an approximately linear 

response to lattice strain as plasticity starts to occur. This means that they give a good 

representation of the macroscopic elastic strain, with minimal sensitivity to inter-

granular and inter-phase stresses. 

 

 

                         (a)           (b) 

Figure 9-27 Overview of SALSA design 
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9.6.1 Preparation for measurement  

The incident and diffracted neutron beams are defined by slits or collimators as shown 

in Figure 9-28 . The gauge volume is defined by the intersection of the incident and 

diffracted beams, which defines the region used to calculate the average stress.   

There were two different gauge volumes employed for experiments, the first is 2x2x2 

mm gauge volume, which is used for analysis of GTA welding samples, and samples 

thickness 20mm. The other size is 1x1x1 mm, which was used for laser-welded joints in 

samples of 10mm thickness.  

In order to obtain a stress value, it is usually necessary to measure strains in a three 

different sample orientations (longitudinal-transverse-normal), as shown in Figure 9-28. 

The slits can be increased in the direction in which the strain values are not very 

sensitive to the position, in order to decrease the measurement time without affecting 

the accuracy. 

 

    (a) Transverse           (b) Normal                  (c) Longitudinal 

 Figure 9-28 Strain measurement directions 

9.6.1.1 Sample preparation and measurement positions 

Elastic strain and stress evaluations were performed at the mid-length position of the weld.   

The locations of the measurements for each sample are shown in Figure 9-29.  
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Figure 9-29 Locations of neutron diffraction measurements  

The distance between measurements was very small near to the weld bead, such that X1 

= 1 mm for the NGLW sample, over a width of 20 mm (20 measurements per level). 

These measurement positions were repeated at three different levels, A, B and C; levels 

A, and C were 2 mm down each face of the weld joint, and level B was at exactly at the 

mid-section point. The horizontal distance between two successive measurements in the 

same level was increased toward the weld edge, due to decrease in the sharpness of the 

stress change. Distance X2 is 5 mm for the rest of the workpiece.  

The measurement distances were slightly different for the GTA-welded sample, due to 

the use of a higher gauge volume and a wider stress region; the depth of levels A and C 

was 2-3 mm from each side of the workpiece, and the distance between measurement 

locations, X1, was 5 mm, over a 40 mm width, rising to X2=20 mm in the outer section 

of the samples. 

Once the lattice spacing of the welded samples has been calculated at each measurement 

location, the strain in the same direction can be calculated by using the engineering strain 

equation,  

                           𝜺      =
                  

         
                              (9.2) 

where ε L(x,y) is the calculated strain at point (x, y), dL(x, y) is the lattice spacing measured in 

longitudinal orientation at point (x, y) as shown in Figure 9-28, and           is the stress-

free lattice spacing at point (x, y). Figure 9-29 shows the longitudinal (L), transverse (T) 

and normal (N) directions with respect to the weld joint, 
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In order to calculate the stress-free lattice space,           , comb-shaped strain-free 

reference (dref) specimens were prepared; the specimens were required so that stress-free 

lattice parameters across the weld can be determined. The samples were prepared by using 

an electric discharge machining (EDM) wire cut with skim cutting conditions to minimize 

any additional stresses due to the cutting operation. The configuration of the comb-shaped 

specimens is shown in Figure 9-30. The samples were sliced from the weld joint with a 

thickness 3.6mm, and then the comb teeth were opened using EDM, such that the 

dimensions of each comb tooth was 3.6 x 3.6 mm. Each comb tooth represents a stress- free 

region used to measure           [204], where Yi is the depth of each tooth, which was 8mm 

in the 10mm-thick samples, and 16mm in the 20mm-thick samples.  The dimensions of 

each comb tooth had been calculated and cut precisely to ensure that the gauge volume was 

completely immersed within an individual comb tooth, to avoid errors associated with 

incomplete gauge filling [205].  

 

 

Figure 9-30 Schematic drawing for the location and orientation of the strain-free 

reference (d0) combs 

Similarly the strain in the normal εN and transverse εT direction is calculated. The stress 

acting in the longitudinal orientation, at a point (x, y) in the measurement plane, can then be 

calculated using a generalised version of Hooke’s law, according to the following equation:  

𝝈      =
      

        
[𝜺      +

      

         
 𝜺      + 𝜺       + 𝜺         ]            (9.3) 

Where E3,1,1 and ν3,1,1 are the  plane specific values of the elastic modulus and Poisson’s 

ratio respectively, determined from in-situ tensile diffraction data. The values of E3,1,1 and   

v 3,1,1 were taken to be 193 GPa and 0.28 respectively, and these steps were repeated to 

calculate the normal and transverse components of the stresses. 
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9.6.2 Results  

9.6.2.1 NGLW of 10 mm-thick plates 

Figure 9-31 shows the results for the longitudinal residual stress component for NGLW 

of 10mm-thick plates; the results show a normal residual stress distribution, with a 

narrow tensile region, especially at the middle position. The peak value of the stress is 

400MPa at 2 mm below the top surface, and the stress rapidly decreases towards the 

edge of the sample. The results show a very good stress distribution for the NGLW 

samples, except at a distance 4mm from the weld centreline, where there is a small 

deviation from the regular behaviour of the stress. This could be due to a small error in 

the measurement position and depth of the (dₒ) free lattice parameters in the stress-free 

sample, with respect to the corresponding position of the stressed sample.  

 

Figure 9-31 Longitudinal stresses measured by neutron diffraction at different depths for 

NGLW 10 mm thick plates  

Figure 9-32 shows a comparison between the three residual stress components at 2 mm 

below the top surface of the NGLW sample; the results show a similar behaviour for the 

three components, but with a different peak value and width of the significant tensile 

stress region. The highest peak value is for the longitudinal component, then the 

transverse, and finally the normal value, as expected. The peak of each component is 

double that of the value of the other component; the longitudinal is 400MPa, the 

transverse is 200MPa, and the normal component is 100MPa.   
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Figure 9-32 Longitudinal, transverse, and normal stress at 2 mm below the top surface 

for NGLW 10 mm thick plate 

9.6.2.2 Validation with contour method results 

This section discusses the validation of the neutron diffraction results with the results of 

the contour method for NGLW at the same position. The results are validated at 2 mm 

below the top surface as shown in Figure 9-33 a, and at mid-section as shown in Figure 

9-33 b. There is a slight difference between the stress distributions for each measuring 

technique; however the overall behaviour generally exhibits a very good correlation 

between the techniques at both positions. The peak value is 400 MPa, at 2 mm below 

the top surface, and in the mid- section the value of the peak decreased to 250 MPa for 

both measuring techniques. The width of tensile region of both techniques is 

approximately 20 mm at 2 mm below the top surface, while it is decreased to less than 

10 mm at mid-section. 
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                     (a) 2 mm below top surface                          (b) Mid-depth 

Figure 9-33 Comparison of longitudinal residual stress as measured by neutron 

diffraction and contour method for NGLW 

9.6.2.3 GTA welding of 10 mm thick plates 

The results of the neutron diffraction measurements are compared with those of the 

contour method, for the single-sided fully-restrained GTA welding process for 10mm-

thick plates. The results show a similar stress behaviour of the two measurement 

techniques at 2 mm below the top surface. The peak value is 500MPa, and the width of 

the tensile region is 50mm, as shown in Figure 9-34.    
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Figure 9-34 Residual stress distribution 2 mm below the top surface for GTA welding of 

10 mm thick plate as measured by neutron diffraction, and contour method 

The results of the contour method are validated for GTA welding at the mid-depth of 

the welded sample - a comparison between the two techniques is shown in Figure 9-35. 

The correlation between the two methods is good; however there is a small deviation at 

5mm distance from the welding centreline. this mainly be due to a small deviation in the 

position of the calculation of the stress-free lattice parameters dₒ, with respect to the 

position in the stressed sample as mentioned previously.    

  

 

Figure 9-35 Residual stress distribution at mid-depth for 10 mm GTA welding  as 

measured by neutron diffraction, and contour method 
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9.6.2.4 Autogenous HPLW of 10 mm thick plates 

The stress behaviour for high power laser welding of 10mm-thick fully restrained plates 

will be evaluated. The welding parameters were discussed in detail in section 7.2.2.1. 

The results show a high peak tensile stress of ~ 650 MPa in the welding centreline (2 

mm down the upper surface), as shown in Figure 9-36 . The width of the tensile region 

is constant for the three stress components with value  40mm as shown in Figure 9-36, 

the transverse stress component has its peak value of 560MPa at the centreline, and the 

transverse component also has other stress components which represent homogeneity 

with the longitudinal component. 

 

 Figure 9-36  Longitudinal, transverse, normal stress of autogenous HPLW 10 mm thick 

plate 

The results of neutron diffraction at different depths for 10mm thick-plates welded with 

HPLW are shown in Figure 9-37. The results show that there are two peaks of the 

tensile stress region at the weld centreline, with a value of 650MPa - these are at 2, 8 

mm below the top surfaces. The stress does not exhibit a large change in value across 

the thickness. HPLW technique involves single pass-welding with high power in 

keyhole mode, so there is no gradient in temperature field in depth direction, and no 

stress-relaxation behaviour like that seen with multi-pass welding processes, just a 

slight relaxation of the stress at the mid depth of the welding joint to 550MPa. These 

results represent a very good correlation with the contour method results for the same 

welding technique using the same parameters as shown previously in Figure 9-18. The 
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width of tensile region is approximately the same at all depths with a value of 45 mm as 

shown in Figure 9-37. 

 

Figure 9-37 Longitudinal stresses measured by neutron diffraction at different depths for 

autogenous HPLW of 10 mm thick plates  

9.6.2.5 GTA welding of 20 mm- thick plates 

Figure 9-38 shows the stress distribution of GTA welded 20mm-thick plates, with a 2-

sided strategy. The peak stress value is 500MPa, at 2 mm below the top surface, which 

has the final welding pass. The stress also has another peak with a smaller value, at 18 

mm below the top surface, while the value in the mid-depth of the sample represents a 

more relaxed stress distribution. Despite these results showing a small deviation from 

the results of the contour method for the same sample, the overall peak value and 

behaviour sre acceptably close to the contour method results, as shown in Figure 9-24. 

The width of the tensile region is 40 mm, and the width of the tensile region and tensile 

peak values for the GTA welding are higher than for the NGLW values, as shown 

previously in Figure 9-24 a, b. 
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Figure 9-38 Longitudinal stresses measured by neutron diffraction at different depths for 

20 mm thick plates with GTA welding  

Figure 9-39 shows the three components of the induced residual stress across the 20 

mm-thick GTA-welded sample; such that σL is Longitudinal stress component, σt is 

transverse stress component, and -σn is normal stress component. The results show that 

the stress peak is higher in the longitudinal direction with a value ~ 500 MPa, then the 

traverse component with a value ~ 400 MPa, and finally the normal component with a 

value ~ 200 MPa.  

 

Figure 9-39 Longitudinal, transverse, normal stress for GTA welding of 20 mm thick 

plates, at 2 mm below the top surface 
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9.6.2.6 Autogenous high power laser welding of 20 mm thick plates  

Autogenous HPLW of 20 mm thick plates needed 2 passes with a 7.5 kW fibre laser 

from both sides; the details of the welding parameters were discussed in Chapter 7. The 

results of the contour method for the weld joint were shown in Figure 9-24 c. The 

neutron diffraction results show a similar behaviour to the contouring method results - 

the highest peak value of the stress is at 2 mm below the top surface of the last welding 

pass, with a value of 500 MPa. At 18 mm below the top surface there is another peak 

with a lower value of 460 MPa, and the stress is slightly decreased in the mid-depth, 

with a peak value of 400 MPa. This welding technique represents the highest 

homogeneous distribution of stress across the weld joint at any position; the stress does 

not exhibit a large change in value across the thickness. 

 

             Figure 9-40  Longitudinal stresses measured by neutron diffraction at different 

depths for 20 mm thick plates with autogenous HPLW 

Figure 9-40  represents the three components of the induced residual stress in the 

autogenous HPLW joint for the 20mm-thick plates. The results show low transverse and 

normal stress component behaviour; the peak value of transverse stress is 200MPa, and 

normal stress is 100MPa, with a small tensile-region width. 
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Figure 9-41 Stress components for autogenous HPLW of 20 mm thick plates 

9.6.3 Summary 

• The results obtained in this study indicate that NGLW may offer significant 

advantages for the structural integrity of components in cases where tensile 

residual stresses. 

• The residual stresses were generally 30-40% lower in magnitude for the narrow 

gap laser welds in comparison to those for GTA welding. For the restrained 10 

mm thick welds, the peak tensile stress was ~ 520 MPa for the GTA process and 

~ 310 MPa in the case of NGLW. Furthermore, the NGLW technique resulted in 

a very narrow tensile stress region close to the upper surface of the welded 

plates, with the expanse of the tensile stress region being less than 5 mm to 

either side of the weld centreline. 

• The butterfly distortion angle for the GTA welds was approximately 3 times 

higher than for NGLW. 

• The welding strategy (single side welding or double side welding) had a 

significant influence on the induced residual stresses, especially for the NGLW 

technique, while it had a less significant influence for the GTA welding 

technique. 
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• The thickness of the welded samples had a less significant influence on the 

induced residual stresses than the choice of welding process. 

• Power has more significant influence on the peak value of the residual stress 

with respect to width of the tensile region.  

• Neutron diffraction measurement shows a very good agreement with the contour  

method results for all experimental welded joints. 

 

Table 9-1  Summary of longitudinal residual stress performance of different welding 

techniques for 10 mm thickness 

 

Welding technique Welding strategy 
Average longitudinal residual 

stress [MPa] 

NGLW 
One side ≈ 350 MPa 

Two sided ≈ 300 MPa 

GTAW 
One side ≈ 500 MPa 

Two sided ≈ 450 MPa 

Combined (laser-

arc) welding 

One side ≈ 450 MPa 

Two sided ≈ 450 MPa 

Autogenous 

HPLW One side ≈ 600 MPa 
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CHAPTER 10. FINITE ELEMENT MODELLING OF 

RESIDUAL STRESSES IN MULTI-PASS NARROW GAP 

LASER AND ARC WELDS 

10.1 Introduction 

Residual stress in welds has a complex dependency on many interacting variables, 

including geometry, welding parameters, process constrains (boundary conditions), and 

material properties.  

The ability to predict the residual stresses allows engineers to select welding parameters 

and procedures which can reduce the probability of in-service failure.   

The requirement for increasing the service lives of new nuclear power plants has 

increased the interest in developing better understanding of induced residual stresses in 

welded joints. Residual stresses have a direct influence on the structural integrity and 

stress corrosion cracking [5]. Although multi-pass laser welding has shown less residual 

stresses compared to conventional GTA welding, the influence of the welding 

parameters on the developed stress is still not well understood.  

Welding simulation is a complicated and time-consuming process. Geometric features, 

temperature dependent material properties, thermal, structural boundary and mechanical 

responses of the structure have to be simulated [10]. Furthermore, in order to understand 

residual stress and microstructure formation, it is necessary to understand the thermal 

history developed in laser and arc welds.  This study will employ finite element (FE) 

modelling technique to analyse the thermal history and residual stresses in narrow gap 

laser welding compared with arc welds validated by experiments.  The ABAQUS 

Welding Interface (AWI) is used.   

10.2 AWI modelling  

The ABAQUS Welding Interface (AWI) module is a newly developed module for 

modelling a multi-pass welding process, based on an element birth and death technique 

to simulate a moving heat source and weld filler deposition as a function of time in each 

single pass. This welding module provides the capability to improve two and three- 
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dimensional numerical welding simulations by automating most of the tasks associated 

with building a welding finite element model.  

Many FE models have been developed previously to understand and simulate the 

conventional GTA welding process [206, 207] and autogenous laser welding process 

[208]; however, there is little knowledge about the evolution of residual stress in 

NGLW and understanding the contribution of each weld parameter on the final stress 

distribution. Hodgson et al. [209] used a 2D weld AWI on ABAQUS for modelling 8 

passes conventional arc welding process with default heat source. 

In the present investigation, the AWI module was used to simulate the residual stress 

distribution in NGLW joints. The influence of inter-pass time on the developed residual 

stress was investigated. The influence of the welding parameters (speed, power) on the 

developed stress was investigated in order to optimise the welding procedures.  The 

applied heat source in AWI was modified to simulate the actual thermal profile across 

the welding bead for both NGLW, and GTAW welding techniques as discussed in detail 

in next sections. 

On the other hand there are two limitations for this module. AWI modelling analysis 

cannot capture the influence of the phase transformation on the induced residual stress; 

however, during this study it was found that phase transformation during welding 

process is very limited. It is 3% in GTA welding, and 1% in laser welding. AWI has 

another limitation concerning the heat source definition. In this investigation laser heat 

source modelling was carried out. 

10.2.1 Analysis procedure using AWI  

AWI is a modelling approach used for multi-pass welding process, based on standard 

ABAQUS. AWI uses a sequentially-coupled thermal and stress analysis, where the 

temperature profile is extracted using a thermal analysis and then are applied to the 

mechanical model to calculate residual stress development.  

The procedures for implementing a full weld model, and to complete heat and stress 

analysis, are divided into two main tasks; the first is weld joint generation through the 

ABAQUS CAE modules (create part, identify properties, assemblies, mesh), and the 
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second task is to create the weld  model through weld definition and welding pass setup 

by using the AWI module.  

10.2.1.1 Weld joint geometry and meshing 

The weld joint geometry creation was modelled in the following procedure.  

a) Welded joint geometry generation according to real dimensions. Modelling of the 

welded samples is based on actual samples dimensions 150 x 200 mm, with  various 

thicknesses.   

 

 

Figure 10-1 Model dimension and definition according to real weld case 

b) Partitioning of the part to represent base material and individual beads according to 

actual weld bead geometry (lumping of beads handled in AWI). Figure 10-1 shows 

modelled joint, weld beads, and bead cross-section for NGLW 10 mm-thick plates. 

c) Material properties (thermal and mechanical): Material properties (thermo physical, 

and thermo mechanical) are very important inputs to the model in order to obtain 

accurate and reliable responses of the developed model. For this investigation the 

properties of 316 L were as listed in Table 10-1.  
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 Table 10-1 Material properties of stainless steel 316 L at different temperatures [210] 

 

* Extreme values change of material properties due to high temperature (>melting temperature) [210]    

d) External surface, and interfaces definitions: This step includes the definition of all 

external surfaces for the weld joint (upper surface, front, back, front, and sides), and 

interfaces between beads and base material for thermal boundary conditions, like 

convection, radiation boundary conditions (BC), and to apply heat transfer equations 

to the model change requirements for weld bead deposition. 

The generalised differential equation, which represents heat conduction in solid body in 

AWI is:  
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) +

 

  
(𝑘 

  

  
) +

 

  
(𝑘 

  

  
) +  𝑄 = 𝜌𝐶

  

  
                 (10.1) 

Where kx, ky, kz are the thermal conductivity coefficients in the x, y and z directions 

respectively. T is the current temperature, Q is the rate of internal heat generation, ρ is 

the density, C is the specific heat and t is the time. The general solution is obtained by 

applying initial and boundary conditions as following: 

Boundary conditions are:  

Initial condition                       T (x, y, z, 0) = T0 (x, y, z) 

Convection                                  Qc = hc A (T – T∞) 

Radiation               Qr = σ ε A (T
4
- T∞

4
)  

Where hc is convective heat-transfer coefficient, A is surface area subjected to 

convection, radiation, s is the Stefan-Boltzmann constant (5.7x10-8 W/m
2
K

4
) and ε is 

the body emissivity. T∞ is the ambient temperature.  

Qt = Qc + Qr = σ ε A (T
4
- T∞

4
) + hc A (T – T∞) 
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= σ ε A ( T
2 

+ T∞
2
 )( T- T∞)( T+ T∞) + hc A (T – T∞) 

= A (T – T∞) [σ ε ( T
2 

+ T∞
2
 )( T+ T∞) + hc ] 

The equation could be written in the form of: 

                                            Qt = ht A (T – T∞)                                   (10.2) 

Qt  is total heat due to convection and radiation, ht is total heat transfer coefficient or 

film coefficient.  

Such that,                         ht = σ ε  ( T
2 
+ T∞

2
 )( T+ T∞) + hc                      (10.3) 

e) Mesh creation: This task involves the meshing of  all the components of the model 

(plate and weld joints) with suitable mesh density according to welding process and 

expected heat gradient for each region, as shown in Figure 10-2. Meshing of the 

model was performed with different densities according to heat gradient and stress 

variation across the welded joint. A high-density mesh was used near to the weld 

bead (10mm width in NGLW model), as shown in Figure 10-2. For the ten - passes 

NGLW model, the number of elements in the x direction nx = 60 elements, number 

of elements in y direction ny = 100 elements, and number of elements in z direction 

nz = 10 elements. Elements used for heat transfer analysis are linear DC3D8, and for 

stress analysis are C3D8. Both elements are 8 noded linear brick elements as shown 

in Figure 10-2.  
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Figure 10-2  Modelled, and real weld bead cross section for NGLW 10 mm thick plates 

10.2.1.2  Weld model creation (definitions and welding pass setup)  

Weld model creation was realised by submitting the meshed part to the weld modeller 

generator to create the 2D or 3D weld model. 

The modeller imports a basic meshed part (a meshed part with no boundary conditions, 

loads or interactions). The materials and sections were defined and allowed the user to 

create the weld beads.  

a) Weld beads geometry definition 

The weld beads have to be defined for the model in sequence to create the weld passes 

according to the weld bead order. Figure 10-3 shows the pass order for a 3 mm thick 

sample based on the bead selection sequence.   

nx 

nz 

ny 
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Figure 10-3 Pass sequence for 3 mm thick samples  

The model could include more than one weld to control the welding parameters for each 

pass. AWI automates the creation of weld passes based on the defined structure and 

sequence of the weld beads by introducing element birth and death. Weld could consist 

of single or multi-beads.   

A weld pass is divided into basic unit called chunk, which is defined as the birth unit. 

Then number of elements per chunk has to be defined.  If the number is 1 that means the 

birth unit (chunk) will consist of one element. One element will be deposited on the 

plate once the heat source approaches, and if the number is 2 the birth unit will consist 

of two elements. More elements per chunk would decrease the calculation time for the 

model but can cause numerical instability. Decreasing the chunk size is desirable to 

simulate a continuous and homogeneous welding process, but it will increase the 

required processing capacity.  On the other hand if the aspect ratio of the chunk is high 

it could affect the accuracy of the model and it could crash. 

b) Weld pass control 

Pass control is a very important step in the FE weld modeller. It includes the definition 

of the time of each step in the pass. Steps include heating up (applying the torch) or 

cooling down. The speed of the heat source can be controlled through specifying the 

time period (the time required to apply the heat source to one element). The time for a 

step is specified by the user according to real welding parameters. In this study for the 

NGLW technique, the real welding pass length is 150 mm, and the number of elements 

in that direction is 100 elements. The element length is 1.5 mm, and the time period was 
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0.15 s per element. It is related to the welding speed of 9.5 mm/s. The cool down step 

time between successive passes was 30 min.  

Surface film and radiation heat transfer properties were applied automatically to the       

defined outer surfaces and intersection surfaces. This was used for the thermal analysis 

calculations for each pass. This automation speeds up the process significantly. 

c) Weld model creation and submitting the job for analysis 

This involves the creation of the welding job with predefined welding conditions. Two 

jobs were created (thermal and structural jobs).  The thermal model was then submitted 

for the analysis. The model was then validated through experiments.  

d) Apply welding restraint and submit structural analysis 

This involves the definition of boundary conditions during the welding process such 

constrained surfaces and degree of constrains (translation or rotation and axes of 

constrains). Use results of the thermal analysis with defined boundary conditions to 

submit the structural model for stress analysis. Mechanical boundary conditions should 

also represent the reality.      

10.2.2 Thermal model 

This study simulates weld thermal cycles for 10 passes NGLW of 10 mm thickness 

stainless steel 316L as shown in Figure 10-2.  In the thermal analysis, a total of 200 load 

steps were used to complete the first heating cycle.  

10.2.2.1 Modelling the heat source across the weld bead 

The heat source for the AWI model was applied as a temperature profile. AWI assumes 

a prescribed temperature during the bead generation to represent the heat source. A 

critical limitation of the AWI is that temperature profile is uniform (top hat)  across the 

weld bead; Figure 10-4 shows the thermal profile for a laser heat source with different 

speeds at peak temperature 2500 ºC. Having a constant temperature profile across weld 

bead is the default case in AWI model generation which obviously needs modification.   
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Figure 10-4 Thermal profile for the heat source for NGLW with different speeds 

Laser welding numerical simulation has been investigated previously aiming at 

establishing a reliable heat source for simulating the laser welding processes. Most of 

the previous work used a Gaussian heat source profile [211, 212]. Shanmugam et 

al.[211] developed a model for laser welding process. They implemented a temperature 

profile for different ranges of laser powers as shown in Figure 10-5a. They suggested 

that a parabolic profile is the best fitting for the temperature distribution in laser 

welding. In the present work, both Gaussian and parabolic functions are examined for 

the temperature profile across the laser weld bead, as the experimental work was based 

on a single mode 1 kW fibre laser that has a Gaussian beam profile. The used peak 

temperature of the weld bead related to power 1 kW laser was 3000 º C [211] as shown 

in the red dash line in Figure 10-5, and the bead-gap edge interface temperature at 0.5 

mm from the bead centreline (average width of the actual weld bead) is 1500  º C as 

shown in black dash line in Figure 10-5b.       
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               (b) 
(a) Temperature - time profile (b) Temperature profile with respect to weld centreline 

Figure 10-5 Temperature profile across laser welding of austenitic stainless steel [211] 

Chandrasekhar et al. [213] used an infra-red (IR) camera during GTA welding of 

316LN austenitic stainless steel, to build a temperature profile across the weld bead. 

The following parameters were used for the welding process; current 150 –170 A, 

welding speed 120 (mm/min), electrode diameter 3.2 mm, the shielding gas was argon, 

and the gas flow rate was 10 l/min, and the electrode tip angle was 45º. A Gaussian 

distribution was used for data fitting - this represents a very good fit to the temperature 

profile, as shown in Figure 10-6. The peak temperature was 1550ºC, as shown in Figure 

T Peak 

T inter f. 
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10-6- these values were used during modelling of the GTA welding process in the 

present study for comparison.   

 

Figure 10-6 Gaussian fitting for temperature profile across GTA welding of 316L [213] 

The assumed 2D Gaussian distribution for the bead temperature profile will be as 

follows; 

    𝑦 =   [     −           ]𝑒
  [

(     )

(     )   ] +                (10.4) 

The assumed parabolic distribution for the bead temperature will be as follows; 

    𝑦 =   [     −           ][1 −
     

  ] +                               (10.5) 

where Tpeak is the peak temperature at the weld bead centre; Tinterface  is the temperature 

at the weld bead interface with the base material;  x, y are the Cartesian position of the 

measured point with respect to weld bead centre and R is radius of the weld bead.      

The results of the thermal analysis, for both parabolic and Gaussian thermal 

distribution, were validated with the experimental measurement of the temperature. The 

result which is closer to the actual thermal history of the welding process was used for 

residual stress evaluation.  
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10.2.2.2 Experimental measurement of temperature 

A set of four K-type thermocouples were attached to the weld joint during the NGLW 

process. The thermocouples are attached at different distances of 0.5 mm, 1 mm, 1.5 

mm, and 2 mm from the weld bead edge.  

Figure 10-7 shows the results of the experimental measurement of the temperature 

distribution for the NGLW process at different locations. The results show that the 

measured peak temperature was 1450ºC at 0.5mm from the weld bead edge. The 

measured temperature decreases to  1150 ºC at 1 mm from the middle, and to 800 ºC at 

1.55 mm, and finally to 250 ºC at 2 mm. These values will be used for validating of the 

thermal analysis results. 

 

Figure 10-7 Experimental measurement of the temperature profile for NGLW 

10.2.2.3 Thermal analysis validation 

In this section results of the FE simulations for both modified heat sources (Gaussian, 

parabolic) are compared to the experimental measured values.  

Figure 10-8 shows the calculated temperature profiles for both the Gaussian distribution 

of temperature across the welding bead and the parabolic distribution. The results show 

a close agreement between experimental measurements and theoretical model 

predictions of temperature profiles for both distributions. The weld bead temperature 

profile is shown in the Figure 10-8 as a sample output of the thermal analysis. The 

influence of the interface temperature is also investigated for the data fitting. The 
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modelling was repeated with a different interface temperature of 1700 ºC. The results 

showed that interface temperature has more significant influence on the accuracy of 

temperature as shown in Figure 10-8. Consequently the gaussian profile for the 

temperature distribution will be used during this work with an interface temperature = 

1500 ºC. 

 

Figure 10-8 NGLW thermal analysis validation of NGLW 

10.2.3 Mechanical model 

The input for the mechanical analysis is the temperature history (thermal loading) 

obtained from the thermal analysis. The thermal strains and stresses can be calculated at 

each time increment. The final state of residual stresses will be accumulated by the 

thermal strains and stresses for all previous passes. During each weld pass, stresses are 

calculated from the temperature distributions determined by the thermal model.  
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The thermo-elastic–plastic constitutive equations based on the Von Mises yield criterion 

and the isotropic strain hardening rule, are utilized in the AWI model in the mechanical 

part of the simulation. Phase transformation effects were not considered in the current 

analysis due to lower influence on the final residual stress. 

10.2.3.1 Restraint conditions of workpiece  

Rigid jaws were used for restraint of the workpiece during the welding process. The 

area of contact between the jaws and the workpiece was approximately 20 x 20 mm at 

the mid-position of the outer edge of each welded plate. The boundary conditions 

during the welding process were modelled to represent the real case, as shown in Figure 

10-9. The mechanical restraint applied during the modelling were on the area marked 

with the black circle as shown in Figure 10-9a. Displacement and rotation in three 

directions for the constrained surfaces are zero as shown in Figure 10-9b.   

 
 

Figure 10-9 Boundary conditions during welding process 

10.2.3.2 Mechanical modelling results 

Figure 10-10 shows the modelling results of the welding of a 10 mm-thick plate with 

optimum welding parameters, using 10 filling passes. The result shows a tensile residual 

stress at a narrow region surrounding the welding pass with peak surface value 400 

MPa. The stress is relaxed to zero within 10 mm from each side of the weld bead center, 

then compression stress arises at both sides with, values up to -150 MPa, and finally 

stress is relaxed again to the outer end of each weld plate.    
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Figure 10-10 Residual stress results for 10mm thickness NGLW modelling 

The first validation for the modelling results was made against the contouring residual 

stress measurement results. Most of the details of the stress distribution for the contour 

method were captured with a very good correlation in the model results as shown in 

Figure 10-11.   The peak stress value is 450 MPa, and 2 mm below the upper surface for 

both contour and modelling results. The width of the tensile region on the surface and 

across the depth of the sample is very close for both results with a value ~ 20 mm. The 

lower peak in the contour method results is not captured clearly in the model results, 

however this peak is very shallow, and by increasing the resolution of scale it is 

captured as shown in Figure 10-11. The slight difference between the model results and 

contour results is mainly due to the phase transformation (austenite to ferrite) FCC to 

BCC which was not considered during the modelling [209, 214], and approximation of 

the applied of the heat source, but the overall behaviour of the stress distribution is 

satisfactory.  
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Figure 10-11 Residual stresses modelling vs. contour method results for NGLW 10 mm 

thick  

10.2.4 Validation of model results against contour and neutron diffraction  

Figure 10-12 shows the results of the model for NGLW process for 10 mm-thick plates. 

The longitudinal stresses were evaluated at a depth of 2 mm from the upper surface. The 

direction of measurement was perpendicular to the welding direction, as shown in 

Figure 10-12. The modelled results are compared with the results for both contour and 

neutron diffraction. The comparison shows a very good correlation between the three 

evaluation methods for the residual stress. The centreline peak value is 400 MPa, and it 

sharply relaxes to zero stress at 10mm from the weld centreline.  
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Figure 10-12 Comparison of predicted longitudinal residual stresses against contour  

and neutron diffraction measurements for NGLW 

The error between the model results and experimental results is calculated at 10 

positions with different spacing to the weld centreline as shown in Table 10-2. The 

average error between the model and the neutron method results was 28 MPa. It 

represents 6 % of the stress peak value.  The average error between the model and the 

contour method results was 49 MPa. It represents 10 % of the stress peak value.   

Table 10-2 Error between model and experimental results  

Distance from weld 

centreline [mm] 
0 2 4 6 8 10 20 30 40 50 

Average 

error [MPa] 

Average 

error % 

Model results 

[MPa] 
400 450 270 0 -70 -60 -20 0 10 20 -- 

 

Error between 

model and neutron 
0 100 0 20 50 25 25 15 20 25 28 6 

Error between 

model and contour 
0 70 0 100 100 60 70 50 30 10 49 10 
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10.3 Modelling results for the 3 mm-thick plate welds  

Figure 10-13 shows the results of the stress analysis for the 3 mm thick plate NGLW 

process. The number of elements used was nx = 42 elements, ny = 50 elements, nz = 6 

elements. nx, ny, nz are defined in Figure 10-2. The total number of elements is 12600 

elements. The welding parameters used are related to the optimum welding parameters 

presented in Chapter 6. The gap needed 3 passes to complete welding. The result 

represents a tensile residual stress at a narrow region surrounding the welding pass, with 

a peak value of 320 MPa. The stress relaxed quickly to zero within 8 mm on each side 

of the weld centreline, then compressive stress arises on both sides, with values up to -

150 MPa, and finally the stress is relaxed again towards the outer edge of the welded 

plates.      

   

 
 

Figure 10-13 Modelling results for 3mm thickness NGLW modelling 

10.3.1 Validation for the 3 mm thick plate weld model 

The modelled results are validated with the contour method for the same thickness and 

welding parameters. Both show a very narrow tensile region with width ~ 10 mm, and 

peak tensile stress 350 as shown in Figure 10-14. The overall stress distribution shows a 

good agreement between the results of modelling and contouring technique.    
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Figure 10-14 Residual stress modelling - contour method results for NGLW 3 mm thick 

plates  

Figure 10-15 shows the stress distribution at depth 2 mm from the upper surface for the 

NGLW model results, compared with the experimental contour method results. There is 

a slight difference between the model results and the experimental results; however, the 

overall behaviour is similar specially near the weld bead region (high stress region). The 

peak stress value is ~ 300 MPa at the weld centreline, and the width of the tensile region 

is ~ 20m for both contour and finite element model results as shown in Figure 10-15. 

The average error is calculated similar to 10 mm NGLW specimen in section 10.2.4. 

The results shows an average error = 41 MPa. It represents 13 % of the stress peak 

value. The reason the difference in the results between the model and contour method is 

mainly due small deviation between the model measuring plane and the contour method 

measuring plane. The contour method is following a horizontal direction of 

measurement whatever the distortion angle, however the model is following the surface 

with distortion angle.   
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Figure 10-15  Residual stress distribution at depth 2 mm from the upper surface   

10.4 Model convergence verification 

The size of the finite element mesh has a significant influence on the accuracy of the 

model results and processing requirement [207]. The implemented model was checked 

for convergence in order to examine the adequacy of the element size.  

The implemented of the FE model for the 3 mm thick sample was re-meshed again with 

finer meshing. The new model with refined meshes consists of nx = 60 elements, ny = 

100 elements nz = 12 elements. The total number of elements was 72000 elements. 

Figure 10-16 displays the distributions of the longitudinal residual stress with original 

mesh and fine mesh densities. There is a very slight difference in the results between 

these two different mesh models, and the main characteristics of the residual stress 

distribution from the different meshes are almost the same. Therefore, the original FEM 

model with a rough mesh is sufficient for reliable results with no divergence influence 

for the results.   

  

 

 

-200

-100

0

100

200

300

400

-70 -50 -30 -10 10 30 50 70

St
re

ss
 [M

P
a]

Weld centreline

Contour

FE Model



CHAPTER 10.FINITE ELEMENT MODELLING OF RESIDUAL STRESSES IN NGLW AND ARC WELDS 

243 

 

 

Figure 10-16 Longitudinal residual stress distribution for different mesh densities 

10.5 Investigations of stress development for NGLW technique 

10.5.1 Power-speed influences on the developed residual stress  

This section will present the influence of the power and the welding speed on the 

induced residual stress for NGLW technique.  

Figure 10-17 a shows the longitudinal residual stress profile for 3 mm thick samples. 

The welding parameters are; power = 1000 W speed = 9.5 mm/s. The experiment was 

carried out at a lower power = 750 W to study the influence of laser power on the 

induced residual stress. Figure 10-17 b shows the residual stress profile. The colour 

profile of the stress distribution shows a similar behaviour as the higher power stress, 

but with much smaller stress values.   

Figure 10-17 c shows a comparison of the stress distribution at depth 2 mm from the 

upper surface for both set of welding parameters. The results show similar stress 

behaviour across the welded sample, but with a lower peak stress value of 200 MPa for 

the 750 W laser power. The width of the tensile region is slightly narrower at 750 W 

power.  The significant influence of laser power is on the stress peak value as shown in 

Figure 10-17 c. 

-150

-100

-50

0

50

100

150

200

250

300

350

-60 -40 -20 0 20 40 60

St
re

ss
 [M

P
 a

]

Weld centreline

Fine mesh

Regular mesh



CHAPTER 10.FINITE ELEMENT MODELLING OF RESIDUAL STRESSES IN NGLW AND ARC WELDS 

244 

 

 

Figure 10-17 influence of power on the developed residual stress 

The influence of the welding speed on the induced residual stress was investigated. The 

results are shown in Figure 10-18. The results show that decreasing the welding speed 

will lead to wider tensile stress region. The width of the tensile region for welding speed 

5 mm/s is 22 mm, while it is 15 mm at the welding speed of 9.5 mm/s at the same 

power.  On the other hand it is found that the influence of the welding speed on the 

stress peak value is non-significant.  

 

Figure 10-18 Speed influence on the induced residual stress 
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To summarise it was found that the laser power has a significant influence on the peak 

value of the induced residual stress across the welding sample, while the welding speed 

has significant influence on the width of the tensile region rather than the peak value of 

the stresses.  

The thermal history for the influence of the welding power and speed on the 

temperature distribution are shown in Figure 10-19. The power increase shows a 

significant increase in the peak temperature across the welding bead as shown in Figure 

10-19a. On the other hand the welding speed shows a significant influence on the width 

of the temperature developed region as shown in Figure 10-19b. Consequently a wider 

region will be subjected to localized thermal strain, which will increase the width of the 

tensile residual stress region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10-19 Temperature distribution of different welding parameters  

Figure 10-20 shows the combined influence of the power and speed on the developed 

residual stress distribution. The results show that increase the power from to 1800W and 

decrease the speed to 5 mm/s will lead to increase both the peak and width of the tensile 

region as shown in Figure 10-20. 
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Figure 10-20 Combined influence of power and speed on the induced residual stress 

 

 

10.5.2 Residual stress evolution during multi pass NGLW 10 mm thick 

plates 

This section investigates the evolution of the residual stress across the NGLW bead 

region during the multi-pass welding process for 10 mm-thick sheet with 10 passes. The 

stresses were evaluated during the welding process after each pass. Figure 10-21 a, b, c 

shows the development of the residual stress distribution during the multi-pass welding 

process. The scale is similar to scale of the whole cross section as shown in Figure 

10-11. The peak value of stresses at the first pass is less than 300 MPa, and the position 

of the peak is 2 mm above the lower face, as shown in the Figure 10-21. The width of 

the tensile region is still very narrow and affects the lower part of the weld bead cross 

section only. The peak stress value increases and moves up during the intermediate 

passes. The peak value increases to 400 MPa, and its position moves to the mid height 

of the cross section as shown in Figure 10-21 b. The width of the tensile region also 

increases; it covers the whole thickness of the weld joint.  

The last set of passes is shown in Figure 10-21 c. The welding peak increases slightly in 

these passes, and is still moving towards the upper surface. The value of the peak is 

450MPa and slightly down the upper surface with 2 mm. The width of the tensile region 

does not increase significantly during this set of passes.  
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(a) 

 

 

(b) 

 

 

(c) 

               (a)First passes             (b) Intermediate passes         (c)Upper passes 

Figure 10-21 Long. residual stress evolution in multi pass welding process 10 mm thick 

The results show a significant influence of the position of the heat source on the stress 

peak position. The first three passes shows the stress peak is developing at the sides of 

the welding beads as shown in Figure 10-21 a. The stress in each bead is accumulated to 

the stress in the previous beads after cooling down time. The stress is developed for 

each new pass at the sides of the weld beads then it is developed slowly to the weld 

centreline after applying the next passes, consequently the peak shape profile has a heart 

shape (peaks at the both sides of the present bead, and the centre of the previous bead). 

The stress peak value is approximately 450 MPa. This value is affecting the specimen 

after the pass number 5 and then it changes its position only due to the position of the 

heat source during depositioning the new passes. The main reason is the preheat 

influence of the weld specimen due to previous passes. This improves the investigation 

of preheating influence on the stress distribution of NGLW samples.  

10.5.3 Residual stress evolution during multi pass NGLW 3 mm thick 

plates 

Figure 10-22 shows the stress evolution during multi pass welding process of 3 mm 

thick plates. The welding parameters are; power = 1000 W, speed = 9.5 mm/s with 3 

filling passes. The longitudinal stress distribution showed similar behaviour to the 10 

mm sample. The stress peak position at the first pass is located at the sides of the weld 
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bead centreline, forming the heart shape as shown in Figure 10-22. The peak value of 

the stress is approximately constant after the first pass with value 350 MPa as shown in 

Figure 10-22. 

  

             (a) First pass                   (b) Second pass                        (c) Last pass    

Figure 10-22 Long. residual stress evolution in multi pass welding process 3 mm thick  

10.5.4  Influence of the inter-pass time on the induced residual stress 

The influence of the inter-pass time on the developed residual stress across the welding 

bead has been investigated. The welding parameters are; power = 750 W speed = 9.5 

mm/s 3 passes for welding 3 mm thick plate. Figure 10-23 a shows the stress 

distribution for inter-pass time = 10 s, while Figure 10-23 b shows the stress distribution 

for inter- pass time = 30 min. The results show an approximately similar peak value of 

the residual stress across the weld bead for the two welding conditions, however it is 

shifted to the upper surface for decreased inter- pass time. The main reason for this 

behaviour of the residual stress distribution is that the developed stresses in the 

intermediate passes are approximately zero due to a small time, which is not sufficient 

for  developing significant stresses. The stress which developed is mainly due to the 

final pass, which causes the shift of the stress peak location to the upper surface as 

shown in Figure 10-23 b.  
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a) 

 

 

 

b) 

 

Figure 10-23 Influence of the inter-pass time on the induced residual stress 

                 (a) Zero inter-pass time                 (b) 30 min inter-pass time 

10.6 Modelling results of GTA welding process 

10.6.1 Experimental thermal study 

Figure 10-24 shows the results of the experimental measurement of the temperature 

distribution for the GTAW process at different locations from the weld. The peak 

temperature is 1150 
ο
C at 11 mm from the weld centre-line; it then decreases to 800

ο
C 

at a distance of 13 mm, to 440 
ο
C at 15 mm, and finally to 265 

ο
C at 17 mm. The 

measurement values were then used for the validation of the thermal analysis results of 

the developed model.  
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Figure 10-24 Experimental measurement of temperature profile for TIG arc welding 

10.6.2 Validation for the implemented model 

The results of the temperature profile of the model perpendicular to welding bead were 

compared with experimental measurements of the temperature at different locations. 

Figure 10-25 shows the temperature profile across the weld bead for both the model and 

experimental measurement values. The welding parameters for 10 mm thick plates with 

12 filling passes were discussed in details in chapter 7. The heat source is according to 

the GTAW heat source profile, which was discussed in section 9.2.2.1. 

The results show a minimum deviation between the model results and the measured 

temperatures. The heat distribution profile across the weld bead is shown in Figure 

10-25  
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 Figure 10-25 Thermal analysis validation for GTA welding  

10.6.3 Model result of GTAW process  

FE structural analysis was carried out for GTA welding of 10 mm thick samples. The 

model results are shown in  Figure 10-26. The results show that absolute weld joint 

peak position is below the upper surface. The peak stress value on the upper surface is ~ 

400 MPa.    

 

 Figure 10-26 Results of structural model for GTA welding 10 mm thickness 
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The model results are compared to both the contour results and neutron diffraction for 

validation 2 mm below the top surface of weld joint. There is a very good correlation 

between the model results and the experimental measurement by neutron diffraction 

technique, and also by the contour method. The tensile region width is much wider in 

comparison with NGLW; the average tensile width is 50 mm, as shown in Figure 

10-27.The peak value for GTAW near to the surface has an average value 500 MPa. 

 

 

Figure 10-27  Comparison of predicted longitudinal residual stresses against contour  

and neutron diffraction measurements for GTA   

10.7 Summary 

• The AWI weld module in ABAQUS provides an efficient tool for simulating the 

multipass welding process.   

• A heat source model has been developed successfully to simulate the real case 

across the welding beads for both GTAW and NGLW. The results were 

validated with the experimental results and show a very good agreement. 

• AWI shows a development of stress during multi-pass NGLW process 

efficiently, and predict the stress behaviour for different welding scenarios 

successfully. 
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• The size of the finite element mesh has been examined for model convergence.  

The results show a good correlation between the used mesh and fine mesh 

densities. 

• Modelling results show that the tensile peak of the developed longitudinal 

residual stress of GTAW welding is higher than NGLW for the same 

thicknesses, and the width of the tensile region is approximately doubled. 

• The results of the NGLW model shows that laser power has a significant 

influence on the peak value of the induced residual stress across the welding 

sample. However, the welding speed has little influence over the peak stress 

values but has a significant influence on the width on the tensile region. 
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CHAPTER 11. Corrosion and Stress Corrosion Cracking               

Characteristics of NGLW Joints 

11.1 Introduction  

 

Austenitic stainless steels are considered as one of the most weldable alloys amongest 

stainless steels. In addition, 316L austenitic stainless steel is highly resistant to 

atmospheric and other mild types of corrosion. Due to their excellent mechanical 

properties and corrosion resistance, stainless steels are used in many industrial and 

power generation industries. However, stainless steel corrosion resistance is strongly 

affected by severe welding thermal cycles, resulting in the degradation of mechanical 

properties and corrosion resistance [215] - localized attack may occur in many forms, 

such as pitting or stress corrosion cracking (SCC) [36]. Segregation of some important 

alloying elements during solidification leads to the depletion of dendrite (or cell) cores 

from some important elements like Cr and Mo, relative to the parent steel - the result is 

a loss of pitting resistance [216].  

 Austenitic stainless steel welded joints are more susceptible to different types of 

corrosion, such as pitting corrosion and environmental corrosion, but the most 

significant is SCC, especially in aggressive conditions such the presence of halide ions 

[215]. In particular, 316L stainless steel tends to be susceptible to the precipitation of 

chromium carbides in grain boundaries, especially when operated in the sensitization 

temperature range (427 to 816°C) for long time periods, as previously discussed in 

detail in the literature review chapter of this thesis.  

SCC is considered as a significant challenge in welding stainless steel when the welded 

material operates in nuclear power generation environments. There are many reasons for 

the occurrence of SCC, including susceptiblity of material, material properties 

degradation, exposure to a corrosive environment, and tensile stresses above a threshold 

(for example due to induced residual stress in weld region) [36]. Control of any one of 

these factors contributing to SCC can help in the elimination or delay of SCC initiation 

[217].     



CHAPTER 11.Corrosion and Stress Corrosion Cracking Characteristics of NGLW Joints 

255 

 

The international organization for corrosion control in industry, NACE, state that, 

chloride stress corrosion is one of the most important causes of failures found in the 

nuclear industry [218]. The maintenance costs in the nuclear industry due to SCC have 

been estimated at more than 10 billion dollars for the U.S alone in the last thirty years. 

Moreover, SCC can drastically shorten the design life of a facility, and may be a cause 

of sudden catastrophic failure with no warning.  

Annealing welded components can be used as a stress-relief method to control SCC, but 

the process is not suitable for large componets. Surface enhancement techniques such as 

shot peening, cavitation peening, and Low Plasticity Burnishing (LPB) have been 

proposed as methods to impede SCC and improve the fatigue life [219]. These 

processes induce compressive residual stresses into the surface of materials.  However, 

the depth of compression achieved is typically shallow, and SCC often still occurs. 

These operations also cause a considerable amount of cold working, which can exceed 

50%; high levels of cold work further increase the risk of SCC initiation, and produce a 

thermally unstable residual stress state. It is  difficult to apply these operations on 

massive size components. Retention of beneficial residual compression is critical in 

power generation applications at the operating temperatures found in boiling water 

reactors, steam turbines and pressurized water reactor systems [217].       

There are four important considerations for weld joints inside power plants, in order to 

improve their lifetime, as follows: avoidance of solidification cracking, preservation of 

corrosion resistance of the weld and heat-affected zones, minimizing the heat entering 

the weld joint, and minimizing the residual stresses induced in the weld joint.   

The objectives of the investigation reported in this chapter are: 

1- To study the influence of the different welding techniques (GTAW, autogenous laser 

welding, NGLW) on the material composition in the weld bead region, and the 

impact of these changes on the corrosion resistance behaviour of different welding 

techniques in aggressive environments. 

2- To examine the influence of the welding techniques on the environmental corrosion 

resistance behaviour in highly aggressive conditions such as halide presence at high 

temperature and humidity.  

3- To investigate the pitting corrosion behaviour of the welding techniques using 

polarization curves. 

http://en.wikipedia.org/wiki/Corrosion
http://mfn.li/article/?id=898
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4- To investigate the tendency for solidification cracking across welding beads. 

5- To investigate the tendency of GTAW and NGLW techniques to SCC in a high-

pressure reactor working environment.         

11.2 Chemical composition changes in welded zones  

The chemical compositions of the welded zones were investigated for three different 

welding techniques: autogenous laser welding, NGLW, and GTAW. 

11.2.1 Element analysis of base material  

Energy Dispersive Spectroscopy EDS was used for the element analysis of the base 

material - the average results are shown in Table 11-1. These results show good 

correlation with the values for 316L defined in ASTM A240 and ASME SA-240. 

Table 11-1 Material composition of stainless steel 316L 

Element C Mn Cr Ni Mo N S 

Percentage by 

Weight 

0.027 2.02 16.68 9.9

7 

2.03 0.05 0.02 

11.2.2 EDS investigations for welding beads 

Element analysis of the weld bead composition was carried out for an NGLW bead 

using EDS. More than one scanning process was performed inside the weld bead in 

order to improve the reliability of the results, as shown in Figure 11-1. The results of the 

EDS scanning are shown in Table 11-2. 

 

Figure 11-1 EDS results for NGLW bead analysis 
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These measurements were repeated for GTAW and autogenous laser weld beads. The 

results tests for the different welding techniques, and for the base material for multi  

measurements, are shown in Table 11-2. These results will be used as a reference for the 

comparison of corrosion behaviour between different welding techniques. 

Table 11-2 Compositional analysis for different welding beads (in percent)                            

 

The element analysis shows slight changes in the Cr content across different welded 

beads, in comparison to the base material. Generally, the average content of Cr is higher 

in the autogenous laser weld zones, compared to GTAW; this could improve the 

passivation of the laser-welded area against corrosion, and this will be investigated in 

detail in the following sections. The other important result is a slight change in the 

molybdenum content between different weld beads and the base material, as shown in 

Table 11-2 . The average molybdenum content in the base material was 2.5%, this was 

decreased to 2.1% in the case of GTAW, while in the autogenous laser welding bead it 

was 2.4%. The decrease in molybdenum percentage values will influence the corrosion 

resistance, and decrease the hot strength by about 40%,  especially at temperatures 

above 760°C [35].    

11.3 Pitting Resistance Equivalent Numbers  

The pitting Resistance Equivalent Number (PREN) allows comparison of the pitting 

corrosion resistance of various types of stainless steels, based on their chemical 

composition according to following equation [220]. 

                       PREN = %Cr + 3.3(%Mo) + 30(%N)                                  ( 11.1) 
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The PREN are useful for ranking and comparing the different alloys and grades; they 

will be used primarily for the evaluation of the GTAW and laser weld beads, and of the 

base material. The average values from the content analysis will be used to calculate the 

pitting resistance equivalent for each method. 

 

PREN Base = 16.65+ 3.3 * 2.46 + 30 (0.05) = 26.268 

PREN Laser= 16.58+3.3*2.43 + 30(0.05) = 26.1 

PREN NGLW= 16.60+3.3*2.42+30(.04) = 25.786 

PRENGTAW  = 16.15 +3.3*2.14+30(.02) = 24.112 

The PREN values show that both laser welding and NGLW give results closer to the 

base material PREN; the level of segregation of important elements is greatly decreased 

due to the high welding speed and low heat input to the weld joint. The GTAW PREN 

value decreased to 24.1, indicating that the laser welding technique conserves the 

material passivity against pitting corrosion better than GTAW, due to the decreased 

amount of heat entering the weld joint during laser welding. The welding speed of the 

laser method is much higher than that of GTAW.  

v laser=30 mm/s, v NGLW = 9.5 mm/s, and average vGTAW = 1.5 mm/s.  This results in a 

decreased amount of micro segregation, especially for molybdenum, and decreased 

chromium depletion, as will be discussed in detail in Section 11.6.     

11.4 Inter-granular corrosion characteristics of welds 

Chloride ions are the most common and important atmospheric corrosive agent for 

ferrous metals; chloride anions combine with ferrous cations produced in the anodic 

reaction, resulting in the stimulation of corrosive attack [221] - this is considered a 

major mechanism for corrosion in power plants. Austenitic stainless steel is susceptible 

to SCC by an anodic active-path mechanism, especially when used in aqueous chloride 

solution environments. Immersion granular corrosion tests were carried out for three 

weld joints with high concentrations of MgCl2. The shape of the weld beads and 

position of the corrosive droplets are shown in Figure 11-2.  

The test conditions were:  concentration of MgCl2 1 mole/L, droplet volume 0.5 μL, 

temperature 80°C, and relative humidity 30% during the experimental period.  The 
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immersion corrosion was investigated at intervals of 240 hours, 360 hours, 480 hours 

and 500 hours.   

 

  

 

 
a- GTA                   b- Laser                        c - NGLW 

Figure 11-2 Droplet position on the welded samples 

11.4.1 Results of Inter-granular corrosion testing 

The results are shown in Table 11-3. The green colour indicates no evidence of 

corrosion, and the red colour indicates observation of corrosion; the final column 

represents the corrosion behaviour of the weld beads after 500 hours of testing. 

Table 11-3 Corrosion behaviour against different welding techniques 

duration 
240 

hours 

360 

hours 

480 

hours 

500 

hours 

SEM for surface 

corrosion behaviour 

Base 
No 

corrosion 

No 

corrosion 

No 

Corrosion 
Corrosion 

0 

Laser 
No 

corrosion 

No 

corrosion 

No 

corrosion 
Corrosion 

 

GTAW 
No 

corrosion 
Corrosion Corrosion Corrosion 

 

 

NGLW 
No 

corrosion 

No 

corrosion 
Corrosion Corrosion 
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The SEM images show different corrosion behaviours for different welding techniques, 

and for the base material. The corrosion started after 360 hours in the GTAW bead, as 

shown in Table 11-3; the corrosion is aggressive and the propagation rate is high, as 

will be discussed in detail later in this section. Corrosion of the NGLW weld bead was 

observed after 480 h, followed by the corrosion of the autogenous laser weld bead and 

the base material, approximately at the same time - the corrosion started after 500 h, and 

the propagation rate was very low.  

 

Figure 11-3 Corrosion behaviour against different welding techniques  

The corrosion initiation and propagation path were different in the four cases.  In 

GTAW, the corrosion started in the dendrite core, as shown in Figure 11-3c, and then 

propagated laterally between the dendrite arms, as shown in Figure 11-3d. The 

corrosion in the base material followed the rolling lines, starting in approximately 

straight lines in the rolling direction and propagating across these lines, as shown in 

Figure 11-3a,e. Autogenous laser welding has no specific path for corrosion initiation 
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and propagation, but the corroded regions show a very fine microstructure, as shown in 

Figure 11-3a. NGLW corrosion is similar to that of GTAW;  the corrosion initiates in 

the dendrite core, as shown in Figure 11-3b, and propagates in the transverse direction 

but with a slow rate. The corrosion behaviour for both laser welding and NGLW beads 

has a late start and slow propagation rate with respect to GTAW. The improved 

corrosion resistance of laser welding and NGLW, relative to GTAW, is possible due to 

the low heat input to the weld joint during the welding process reducing micro- 

segregation of important element like Mo, Cr, Mn and chromium depletion.   

11.4.2 Morphological characteristics 

A quantitative study was carried out on the corrosion of the different weld beads; the 

target was to evaluate each weld bead in terms of the total corroded area and the 

maximum penetration depth, in order to evaluate the propagation of corrosion in the 

lateral and transversal (depth) directions, for the three welding techniques, compared to 

that of the base material. The examination of the morphology was applied to the 

samples after 500 h in the test conditions. 

A Digital Keyence microscope, model VHX-500, was used to construct 3D images of 

the corroded surfaces, as shown in Figure 11-4. These images were used for the 

evaluation of the corrosion of different weld beads, by the precise measurement of the 

corroded area. In addition, the profile of the surface was used to measure the depth of 

the corrosion pits across the weld beads.    

 

Figure 11-4 3D image microscope 
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11.4.2.1 Corrosion behaviour in base metal 

Figure 11-5 shows the corrosion profile of the base material. The corroded area and the 

maximum corrosion depth were evaluated; the total corroded area was approximately 

154,910 μm
2
, with a maximum depth of 63 μm, according to length of AB as marked 

with a red rectangle in Figure 11-5. 

 

Figure 11-5 Corrosion profile in Base material 

11.4.2.2 Corrosion behaviour in GTA weld fusion zone 

The corrosion profile in the GTA weld bead is shown in                               Figure 11-6; 

the 3D image clearly shows that corrosion is very aggressive in the GTA bead. Both the 

corrosion area and pit depth are very high in comparison to the base material. The 

measured values are as follows;  

Total corroded area approximately = 1,123,857 μm
2
, maximum pit depth = 170 μm.    



CHAPTER 11.Corrosion and Stress Corrosion Cracking Characteristics of NGLW Joints 

263 

 

 

                              Figure 11-6 Corrosion profile in GTA welding bead 

11.4.2.3 Corrosion behaviour in autogenous laser weld fusion zone  

The laser weld bead was evaluated for corrosion. The result shows a low propagation 

rate for the corrosion in both directions compared to GTA welding, Corrosion area 

approximately = 125,526 μm2, and maximum depth = 48 μm as shown in Figure 11-7.   

 

Figure 11-7 Corrosion profile in laser welding bead 
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11.4.2.4 Corrosion behaviour in NGLW fusion zone   

The NGLW bead was tested for corrosion behaviour using the same test condition. The 

corroded area was approximately 254,029 μm
2
, and the maximum pit depth 55 μm, as 

shown in Figure 11-8.    

 

Figure 11-8 Corrosion profile in NGLW bead 

Table 11-4 shows the morphological characteristics of different welding beads with 

respect to base material. As a conclusion of the quantitative evaluation, the GTA 

welding has the lowest passivation against the corrosion; the corrosion aggressivety 

(propagation rate) in both the lateral and transverse directions is higher in the GTA weld 

bead than for the other methods. Autogenous laser welding represents the highest 

passivity against the corrosion. Although NGLW has lower passivity than autogenous 

laser welding, it is considered very corrosion resistant with respect to GTAW. The next 

sections will include detailed discussion of the reasons for the corrosion behaviour in 

the different weld beads. 
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Table 11-4 Corrosion morphological characteristics of welding beads with respect to 

base material 

Welding Corroded area [μm
2
] Maximum bit depth [μm] 

Autogenous laser welding 125,526 48 

NGLW 254,029 55 

GTAW 1,123,857 170 

Base 154,910 63 

11.5 Sensitization phenomenon 

The concentration of chromium plays the dominant role in the passivity of ferrous alloys. 

The pitting potential was correspondingly found to increase dramatically as the Cr content 

increased above the critical 13% value needed to create stainless steel. Cr depletion is 

reported as the main reason for decreases in  stainless steel passivation and high rate metal 

dissolution [222]. In addition, Mo percent in stainless steel is very critical for corrosion 

resistance, and segregation will lead to a decrease in the corrosion resistance [223].  

Sensitization is considered as a main reason for the decay in the pitting corrosion of 

stainless steel owing to welding. Sensitization is caused by the formation of chromium 

carbide along grain boundaries, resulting in the depletion of chromium in the region 

adjacent to the grain boundary. This chromium depletion produces localized galvanic 

cells, due to the potential difference between the chromium depletion zone and the 

precipitation zone, as shown in Figure 11-9. 

 

Figure 11-9 Depleted region adjacent to precipitate 



CHAPTER 11.Corrosion and Stress Corrosion Cracking Characteristics of NGLW Joints 

266 

 

If this depletion reduces the chromium content sufficiently, the region will become 

sensitized to corrosion, resulting in inter-granular attack. This type of corrosion most 

often occurs in the weld bead region, especially near to the HAZ.  

The formation of chromium carbide is the main cause of sensitization; it can be 

described by the C-shaped carbide nucleation curves on the continuous cooling diagram 

shown in Figure 11-10. The susceptibility to sensitization is a function of temperature, 

time, and carbon content. If the cooling rate is sufficiently high as shown in (Figure 

11-10 curve A), the cooling curve will not intersect the given C-shaped curve for 

chromium carbide and the stainless steel will not be sensitized; by decreasing the 

cooling rate, the cooling curve (curve B) eventually intersects the C-shape. At very low 

cooling rates, the formation of chromium carbide occurs at higher temperature and 

allows for more nucleation and growth, resulting in a more extensive chromium-

depleted region. Laser welding is advantageous, since both the welding speed and 

cooling rate with this technique are higher, in the order of 10
6
 C/s [171], which help to 

avoid sensitization .  

 

Figure 11-10 Carbide nucleation curve [35] 

11.6 Weld bead investigation using EDS element analysis 

In order to understand the difference in the corrosion performance of each weld bead, 

material analysis was performed across the dendrite of each welding bead. The aim of 

this work was to trace the change in the material composition, and the depletion of some 

elements across the dendrite in the weld bead region, in order to understand the different 

corrosion behaviours. The evaluation took the form of point spectrum measurements for 
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a number of points inside and outside the dendrite arms. Line spectrum measurement 

was performed across the dendrite region, for three different samples for each welding 

techniques in order to improve the reliability of the captured data from the point 

spectrum analysis.  

11.6.1 Element analysis of GTA weld bead 

                                                      

           a - point spectrum       b- point spectrum close to corrosion region   

Figure 11-11 Point spectrum analysis GTAW bead 

Figure 11-11 shows the spectrum analysis of the GTAW bead carried out at different 

points across the dendrite arms in the weld bead. The analysis was repeated in the 

welded region, and close to the corrosion starting region, as shown in Figure 11-11 a, b. 

The results of the spectrum analysis at these points are shown in Table 11-5, and show a 

significant variation in the element distribution across the weld bead.    

  

Table 11-5 Result of spectrum for GTA welding bead 

Weight% Spectrum 1 

Base 

Spectrum 2 Spectrum 3 Spectrum 4 

Cr 16.13 15.90 27.67 21.22 
Mn 1.81 0.87 0.63 1.31 

Fe 68.30 65.87 61.45 65.51 

Ni 11.19 10.24 9.93 10.27 

Mo 1.58 1.84 2.32 1.86 

 

Line spectrum measurement was carried out on the weld bead to confirm the point 

spectrum measurement for the element distribution. The position and direction of the 

scanning is shown in Figure 11-12; the scan line passed through three dendrite arms at 

positions A, B, C to measure the material composition changes across these dendrites. 
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The composition values at positions A, B, C will be compared with values at other 

positions to investigate the difference in the material composition along the line-pass.  

 

 

 

 

 

 

Figure 11-12 Line spectrum analysis of GTAW bead near to corrosion 

The elements distribution is shown in Figure 11-12. There is disturbance of the 

chromium contents across the dendrites at positions A and B. These results correlate 

well with the point spectrum analysis of chromium depletion in some regions, and 

enrichment in other region, due to sensitization phenomena. At point C, a decrease in all 

the detected elements percentage was noticed; the reason for this is the corrosion of the 

surface starts at this point, and consequently the distance between the detector and 

detected surface is increased, therefore the reflected data from the surface was weaker.  

Further scanning was carried out in two welding beads, which were welded with 

different speeds. Figure 11-13 shows the scanning result for GTAW sample with an 

average welding speed 95 mm/min. The fluctuation is very clear for both Cr and Mo 

due to lower welding speed and increased Cr depletion, which is considered the main 

reason for aggressive corrosion. Decrease of the welding speed led to prolonged 

exposure to the sensitization temperature (427 to 826°C), which is very harmful for the 

corrosion resistance of the welded region. Mo shows a disturbance in the distribution, 

which is considered another reason for decreasing the resistance to pitting corrosion.  
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            Figure 11-13 Line spectrum analysis across dendrite arm 

11.6.2 Element analysis of autogenous laser weld cross section  

Scanning has been repeated across the laser dendrite arms in the autogenous laser 

welding beads. High speed welding results in a very fine dendritic structure. The 

analysis has to be carried out on a high magnification scale to measure the elemental 

composition across the dendrite structure of the laser bead. The dendrite arm spacing is 

in the order of 2 µm [171] as shown in Figure 11-14. The output results for the material 

analysis are shown in Table 11-6.  
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Figure 11-14 Point Spectrum for Laser bead 

Table 11-6 Point spectrum analysis inside laser weld bead 

Element  

Weight% 

Spectrum 

1 

Spectrum 

2 

Spectrum 

3 Cr 17.21 16.46 16.89 

Mn 1.28 1.16 1.12 

Fe 65.55 66.67 64.61 

Ni 9.24 8.15 8.93 

Mo 2.13 2.56 2.95 

 

The amount of the chromium content in the laser welding bead was found to be between 

16.46% to 17.21% as shown in Table 11-6, which is a very small depletion percent in 

comparison to the value found across the GTAW bead dendrite arms, where the 

corresponding values across the GTAW dendrite ranged from 15.9% to 27.67%, as 

shown in Table 11-5.    

Line scanning across laser welding beads was carried out to investigate the element 

fluctuation and sensitization percent across the dendrite arms. Two specimens with 

different welding speeds were scanned across line AB, and the spectrum results are 

shown in Figure 11-15.  

The analysis shows an approximately homogeneous distribution for the elements, with 

minimal variation in the percentage across the line for welded samples with speed 30 

mm/s as shown in Figure 11-15 a. This result indicates a smaller micro- segregation 

1 2 
3 
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affect in the weld bead. The process was repeated across dendrite arms of laser welded 

specimen with speed 20 mm/s. The results also show a very limited fluctuation for the 

Cr, and Mo as shown in Figure 11-15 b.  

The sensitization percentage inside the weld bead is very limited due to high welding 

speed, and the limited heat input during the welding process, consequently the passivity 

of the material is conserved. 

  

(a)Welding speed 30mm/s                                (b) Welding speed 20 mm/s 

Figure 11-15 Line scanning across dendrite arm 

11.6.3 Element analysis of NGLW cross section  

Spectrum analysis was applied to the NGLW bead. The results of the SEM scanning 

show a fine dendrite arm spacing with respect to the GTAW dendrite arms. The average 

arm spacing was 4 µm. The spectrum measurements were applied at points 1 and 2 

inside the dendrite, and points 3 and 4 outside the dendrite, as shown in  

Figure 11-16. The chromium content ranged from 17.39% to 21.21%, showing less 

sensitization of the Cr for this welding technique, as shown in Table 11-7. In addition 

there was limited segregation of molybdenum; consequently the material still has a 

significantly higher corrosion resistance than GTA welded material.  
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                                                                        Table 11-7 Material analysis results         

 

 

 

 

Figure 11-16 Position of spectrum analysis 

Line spectrum analysis was carried out across the NGLW bead at two different 

positions (columnar - equiaxed) dendritic microstructure are shown in Figure 11-17. 

The results of scanning line AB show a small variation in the element percentage. The 

Cr distribution is considered homogeneous in comparison to arc welding results, as 

there were no sharp changes across the dendrites as shown in the yellow colour in 

Figure 11-17 a for outer region of the weld bead (columnar dendrite region). 

The central position of the weld bead (equiaxed dendritic region) is shown in Figure 

11-17 b. The sensitization due to Cr depletion inside the welding bead is very small due 

to relatively limited heat entering the weld bead during the welding process. Moreover, 

the results show very limited segregation of molybdenum and homogenous element 

distribution along the scanning direction as shown in purples colour in Figure 11-17 b. 

The analysis across the weld bead of the different welding techniques shows that the 

GTAW bead had the highest variation in the Cr content. This is might be associated 

with sensitization phenomenon.  

Another reason for the aggressive corrosion might be the micro-segregation of the 

important elements, especially molybdenum. The value of the micro-segregation is at its 

maximum in the GTAW bead. The NGLW bead appears to have greater passivityto 

corrosion than the GTAW bead.  
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(a) 

 

 

 

 

 

 (b) 

 

 

 

         (a) Welding speed 9.5 mm/s                  (b) Welding speed 12 mm/s 

Figure 11-17 Line scanning across NGLW bead 

11.7 Solidification cracking and Ferrite contents in the welding bead 

The ferrite concentration is very important in austenitic stainless steel weld 

solidification. Due to the solidification behaviour of austenitic stainless steels, it is 

necessary for weld deposits to solidify as primary ferrite, if hot cracking is to be 

minimized [40], as discussed in detail in the literature review. The optimum ferrite 

content is between 3% and 8% by volume in the weld deposit, in order to maximize the 

solidification cracking resistance. Ferrite contents above 3% by volume usually 

guarantees primary ferrite formation, and thus reduces hot cracking susceptibility [50]. 

X Ray diffraction for ferrite percentage in the weld bead. 

X-ray diffraction (XRD) is a powerful non-destructive technique for characterizing 

crystalline materials. It provides information on structures and phases, and it represents 
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a fingerprint of periodic atomic arrangements in the material. Weld bead solidification 

behaviour is very sensitive to the ferrite concentration in the weld bead; the mechanical 

properties of the weld joint are directly linked to this percentage. XRD analysis was 

carried out for weld beads produced with GTAW, autogenous laser welding and 

NGLW.  

The results show that the average ferrite phase in the GTAW bead is 3.64%, whereas it 

is 1.5% and 1 % for NGLW and autogenous laser welding respectively. These results 

indicate that autogenous laser welding and NGLW solidification are more susceptible to 

solidification hot cracking due to the lower ferrite percentage compared to GTAW 

welding [40]. It is critical to control the level of impurities (P phosphorus, S sulphur) in 

the weld fusion zone, and if necessary change the filler wire used to a higher ferrite 

concentration, in order to decrease the probability of solidification cracking occurring, 

especially in the case of high-power density high-speed welding processes.  

11.7.1 Primary solidification mode for conventional arc welding bead 

The primary phase solidification graph for stainless steel, from the Welding Research 

Council (WRC-1988), is shown in Figure 11.18. The Creq and Nieq are the chromium 

and nickel equivalents; they are used to determine the primary solidification phase for 

the weld bead as shown in the same graph.  

 

 

 

 

 

 

 

 

Figure 11-18 Primary solidification graph - Welding Research Council (WRC-1988)  
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Creq = 16.6+2.5+0=19.1 

Ni eq = 9.89+(35*0.02) + (20*0.034)= 11.27 

The calculated values for the Creq and Nieq indicate that the solidification is a dual-

ferrite-austenite mode with primary ferrite, as shown in Figure 11-18. This solidification 

mode shows that the weld bead is less susceptible to hot cracking during solidification; 

the welding results for the three methods show no evidence of hot cracking across the 

welding bead.   

11.7.2 Weldability diagram for laser welded austenitic stainless steels 

Lippold et al. [58] implemented the weldability diagram for laser welded austenitic 

stainless steels. Solidification behaviour during laser welding is different from that in 

conventional GTAW, due to the high intensity heat source with a high welding speed 

leading to low heat input to the weld joint, over a very short time - the solidification rate 

of laser welding is very high. The limits of the solidification mode for the laser welding 

process were determined by Lippold et al. [58]. These limits define the primary 

solidification phase and cracking behaviour associated with these regions for laser 

welding. This diagram is based on the ratio of Creq/Nieq to the phosphorus and sulphur 

percentage in stainless steel, where the ratio is calculated by the Hammer and Svenson 

equivalent.  

 

Figure 11-19 Weldability diagram for laser welded austenitic stainless steels 
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Creq = %Cr + 1:37 × % Mo + 1.5 × %Si+ 2 × %Nb + 3 × %Ti            (11.2) 

   Nieq = Ni + 0.31 × %Mn + 22 × %C + 14.2 × %N+ %Cu                  (11.3) 

According to Lippold et al. [58] if Creq / Nieq < 1.59, the solidification of the laser weld 

bead will be primary austenite, which is more susceptible to solidification cracking if 

the P+S% ≥ 0.02%. The second region is 1.59 < (Creq / Nieq) < 1.69, so the solidification 

will be dual-mode primary austenite. This case is less susceptible to solidification 

cracking only if the P+S % ≥ 0.04%. The limit of tolerable P+S is increasing at the end 

of this region. In the last region, if 1.69 < (Creq / Nieq), the solidification of the laser 

weld bead will be primary ferrite, and in this case the weld bead does not suffer from 

solidification cracking. All the tested samples showed no cracks, regardless of the 

impurity levels. The value of Creq / Nieq is calculated for the base material: 

Creq = 16.65 + (1.37*2.5) = 19.075. 

Nieq = 9.76 + (0.31* 1.61) + (22*0.02) + (14.2 *0.05) =11.3. 

Creq / Nieq = 1.69. 

The results are shown in the weldability diagram in  

Figure 11-19. The red dashed line marks the Creq/Nieq value for the welded material. 

The results show that the solidification mode is on the border between the dual mode 

and the primary ferrite mode - according to the graph. This region is not subjected to 

solidification cracking. This result is coincident with the experimental results. Figure 

11-20 a, b  show the GTAW joint of 3 mm and 10 mm thickness, and Figure 11-20 c, d 

shows the laser welding fusion zone cross-sections of 3 mm and 10 mm thick samples, 

respectively. There is no evidence of any cracks across any of the weld samples.  

 

(a)           (b)  (c)          (d) 

Figure 11-20 Welding beads of different welding techniques 
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11.8 Pitting corrosion behaviour 

The pitting corrosion behaviour of autogenous laser welding, GTAW and NGLW was 

investigated along with that of the base material. The polarization curve for each 

welding technique was examined. The passivation against pitting corrosion is an 

indication of the stress corrosion cracking (SCC) behaviour of the different welding 

techniques.  Lu et al. [215] state that alloys which have better resistance to the pitting 

are also more resistant to SCC. Polarization scans were carried out for prepared samples 

using a scan rate of 0.6v/h. The test was performed in 3.56% sodium chloride (Na Cl) 

aqueous solution at 23°C ± 1°C, according to ASTM G61-86. The pitting corrosion 

(Epit) is marked and recorded once a rapid increase is observed in the anodic current - at 

this point the test is finished. A saturated calomel electrode (SCE) was used as the 

reference electrode. The experimental data was recorded after an initial delay of one 

hour, to allow the specimen to reach a steady state. The polarization curves for the three 

welding techniques and the base material are shown in Figure 11-21.  The polarization 

curves all showed similar behaviour in that the open circuit potential (OCP) for all of 

the curves was   150 mV.  However they show different passivation potentials (the 

extent of the passive zone). The autogenous laser welding passivation potential Epit-laser 

was 697 mV as shown in Figure 11-21.  The value for the base material Epit-Base was 517 

mV.  Epit-NGLW was 412 mV, and the lowest value was for GTAW; Epit-GTAW was 325 

mV. The critical current was also reduced slightly for the autogenous laser welding. 

These results indicate that laser weld joints have improved passivation potential with 

respect to GTAW beads and the base material, due to a homogeneous modified surface 

with a very fine dendritic structure [171].   
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Figure 11-21 Polarization curve for welding techniques 

The corrosion rate for each technique was automatically calculated while constructing 

the polarization curve with the Potentiostat software. The corrosion  rate for each 

constructed curve was calculated according to  [224]: 

  

                                  Corrosion rate =  
    

     
                                                 (11.4)                            

 

Where, N is the atomic mass = 55.847 g/mole, ρ is the density = 7.90 g/cm
3
 , n is the 

number of free electrons per atom, F is Faraday’s constant = 96,487 coulomb/mol, and 

iο is the corrosion current calculated according as 

                                        𝑖 =
 

  
                                                      (11.5) 

Where, B is the Stern–Geary constant = 26 mV, RP is the polarization resistance (slope 

of potential vs. current plot for each technique). 

Corrosion rate laser = 0.552 mm/year. 

Corrosion rate Base = 0.703 mm/year. 

Corrosion rate NGLW = 0.778 mm/year.   

Corrosion rate GTAW= 0.977 mm/year. 
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Autogenous laser welding produced the lowest corrosion rate of 0.55 mm/year, mainly 

due to the homogeneous bead with very fine dendrites, and the high welding speed and 

low heat input to the weld joint, which lead to high polarization resistance and 

consequently low corrosion current. The corrosion rate of the NGLW bead and the base 

material were very similar, whereas the GTAW weld bead had the highest corrosion 

rate, due to the high heat input and segregation of some important elements causing 

degradation in the weld bead passivity.  

11.9 Stress corrosion cracking  

Stress corrosion cracking (SCC) is the initiation and growth of cracks in metallic 

materials, enhanced by both stress and corrosive environments. It is considered to be 

one of the most critical failure mechanisms for stainless steel weld joints.  

High temperature, high pressure recirculating loop with a small oxygen percent 

simulates the primary water of Pressurized Water Reactors (PWR) and will increase the 

initiation potential for the SCC [225]. The SCC threshold has a direct relationship with 

both the cold work and sensitization values of the metal [225, 226]. The effect of cold 

work in SCC initiation is closely associated with residual stress. According to the 

residual stress behaviour across the weld bead, SCC is expected to be more aggressive 

in GTA welding compared to NGLW, for the same material thickness, due to higher 

level of developed residual stress and sensitization percentage.  

11.9.1 Experimental procedures 

Slow strain rate test (SSRT) was used for assessing the environmentally assisted 

cracking (EAC) of metallic materials. EAC is any cracking caused by combined effect 

of stress, and surrounding environment.  It includes more than one type such as; 

hydrogen embrittlement cracking, sulfide stress cracking, and stress corrosion cracking 

[227]. The SSRT was used previously for investigating the SCC in different 

environmental conditions and different industries such as nuclear power, oil drilling, 

and chemical production industries [228].  

This test is a dynamic slow strain for relatively rapid screening or comparative 

evaluation of environmental, processing variables on metallic components. It depends 

on variations in the load during testing to maintain the constant slow extension rate.  
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The test follows the guidelines in the ASTM G129-00 for slow strain testing [227].  

The local strain rate for SSRT should be slow enough to allow suitable time for the 

corrosion process, and hydrogen embrittlement to occur in specimens operating in 

environments containing hydrogen. If the loading rate is increased, the hydrogen has 

less time to diffuse to the sample surface and so the influence of hydrogen 

embrittlement will be insignificant. On the other hand it should be fast enough to 

produce cracking of the sample. The strain rate range 10 
-4

 to 10 
-7   

s
-1

 [227]. 

It is strongly recommended, the SSRT application should be used in combination with 

other testing techniques especially for new applications, where experience is limited as 

discussed previously in this chapter for other evaluation tests for the welded samples. 

SSRT should be conducted in simulated service environment such that, testing results 

and anticipated in service components have an acceptable correlation [227]. 

Specimens were tested in an autoclave, which is a testing device that can be used to 

simulate the nuclear work environment (high temperature, high pressure) during the 

loading of the samples. The autoclave has very accurate control of the strain rate inside 

the testing chamber, and also has accurate control of circulating gases with a specific 

flow rate during testing. The test set-up is shown in Figure 11-22.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11-22 Autoclave testing facility 

Testing chamber 

Designed loading fixture  

Tested sample  
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The autoclave loading system depends on a four-point bending load.  A special fixture 

was designed to convert the 4 point bending load in to an axial tensile load. The fixture 

is shown in Figure 11-23.  It consists of two symmetrical parts, which are free to rotate 

around the main pivot point E. Points A, B, C, and D are the positions of application of 

the bending load inside the autoclave. By applying the load at these points, the test 

sample was subjected to tensile loading.   

Test samples were cut using wire EDM according to the dimensions shown in Figure 

11-23. The surfaces were polished to 4000 grit, and then 1 µm diamond paste was used 

for fine polishing. The test started by loading the samples with relatively high strain rate 

of 5.5x10
-4 

mm/s, up
 
to the yield of the base material. The strain rate was then decreased 

to 1.5x10
-7

 mm/s. The total testing time was 750 hours. The SSRT samples were 

analyzed for SCC, and if cracking occurred, characterization of the cracking and its 

position with respect to the weld bead was performed. The difference in the oxide layer 

behaviour for each weld bead will be reported in the following section. 

  

 

 

                          (a) Loading fixture           (b) testing sample dimensions 

Figure 11-23 Sample preparation – autoclave testing fixture 
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11.9.2 Testing environment 

The tests were performed with simulated PWR primary water, consisting of high-purity 

water containing 1000 ppm boron, 2 ppm Lithium, and 2 ppm H2,at a pressure of 200 

bar and a temperature of 320 ºC [225]. Chemical analysis of the water was performed 

during the test in order to measure the element concentrations at different points in the 

test duration.  

11.9.3 Results and discussion 

After completion of the test at 750 hours, the total strain in the samples was 4.35%. This 

strain was not sufficient for crack initiation in the GTAW or NGLW samples. The strain 

was increased outside the autoclave until it reached to 18 %. Necking then started in 

both samples.  In the NGLW specimen, it developed in the base material at position B, 

while in the GTAW welding specimen, it developed in the weld bead region at position 

A, as shown in Figure 11-24. These results indicate that the laser welding method offers 

better resistance to SCC under high temperature and high pressure conditions, compared 

to GTAW. These results might be due to the lower residual stress developed in the 

NGLW sample, and also the lower value of sensitization inside the weld joint with 

respect to the GTAW joint.  

 

(a)  

 

 

 

(b) 

 

(a) GTA welding                     (b) NGLW 

Figure 11-24 Samples after 750 hours testing inside autoclave 

The strain was continued until the sample failed. The value of the strain at failure was 

26% for NGLW samples, while it was 22% for GTA welding sample. Figure 11-24 

shows the testing specimens for the NGLW and GTAW techniques just before failure. It 
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is clear that elongation of the laser welding sample is higher than the GTAW sample. 

Both samples show decreased ductility compared to normal testing conditions as 

previously discussed in Chapter 8; however GTAW joints are more sensitive to 

embrittlement compared to NGLW joints.   

Stainless steel surfaces are rendered as passive by the formation of a thin surface oxide 

film that is a “barrier” to corrosion. This passive layer consists primarily of chromium 

oxides, hydroxides and iron compounds, which form on the outermost surface of the 

metal phase. The high temperature environment has a significant influence upon the 

passive film.  There is a considerable increase in oxide thickness, with the formation of 

a double layer, consisting of an internal compact oxide Cr2O3 (inner chromium rich 

spinel), and external, less compact, nickel-rich crystalline oxides [229]. The uniformity 

and stability of this film will vary depending upon the method of treatment. The 

passive-layer thickness and stability is critical to weld joint longevity, therefore the 

thickness of this layer for both samples was investigated in this research. 

11.9.4 Glow-Discharge Optical Emission Spectroscopy (GDOES)  

Glow Discharge Optical Emission Spectroscopy (GDOES) is a very efficient method 

for determining chemical composition as a function of depth. It can be used for 

analyzing the elemental and molecular composition of solids. The depth of penetration 

has a wide range, from few hundred nm to 50 µm [230]. The method is normally 

performed in a low pressure cell ~ 10 Torr, with two active electrodes. The cell is filled 

with neon, and an electric potential is applied between the electrodes such that the 

specimen becomes the cathode. Positively charged neon atoms are driven to the 

cathode; when neon ions and atoms strike the sample surface, they knock atoms off the 

surface, in a process known as sputtering.  

Once free of the cathode, atoms move into the bulk of the glow discharge due to the 

energy they gained from sputtering. The atoms can then be excited by collisions with 

ions, electrons, or other atoms. Once excited, atoms lose their energy. The wavelength 

of the released photon can be used to identify the dislodged atom, and by observing the 

intensity of the emission, the concentration of atoms of that type can be determined.  
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Both NGLW and GTAW weld bead regions were analyzed across a range of depths, in 

order to investigate the protective (oxide) layer development, and distribution of 

important elements. The objective was to understand and compare the influence of each 

welding thermal cycle on the protective layer development.   

 

 

(a) 

 

 

 

 

 

(b) 

 

 

 

(a) GTA welding  (b) NGLW 

Figure 11-25 GD OES testing results  

The results of the depth analysis of NGLW and GTAW techniques are shown in Figure 

11-25 a, b; the values have been magnified with different factors for representation in 

the same scale. The magnification scale is shown in the developed graph. O x 150 

relates to the oxygen concentration magnified by 150 times, and Cr x 10 relates to a 

chromium magnification factor of 10 times. The results show a similar behaviour for the 

material distribution in the depth direction for both welding techniques. The oxygen 

distribution of the GTAW bead shows a longer duration of stable measurement, starting 

to decrease after a sputtering time of 7 s as shown in Figure 11-25 a, while for the 

NGLW sample, sputtering began to decrease in after 4.5 s, as shown in Figure 11-25 b. 
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This difference is mainly due to the thicker oxide layer present in the GTAW sample 

relative to the material surface.  

Although the passive film is thicker in GTAW joint, the stability of this film against 

attack is heavily dependent on the ferrite content in the microstructure. Coarser-ferrite 

grains have lower passive film stability [151].  Consequently the thinner passive film of 

the laser weld bead will be more stable against attack due to finer ferrite grains. The 

high cooling rate of laser beam welding (LBW) is another reason for improving the 

laser bead behaviour. It leads to suppression of the segregation of alloying elements. As 

the alloying elements in the fusion zone are uniformly distributed, micro- segregation 

was reduced with LBW [220] as shown for molybdenum distribution in blue colour in 

Figure 11-25. The analysis shows that the thickness of the molybdenum disturbance 

layer of GTAW technique is more than the thickness of disturbance layer across the 

NGLW sample. It required more than 13.5 s to reach a stable molybdenum 

concentration in the arc weld bead sample, while it needs only 9 s to reach stable 

concentration, in NGLW sample as shown in Figure 11-25.      

11.9.5 Crack propagation  

The final evaluation of the tested samples involved cleaning the surface of the samples 

to remove the oxide layer, in order to evaluate the cracking behaviour of the base 

material. The oxide layer was removed from the surface of the tested specimens by 

using electrolytic etching of the tested position in a 5% concentration oxalic acid in 

distilled water for 15s.  

Figure 11-26 shows a micrograph of the necking positions for the NGLW and GTAW 

welding samples at 18% strain rate. It is clear from Figure 11-26 that the crack direction 

in both cases is approximately perpendicular to the strain direction. As mentioned 

previously, cracking in the GTAW sample occurred in the weld bead region, while in 

the NGLW sample it was in the base material. The initiated crack in the GTAW sample 

is deeper compared with that in the NGLW sample. Figure 11-26 b shows that the crack 

in the NGLW sample is very shallow - the depth of the crack in the NGLW bead was ~ 

3 µm, however in the GTAW samples it was ~ 10-15 µm. The calculated crack growth 

rate for the GTAW is 5.55 x 10 
-9

 mm/s, while it is 1.85 x10 
-9

 mm/s for NGLW. These 

results agree with previous studies using a fracture mechanics approach [228]. Figure 
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11-26c shows a cross-section perpendicular to the strain direction for GTAW sample - it 

is clear that crack propagation behaviour is inter-dendritic. For the NGLW sample, the 

perpendicular cross-section did not show the behaviour of crack propagation clearly, as 

the crack was very shallow.  

 

    (a) GTA welding bead   (b) NLW sample (base material)   (c) GTA perpendicular to strain 

Figure 11-26 Crack propagation  

11.10 Summary 

 

This chapter reports an evaluation for the performance of NGLW against other welding 

process in various corrosive environments. The results show that the corrosion 

resistances of the GTAW weld beads are generally poorer than those of the NGLW 

joints. 

A high heat-input and low cooling rate for GTAW is likely to induce the segregation of 

alloying elements and the formation of Cr-depleted zones, resulting in the degradation 

of the resistance to localized corrosion.  

The impurities are enriched at grain boundaries during the solidification of the fusion 

zone making the grain boundaries more likely to be an ‘active path’ of SCC, so that the 

inter-granular cracking mechanism dominates the crack propagation process in the 

fusion zone. The larger grain boundary area produced by the small grain size in laser 

welding can dilute the impurities and make the grain boundaries less susceptible to 

attack [215].  
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The weldability diagram for both laser-welded and GTAW welded austenitic stainless 

steels indicates that autogenous laser welding, NGLW, and GTAW are not subject to 

solidification cracking during welding. 

Polarization curves show that the laser weld bead has the highest passivity against 

pitting corrosion, then base material, then NGLW, and finally GTAW shows the lowest 

passivation potential in the weld bead. 

The preliminary SCC results show that both GTAW and NGLW have a significant 

influence on hydrogen embrittlement of weld joint due to reduced ductility. Limited 

evidence shows that the thickness of the oxide layer was higher in the GTAW bead with 

respect to the NGLW sample, which could affect the SCC resistance.  

The molybdenum disturbance layer of GTAW technique is higher than thickness of 

disturbance layer across NGLW sample. 



CHAPTER 12.  CONCLUSIONS AND FURTHER WORK 

288 

 

CHAPTER 12. CONCLUSIONS AND FURTHER WORK  

 

12.1 Introduction 

This thesis describes a new study of narrow gap laser welding of 316L stainless steel 

sheets up to 20 mm thick with a 1 kW fibre laser. Design of experiments and statistical 

modelling were used to optimise the laser welding parameters. Two dimensional 

residual stress analysis was carried out using the contour method validated by the 

neutron diffraction and XRD methods for both NGLW joints and arc weld joints.   

Mechanical properties including fatigue, tensile strength, bending strength and fracture 

toughness were evaluated for the NGLW joints compared with arc welded joints. Inter-

granular corrosion, pitting corrosion and stress corrosion cracking characteristics of 

NGLW joints were investigated in comparison to those by arc welding.  Finally, finite 

element modelling was carried out to understand the thermal history and their effects on 

residual stress formation, with experimental validation.   

12.2 General conclusions   

 NGLW is suitable for application to thick section ( > 5 mm) in AISI grade 316L 

stainless steel due to the following; 

 The residual stresses for NGLW are typically 30 - 40 % lower than for GTAW. 

The region of tensile stress is 50 - 70 % lower (narrower) than for GTAW for all 

of the investigated thicknesses, different constraints, and different welding 

strategies.  

 GTAW shows higher peak hardness value and width of hardened region with 

respect to weld centreline.   

 Accumulation of plastic strain due to thermo-mechanical cycling in NGLW was 

lower than for GTAW.   

 For NGLW technique, low power with a high number of passes tends to 

decrease the peak value of the induced residual stress; however it will decrease 
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the productivity of the process. To decrease the width of the tensile region a high 

welding speed should be used. 

 NGLW shows a higher resistance for inter-granular corrosion, and pitting 

corrosion in a nuclear operating environment relevant to GTAW; this is 

probably associated with lower stresses across the NGLW joints, and decreased 

element segregation and sensitization of chromium, as a consequence of the 

higher cooling rate.  

 For thinner sheets (< 5 mm), autogenous high speed laser welding is a superior 

welding technique. It represents the highest-productivity technique with the 

lowest residual stresses in terms of peak and width of tensile region, the finest 

dendrite structure, with dendrite arm spacing of 2-4 µm, and the highest pitting 

corrosion resistance weld bead. The method also exhibits the narrowest fusion 

zone, < 2 mm, due to the low heat input and high welding speed, with a very 

narrow heat affected zone.  

In addition to the general conclusions, there are some specific conclusions related to 

each field in the study. These will be discussed in the following sections. 

12.3 Controlling and optimizing the NGLW technique 

 Optimization of NGLW parameters is critical for the production of acceptable 

results.  The study found that the quality and homogeneity of each weld bead is 

dependent on the homogeneity of the previous passes and a decrease in weld 

bead integrity is accumulated in the next passes.  

 Increasing the welding speed inside a window of acceptance has the most 

significant influence on improving the overall desirability function for multi-

objective optimization of NGLW.   

12.4 Productivity of different welding techniques 

 NGLW productivity, in terms of processing time, is higher than that of GTAW 

of the same thickness. The 10 mm thick plate welding case study shows that 

welding time of NGLW is lower than that of GTAW by 80%  
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 NGLW double-sided strategy shows improved productivity by 30%, and lower 

peak of residual stresses by 12%, and a zero distortion angle compared to single 

side strategy.  However, for pipe welding in the nuclear power plants, double 

sided welding may not be feasible. 

 Combined laser – arc welding shows improved productivity, and residual 

stresses compared to GTAW for one side, and double sided welding strategies. 

12.5 Residual stress    

 The laser power intensity and the welding speed of NGLW has a significant 

influence on the induced residual stress compared to the number of filling 

passes; NGLW of 10 mm-thick plates showed a lower stress distribution with 10 

filling passes, at high welding speed and a low power intensity, compared with 4 

filling passes at low speed and high power intensity.  

 The thickness of the welded samples had a less significant influence on the 

induced residual stresses compared to welding process.  Therefore, it is expected 

that for thicker sections, the basic process parameter relationships shown in this 

work would still hold. 

 Decreasing the welding speed has a significant influence on the induced residual 

stress in the key-hole mode welding process.  

12.6  Finite element modelling of NGLW  

 From the FE modeling, it was found the peak value of the induced residual stress 

across the welding sample increases with increasing laser power, and width of 

the tensile region increases with reducing welding speed.    

 Inter- pass time or cool down time between passes show a significant influence 

on the profile of the residual stress (position of stress peak with respect to upper 

surface). On the other hand, it shows less significant influence on the peak value 

of the residual stress. 

 The model for the applied heat source for both GTAW and NGLW modelling 

has a significant influence on the accuracy of the modelling results. A Gaussian 
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profile and parabolic profile were selected and the results of the thermal analysis 

show a good agreement with those of the experimental measurement.  

 Modelling results show that peak of the developed residual stress in GTAW is 

higher than for NGLW for the same material thicknesses, and the width of the 

tensile region is approximately doubled - these results shows good agreements 

with the experimental results. 

 Residual stress evolution during multi-pass NGLW shows that the position of 

the residual stress peak generally follows the heat source position during the 

welding process.  However, the initial welding passes are more significant than 

the last passes for the peak value and the width of the tensile region.     

12.7 Corrosion and stress corrosion behaviour of NGLW joints  

 Polarization curves show that the laser weld bead has the highest passivity 

against pitting corrosion, followed by the base material then NGLW, and finally 

GTAW shows the lowest passivation potential in the weld bead. 

 SSRT in nuclear environment test shows that GTAW sample is more sensitive to 

reduction of the ductility due to hydrogen embrittlement than NGLW.   

 Limited measurement results suggest that, the thickness of the oxide layer of the 

GTAW specimen is higher than the NGLW sample, and the thickness of the 

molybdenum disturbance layer of the GTAW technique is higher than that of the 

NGLW sample. 

12.8 Further work 

There are several areas in which further research is required. Some of the most 

important include the following: 

12.8.1 Extending the current work to welds at thicker materials 

NGLW of thick sections > 40 mm has been discussed previously, in terms of the control 

of the welding parameters in order to achieve a sound weld bead, and to reduce hot 

cracking susceptibility. However, detailed and reliable investigations of residual stress 

and corrosion behaviour have not been reported previously. The influence of induced 
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residual stress on the SCC susceptibility in comparison with other welding techniques 

such as GTAW represents a good potential topic for future research. 

12.8.2  Further optimisation of NGLW performance  

This may include the investigation of the influence of NGLW parameters;  joint 

preparation especially the gap-width and gap-angle, on the weld soundness and 

distortion of the weld joint, and also the influence of the preheating on the developed 

residual stress in NGLW technique, and modelling their influence on the developed 

residual stress is considered as a promising area for research.  

12.8.3  Further development of finite element model for thick sections 

performance 

Another promising area of future direction of study is the use of an AWI module to 

simulate the NGLW process for thicker plates > 40 mm, to predict the developed 

residual stress for different welding scenarios and constraint, and to model the influence 

of the joint preparation, and the inter-pass time influence on the induced residual stress 

for the NGLW technique.  

12.8.4 Detailed investigations of combined laser-arc welding 

Combined arc-laser welding is a promising welding technique. It can be used to 

improve welding productivity, and represents improved residual stress behaviour 

compared to GTAW. The method can decrease the number of filling passes required 

with GTAW, and can decrease the high laser power laser requirement; however it still 

needs further investigation of the optimum welding parameters, and the influence of 

both arc and laser welding parameters on the induced residual stress and corrosion 

behaviour. 

12.8.5  Improving statistical modelling of NGLW technique  

Improvement of the statistical model to include the influence laser focus position, and 

angle between wire and laser beam, in the evaluation of responses will improve the 

reliability of the induced model. Including the residual stress behaviour in the statistical 

modelling responses can help to optimize the welding parameters in terms of 
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minimizing residual stress, and predicting the residual stress at different welding 

parameters, which will in turn significantly reduce the quantity of experimental work 

required for residual stress evaluation.  

12.8.6 Further SCC evaluation of NGLW against different welding 

techniques 

Study of the influence of different strain rates during SSRT, of the susceptibility of 

different welding techniques to SCC would be beneficial, as SCC is significantly 

sensitive to strain rate. Analysis may be conducted into the cracking behaviour for 

different welding techniques on the basis of the fracture mechanics, by using in-situ 

observation during SSRT using a CCD camera to understand the cracking propagation 

behaviour and the strain at which crack initiates and the influence of the strain rate on 

the crack initiation for different welds. 

12.8.7 Transition NGLW application 

Finally, the potential application of NGLW to dissimilar metal welds between low alloy 

steel SA 508-3, and austenitic stainless steel AISI 316L is a challenging area of study, 

but it offers good potential for future research in order to improve the connections 

between most of the heavy section components of pressurized water nuclear reactors, 

which are made of low alloy steel, and the stainless steel main piping.  Most of existing 

connections are very sensitive to fatigue, corrosion, and low toughness regions. 

Investigation of a new technique such as NGLW is believed to offer residual stress 

behaviour in the weld region, and consequently the mechanical and corrosion behaviour 

of the connection.  
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